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SCS+C: A Modified Sun-Canopy-Sensor Topographic
Correction in Forested Terrain
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Abstract—Topographic correction based on sun-canopy-sensor
(SCS) geometry is more appropriate than terrain-based correc-
tions in forested areas since SCS preserves the geotropic nature of
trees (vertical growth) regardless of terrain, view, and illumination
angles. However, in some terrain orientations, SCS experiences
an overcorrection problem similar to other simple photometric
functions. To address this problem, we propose a new SCS+C cor-
rection that accounts for diffuse atmospheric irradiance based on
the C-correction. A rigorous, comprehensive, and flexible method
for independent validation based on canopy geometric optical
reflectance models is also introduced as an improvement over
previous validation approaches, and forms a secondary contribu-
tion of this paper. Results for a full range of slopes, aspects, and
crown closures showed SCS+C provided improved corrections
compared to the SCS and four other photometric approaches
(cosine, C, Minnaert, statistical-empirical) for a Rocky Mountain
forest setting in western Canada. It was concluded that SCS+C
should be considered for topographic correction of remote sensing
imagery in forested terrain.

Index Terms—Canopy reflectance model, forests, radiometric
processing, Rocky Mountains, sun-canopy-sensor (SCS), SCS with
C-correction (SCS+C), topographic correction.

1. INTRODUCTION

EMOTE sensing image analysis can be adversely affected
by the influence of terrain slope and aspect on recorded
sensor signal response [1]-[3]. Differences in terrain orientation
often create variation in signal values between pixels with sim-
ilar land cover and biophysical-structural properties as a result
of differences in irradiance owing to the angle of incident illu-
mination (z), and differences in radiance according to the angle
of exitance (e). For non-Lambertian surfaces, the reflected ra-
diance is also affected by the intrinsic reflective properties of
the surface described by the bidirectional reflectance distribu-
tion function (BRDF) [4]. In forested areas, this topographic ef-
fect also modifies the subpixel scale shadowing [5] that has been
shown to provide improved estimates of important biophysical
and structural information using spectral mixture analysis and
canopy reflectance models [6]-[8], [26]-[29], [37].
Early photometric techniques developed to reduce this
topographic effect include the cosine, Minnaert, statistical-em-
pirical, and C-corrections [1]-[3]. These techniques have been
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Fig. 1. Visual representation of sun-terrain-sensor geometry and sun-canopy
sensor geometry. (a) Forest stand on sloped terrain. (b) STS: terrain rotated
to horizontal with illumination geometry compensation based on photometric
function. (c) SCS: forest stand on horizontal terrain with forest structure and
orientation preserved.
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applied in forested areas [1]—[3], [9], [11] and are based on an
implicit assumption that the geometry of terrain and trees is
consistent. However, this is not the case due to the geotropic
nature of trees where growth is vertical and oriented with the
gravitational field, and is therefore not normal to a sloped
surface as is assumed in photometric models [Fig. 1(a) and (b)].
The primary level of radiative interaction in forests is with trees
and tree crowns, which have a vertical orientation regardless of
terrain slope [Fig. 1(c)].

As a result, a correction model that normalizes the
sun-canopy-sensor (SCS) geometry should more effectively re-
move the topographic effect than traditional correction methods
based on bulk sun-terrain-sensor (STS) geometry [5]. The SCS
model by Gu and Gillespie [5] introduced this by normalizing
the sunlit area within a pixel without changing the sun and
sensor positions or the orientation, geometry, and structure
of the canopy. It is therefore a more appropriate framework
for terrain correction in forested areas. However, for some
terrain orientations, the SCS model overestimates radiance, a
problem common with earlier photometric models that do not
characterize diffuse radiation properly (e.g., cosine correction
[12], [13]).

In this study, we introduce a modification to the SCS model to
better characterize diffuse irradiance by introducing a semiem-
pirical moderator (C) to account for diffuse radiation. This fol-
lows the work of Teillet ez al. [2] who proposed the C-correction
formulation as an improvement to the earlier cosine correction.
This new SCS+C correction was tested and compared with five
other topographic correction approaches (cosine, Minnaert, sta-
tistical-empirical, C-correction, and SCS) for a comprehensive
range of terrain and forest structural conditions generated using
the Li—Strahler geometric optical mutual shadowing (GOMS)
model [14] within the context of Rocky Mountain forests in
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western Canada. We also introduce a powerful approach for to-
pographic correction validation based on the independent use
of canopy reflectance models. These models permit rigorous
and comprehensive testing over a full range of terrain and forest
structural settings, which has not been possible using previous
validation methods.

II. TOPOGRAPHIC CORRECTION

Topographic correction of remotely sensed imagery received
considerable attention in the early 1980s through the develop-
ment of a variety of photometric techniques [1]-[4], [10], [12],
[16]. These methods were applied and tested in various studies
that followed [9], [15], [17], [19]-[22]; however, no fundamen-
tally new approaches were forthcoming until the introduction of
a physical-structural basis to topographic correction by Gu and
Gillespie [5] for forested terrain, follow-up studies [30] and vari-
ations to that approach [8], [29]. Current topographic correction
approaches are reviewed next, to set the context for introducing
SCS+C as an improved, physically based correction.

A. Cosine Correction

The cosine correction [2], [3], [10] is a simple photometric
function that, in the case of illumination not originating from
the zenith, normalizes the reflectance of any pixel based on the
assumption that the total irradiance received at a pixel is directly
proportional to the cosine of the incidence angle (¢) [defined as
the angle between the normal to the pixel surface and the solar
zenith direction [2]; see Fig. 1(a)] as

L, = LCOSH )

CoS 1

where L,, is the normalized reflectance,! L is the uncorrected
reflectance, and 6 is the solar zenith angle (SZA). However, the
cosine model does not take into account diffuse irradiance from
atmospheric and terrain sources [15]-[17]. As a result, areas
that are weakly illuminated by direct irradiance can still receive
a considerable proportion of diffuse radiation and are there-
fore brightened excessively by the cosine correction [9]. This
overcorrection is most pronounced at angles of incidence ap-
proaching 90°, where the correction factor becomes very large

[2].

B. Minnaert Correction

The Minnaert correction [2], [3], [10] was designed to address
the problem that the cosine correction relies upon the Lamber-
tian assumption (perfectly diffuse reflector), which is not ap-
plicable to most natural surfaces [2], [9]. The Minnaert [18]
constant (k) has been used in topographic corrections to rep-
resent the extent to which a surface is non-Lambertian. While
the Minnaert constant does not represent the direction of pre-
ferred scattering it does give an indication of the strength of the
relationship between radiance and view angle [1]. The value of

IThe term “reflectance” is used in this general context for describing topo-
graphic corrections—however, these equations and concepts are applicable to
raw, uncalibrated signal data, calibrated radiance and irradiance values, and to
surface reflectance.
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the Minnaert constant will range from O (specular reflector) to 1
(Lambertian surface). The Minnaert constant k can be derived
by first linearizing the equation

L = Ly(cos® i)(cos* 1 e) 2)

where e is the exitance angle, which in the case of a nadir view
angle is equivalent to the slope angle [3], [11]. The regression
value for £ is then obtained using

L(cose) = Ly(cos® i)(cos" L e) 3)
Log(Lcose) = log L, + (k) log(cosicose) 4)
to solve for k, as the slope of the regression line [11]. The value

of k can then be used as a moderator [9] for the cosine equation,
as

(&)

CcoS1

k
L.-1 |:COSH:| .

In the case of lower k values, the denominator is increased and
counteracts the overcorrection that occurs when the incidence
angle approaches 90°. In several studies, the Minnaert correc-
tion has provided improved results compared to the simple co-
sine correction [1], [9], [11], [19]-[22].

C. Statistical-Empirical Correction

Past studies have demonstrated that some correlation exists
between the predicted illumination derived from a digital ele-
vation model and the measured illumination of a target [2], [9].
Based on this correlation, a statistical-empirical approach was
developed [2] that can be used with a linear regression to correct
or normalize observed data. A regression between the cosine of
the effective angle of incidence and the measured radiance will
generally show a positive linear correlation. This regression line
can be rotated to the horizontal to normalize the data using the
equation

Ly, =L—cosib—a+ Layg (6)

where L,, is the normalized radiance, a and b are the y-inter-
cept and slope of the regression line, respectively, and L., is
the average of the measured radiance data. The rotation of the
data makes an object’s radiance independent of cos:. As a re-
sult, the object should show the same radiance throughout the
scene, regardless of terrain. While this technique is dependent
on the strength of the correlation between modeled and mea-
sured illumination, it has provided image corrections similar to
the Minnaert correction [9].

D. C-Correction

Teillet et al. [2] proposed the addition of a semiempirical
moderator (C) to the cosine correction. Based on an examina-
tion of image data, a linear relationship exists between L and
cos ¢ in the form

L =a+bcosi. @)
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The parameter C is a function of the regression slope (b) and
intercept (a)

C= (8)

a
b
and is introduced to the cosine correction model as an additive
term

B LCOSH—I—C

L,=L—. 9
cost+ C ©)

The parameter C is said to be analogous to the effects of dif-
fuse sky irradiance, although the analogy is not exact [2]. The C
value, which may also be obtained from the slope and intercept
of the regression line from the statistical-empirical approach,
exerts a moderating influence on the cosine correction by in-
creasing the denominator and reducing the overcorrection of
faintly illuminated pixels. The C-correction has been shown to
retain the spectral characteristics of the data and improve overall
classification accuracy in areas of rugged terrain, and it can be
derived easily [9], [23].

E. Sun-Canopy-Sensor Correction

The SCS correction [5] improves on the cosine correction by
normalizing the illuminated canopy area, which is one of the
main factors contributing to pixel-level reflectance in forested
scenes [5], [24], [31]. The SCS correction is equivalent to pro-
jecting the sunlit canopy from the sloped surface to the hori-
zontal, in the direction of illumination. Assuming that the re-
flected radiation from the sunlit canopy is largely independent of
topography due to the geotropic (vertical) nature of tree growth,
the integrated reflectance from the sunlit canopy is proportional
to its area

cos « cos 6

L,=1L (10)

Cos i

where « is the terrain slope [5]. Because the sun-crown ge-
ometry is preserved [Fig. 1(c)], the SCS model is more appro-
priate physically compared to the aforementioned corrections,
and therefore should be superior for topographic correction in
forested scenes. However, by formulating the SCS model to be
as generally applicable as possible, the effect of diffuse irradi-
ance is neglected resulting in overcorrection for slopes facing
away from the source of illumination. This sets the context for
our modified SCS formulation.

F. SCS+C Correction

The cause of the overcorrection in the SCS model is similar
to that with the cosine correction. As the angle of incidence ap-
proaches 90°, the correction factor becomes excessively large.
In the C-correction, the parameter C has been shown to have
a moderating influence on the cosine correction by emulating
the effect of diffuse sky illumination [2], [9]. Here, we propose
the SCS+C correction where the moderator C is derived using
(7) and (8) but within the improved physical context of the SCS
model. This addition is intended to be an improvement to the
SCS correction in a similar way as the C-correction improves
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on the cosine correction. The formulation for this new SCS+C
correction is

cosacosf +C

cost+ C

(1D
The parameter C was chosen due to its past success in moder-
ating the cosine correction [9], [23] and also because of its com-
putational simplicity [2]. While other parameters that account
for diffuse atmospheric and terrain radiance may provide ad-
ditional refinements, the computational costs and input param-
eter requirements may be impractical and not consistent with
the fundamental philosophy of general applicability of the SCS
model as proposed by Gu and Gillespie [5].

III. EXPERIMENTAL DESIGN

A. Topographic Correction Data and Model-Based Validation

To provide a comprehensive test and comparison of the
new SCS+C correction, a simulated reflectance dataset was
generated over a full range of terrain orientations and forest
structures using a canopy reflectance model. A key feature of
this approach is the ability to compute modeled reflectance
data at different slopes, aspects, and stand densities, and to then
derive the corresponding reflectance values for flat terrain based
on the identical forest structure, component spectral response,
and illumination geometry (i.e., slope and aspect are set to flat
terrain; all other model parameters unchanged). This provided
an internally consistent and fully independent approach for val-
idation and evaluation of the different topographic correction
methods where each of the various terrain normalized results
are compared against the modeled reflectance values for flat
terrain. Thus, the GOMS-modeled reflectance values for flat
terrain served as the topographically normalized (corrected)
reflectance to which all sloped reflectance values should ideally
be corrected.

The Li and Strahler [14] geometric optical mutual shadowing
(GOMS) model was selected as the canopy reflectance model
for the validation owing to its advantages over other reflectance
models, such as: 1) its explicit inclusion of slope and aspect as
an input parameter in its formulation; 2) the ability to evaluate
illumination-crown geometry as a function of terrain and illumi-
nation conditions [25], [32]; 3) it accounts for complex canopy
mutual shadowing that is common in mountainous terrain and
which is directly influenced by stand structure, terrain and illu-
mination conditions and can significantly affect pixel-level re-
flectance [14]; and, 4) the GOMS model is relatively easy to pa-
rameterize and has been shown to be superior to models using
other geometric shapes to represent forest crowns [7]. The topo-
graphic component of the GOMS model has been proven sound
both theoretically [25], [36] and in an extensive set of different
tests [8], [32]-[35]. When using GOMS for validation of topo-
graphic corrections, one should be aware that the GOMS model
assumes the pixel size is greater than individual canopy ele-
ments [14]. As a result, the model cannot account for small to-
pographic variations found in complex terrain. Also, as with all
the other corrections tested in this study, the GOMS model does
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Fig. 2. Topographic corrections of modeled reflectance values over a range of terrain slopes and aspects. (a) Test dataset. GOMS-modeled reflectance values at
805 nm for lodgepole pine forest on slopes 0° to 46° (2° intervals) and full range of aspects (0° to 360° at 20° intervals) with CC held constant (70%). (b) Modeled
reflectance values for ideal topographic correction. (c)—(h) Results from the following corrections: (c) cosine, (d) C-correction, (e) Minnaert, (f) statistical-empirical,

(g) sun-canopy-sensor (SCS). (h) SCS+C. Principal plane is at 154°.

not account for shadow cast from neighboring terrain features
(e.g., [15] and [16]).

The GOMS model provided the basis for independent and
controlled testing by enabling the creation of a comprehensive
set of reflectance data for a constant set of structural parameters
over a full range of terrain and crown closure (CC) settings.

The full set of GOMS-modeled reflectance values are shown in
Fig. 2(a) for all modeled slopes and aspects (60% CC shown in
this example), with the corresponding (validation) reflectance
values generated for flat terrain shown in Fig. 2(b).

Validation was performed by applying each of the topo-
graphic corrections to the GOMS-modeled reflectance value
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for a sloped surface, and comparing the topographically cor-
rected reflectance value to the GOMS-modeled reflectance
obtained for a flat surface, where all other canopy model inputs
were held constant (i.e., identical component spectra, forest
structure, and illumination conditions for both the sloped and
flat cases).

This model-based context is more comprehensive for vali-
dation compared to an image-based dataset, which can only
test a limited number of terrain orientations. A proper valida-
tion should consider a complete set of different slopes, aspects,
and other forest stand attributes. In the past, validation has been
based on one of four types of assessment: 1) visual assessment
of the removal of the appearance of relief in satellite imagery
[9]1, [12], [17], [19], [20], [30]; 2) variance statistics based on
the relationship between recorded signal and the cosine of the
incidence angle [1], [2], [5], [9]-[13], [30]; 3) classification re-
sults and accuracy [2], [9], [17], [19]-[21], [23], [30]; and 4) im-
provements in biophysical parameter prediction [8], [21], [22].
However, classification and biophysical parameter estimation
assessments are only able to provide a relative assessment of
the correction method and are unable to quantify the degree to
which the topographic effect has been reduced. Also, variance
statistics based on image datasets are limited to a subset of ter-
rain as a function of the local environment, and even for the ter-
rain being considered, it is difficult or impossible to know what
constitutes a “correct” value on a pixel-by-pixel basis where
the topographic effect is removed, and it is also difficult to lo-
cate reference validation pixels on flat terrain (elsewhere in the
image) where forest structure and other stand attributes are con-
sistent between horizontal and sloped terrain. This model-based
approach to topographic correction validation presented here is
therefore preferred over approaches in which the actual correct
values are unknown, and in cases where the ability to assess a
comprehensive range of different terrain orientations and forest
structures is often limited, impractical, or both. Providing the
canopy reflectance model deals with topography properly (e.g.,
GOMS), a more appropriate, rigorous, and consistent approach
for terrain correction validation is provided.

B. Mountain Forest Test Area

Forest physical structural parameters and endmember
signature inputs for the GOMS model were obtained for a mon-
tane/subalpine forest ecoregion in Kananaskis Country along
the eastern slopes of the Rocky Mountains in Alberta, Canada.
As in previous studies [7], [26], [27], three endmembers were
used: sunlit canopy, sunlit background, and shadow. End-
member reflectance values in the green (550 nm), red (664 nm),
and near-infrared (NIR: 805 nm) were obtained for sunlit and
shaded Lodgepole Pine, a dominant species in the Kananaskis
region, as well as for a grass and mixed forb background.
The forest structural inputs to the GOMS model are shown in
Table I. The model input solar zenith angle (39.31°) and solar
azimuth angle (154.32°) corresponded to midday (near solar
noon) conditions near the peak of the growing season for the
Kananaskis region. A series of model runs were conducted by
varying slope, aspect, and crown closure to simulate a full set
of results for a variety of different terrain and forest structural
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TABLE 1
GOMS MODEL INPUTS, INCLUDING MULTIPLE-FORWARD MODE
(MFM-GOMS) MODEL RANGES, AND INCREMENTS FOR THE
THREE PARAMETERS EVALUATED FOR A ROCKY MOUNTAIN
TEST SITE, KANANASKIS ALBERTA, CANADA

Parameter Range Increment

Slope 0-46° 2°

Aspect 0-360° 20°

Crown Closure (CC) 10-90% 10%
Horizontal Crown Radius (r) 0.8m -
Vertical Crown Radius (b) 3.0m -
Height to Crown (h) 13.6m -
Height Distribution (dh) 8.16m -
SZA 39.31° -
Solar Azimuth 154.32° -

situations. Slope values were varied between 0° and 46° at 2°
intervals, aspect was varied over the full 360° range, using a
20° increment, and crown closure was varied between 10%
and 90% CC at 10% increments. The GOMS model was run
multiple times in forward mode (MFM) [27], [28] to generate
reflectance values for each possible combination of terrain
slope, aspect, and CC for the different wavelengths. In total

24 different slopes x 19 aspects x 9 CC x 3 wavelengths
= 12 312 different model runs

were performed, with all model inputs and the corresponding
forward mode reflectance value output from each model run
computed and stored in a multiple forward-mode lookup table
(MFM-LUT) that is suitable for follow-on statistical analysis
and graphical display of results. In separate tests, slope, aspect,
and CC were isolated and varied from the computed MFM-LUT,
with all other parameters held constant to facilitate a series of
controlled experiments.

The cosine, Minnaert, statistical-empirical, C, SCS, and
SCS+C corrections were applied to the full GOMS-modeled
reflectance dataset and compared both graphically and statis-
tically. In an ideal correction, the variation in the original data
[Fig. 2(a)] caused by the influence of terrain would be reduced
to zero since all reflectance values would be identical to those
for horizontal terrain [modeled 0° slope; Fig. 2(b)] for a given
set of forest stand and structural attributes. Validation was
achieved by assessing the results from each correction method
against this ideal (modeled) correction.

C. Validation Tests

The experiment was organized into a series of tests that
considered three fundamental dimensions of reflectance vari-
ation: topographic, spectral, and structural (Table II). Using
the GOMS model, topographic variation was tested by varying
slope and aspect, with spectral variations tested using different
modeled wavelengths. Forest structure was tested with respect
to varying crown closure, a primary structural feature of forest
stands that drives reflectance change. The other structural
parameters were held constant and were representative of the
study site. In addition to this, a series of tests was completed
using different structural inputs to the model and the results
showed less variation compared with CC. Therefore, given
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TABLE 11
ORGANIZATION OF EXPERIMENTAL DESIGN INVOLVING THE MAIN DIMENSIONS
OF REFLECTANCE VARIATION IN FOREST STANDS: TOPOGRAPHY (SLOPE,
ASPECT); SPECTRAL (WAVELENGTH: \); AND FOREST STRUCTURE (HERE,
CROWN CLOSURE: CC). EACH TEST IS DESCRIBED IN THE SECTIONS OF THE
PAPER INDICATED, TOGETHER WITH ITS ACCOMPANYING FIGURE, THE
PRIMARY AND SECONDARY TEST VARIABLES, AND THE MODEL-BASED
PARAMETERS THAT WERE HELD CONSTANT IN THESE CONTROLLED
EXPERIMENTS. ADDITIONAL PARAMETERS HELD CONSTANT INCLUDE
SEVERAL FOREST STRUCTURE PARAMETERS AND SOLAR POSITION (TABLE I)

Section in 4.1 42 43 44
paper:
Figure: 2 3 4 5
Test approach: Visual: Reflectance RMSE Reflectance
3-D Plots Difference Difference

Primary Test | Slope, Aspect  Slope, Aspect r cC
Variable:
Secondary Test - cC cC Slope, Aspect
Variable:

Parameters held CC, A A - A

constant:

the extensive set of tests presented, additional experiments in-
volving altering other structural inputs (e.g., 7, b, dh—Table I)
were deemed unnecessary. We note, however, that it is possible
to alter and test these or any of the other model inputs using the
MFM approach [27]-[29].

In this study, we have captured the main properties of forest
stands that influence reflectance using a series of comprehen-
sive MFM-GOMS model runs, and we test these in a variety of
ways to provide a rigorous validation. Four experiments were
performed (Figs. 2-5; Table II), each using a different graphical
and/or statistical approach, and each involving different primary
and/or secondary test variables. In experiments involving both
primary and secondary variables, a series of individual tests was
conducted, where for each test all but one variable was held con-
stant. However, for reporting purposes, in some cases more than
one set of results were combined into a single figure to show a
variety of outputs and enable more comprehensive assessments.
This provided a rigorous basis to evaluate and compare the var-
ious topographic corrections, as summarized in Table II, and de-
scribed in the following sections.

IV. RESULTS
A. Analysis of Topography

In the first validation experiment (Fig. 2), only slope and as-
pect were altered, with CC (70%) and wavelength (805 nm) held
constant. Results are shown graphically as three-dimensional
plots depicting modeled and corrected reflectance over a full
range of slope and aspects. The modeled reflectance in Fig. 2(a)
shows the variation of reflectance for forested terrain as a result
of differing terrain slope and aspect, and represents the original
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Fig. 3. Difference in reflectance between topographically corrected
reflectance and known horizontal terrain reflectance value at three levels
of CC and at 805 nm for the following corrections: (a) cosine, (b) Minnaert,
(c) SCS, (d) C-correction, (e) statistical empirical, (f) SCS+C. Differences
range from £1% reflectance (darkest) to > £15% reflectance (white) for A,
B, and C and £0.25% reflectance to > £2% reflectance for D, E, and F.

“uncorrected” dataset to which the topographic corrections were
applied.

The theoretical ideal correction is shown in Fig. 2(b), in
which the model inputs were unchanged, except for slope which
was set to zero, thus generating topographically normalized
reflectance values that were used for independent validation.
Validation was achieved by comparing the model-based topo-
graphically normalized reflectance values with the reflectance
values output from the six topographic corrections studied
[cosine, Minnaert, C, statistical-empirical, SCS, SCS+C; see
Fig. 2(c)-(h)]. These graphics facilitate comprehensive visual
assessment of the full range of topography, and the various
corrections applied. In Fig. 2, only NIR reflectance results
are shown; however, results at other wavelengths appeared
similar (corrections at different wavelengths are evaluated in
Section IV-C). In all cases, the variation in reflectance was
most pronounced near the principal plane of illumination
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(validation) and various topographically corrected reflectances at three positions
in the electromagnetic spectrum: (top) NIR: 805 nm, (middle) red: 664 nm,
(bottom) green: 550 nm and for CCs ranging from 20% to 100%. Results from
SCS+C shown in red for ease of comparison with other methods.

(terrain aspect = 160°, 340°), and especially at steep slope
angles.

With the uncorrected reflectance data [Fig. 2(a)], higher re-
flectance values corresponded with terrain orientations facing
the source of illumination. In these terrain settings, a greater
proportion of canopy is exposed to direct illumination compared
to the same forest setting on flat terrain, and furthermore, cast
shadow is projected upslope, thus shortening or in some cases
completely obscuring the shadow component.

The increased sunlit canopy fraction and the reduced shadow
fraction both contribute to higher reflectance values compared
to the reflectance that would be obtained for an identical forest
situated on a flat surface. Similarly, the lower reflectance values
found for terrain facing away from the source of illumination
result from the pixel becoming more dominated by shadow. In
these instances, the shadow cast by upslope trees is elongated,
with a greater proportion of the canopy hidden from the source
of illumination. The increased shadow fraction and decreased
sunlit canopy fraction result in a lower integrated pixel level
reflectance.

The cosine correction [Fig. 2(c)] showed an overcorrection
(maximum reflectance = 66%) at slopes facing away from the
source of illumination (between 230° and 80°) as a result of the
unmoderated correction factor. The results of the cosine correc-
tion also showed occurrences of undercorrection (maximum re-
duction of 4% reflectance) for steep, sun-facing slopes.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 43, NO. 9, SEPTEMBER 2005

The Minnaert correction [Fig. 2(e)] provided an improvement
in the corrected values for shaded slopes. The reduction in over-
correction compared with the cosine correction is apparent for
slopes opposite the direction of illumination (maximum reduc-
tion: 45% reflectance). However, the moderating effect on the
correction factor also resulted in a greater undercorrection (3%
reflectance) for steep, sun-facing terrain (e.g., slopes > 20°, as-
pects 140° to 180°).

The statistical-empirical correction [Fig. 2(f)] showed an
even greater reduction (—50% reflectance) in the overcorrection
compared to the cosine correction; however, it too incurred
undercorrection (e.g., 2% reflectance at 160° aspect, 46° slope).

The C-correction [Fig. 2(d)] showed improvements on the co-
sine correction similar to those of the Minnaert and statistical-
empirical corrections. Of the three semiempirical corrections
(C-correction, Minnaert, and statistical-empirical), the C-cor-
rection along with the statistical-empirical correction showed
the smallest increase (+2% reflectance) at the maximum point
of undercorrection (160° aspect, 46° slope) when compared to
the cosine correction. Values for C are shown in Table III.

The SCS correction [Fig. 2(g)] was an effective correction for
sun-facing terrain. However, compared to the cosine correction,
which was the most effective of the sun-terrain-sensor-based
corrections for sun-facing terrain, the SCS correction overcor-
rected at 160° aspect and 46° slope by 4% reflectance. The SCS
correction also showed overcorrection features (maximum of
30% reflectance) for shaded slopes, similar to that produced by
the cosine correction (e.g., 320° aspect, 46° slope). However,
compared to the cosine correction, these overcorrection features
began at higher slopes than the cosine correction, and were less
pronounced.

The SCS+C correction [Fig. 2(h)] reduced the overcorrection
compared to SCS by 32% reflectance for shaded slopes (e.g., be-
tween 230° and 80° aspects), and eliminated the overcorrection
for sun facing slopes (160° aspect and 46° slope). The SCS+C
correction showed a slight undercorrection for shaded slopes
(1% reflectance). While the correction appeared similar to the
other semiempirical methods for shaded slopes, it was improved
for sun-facing terrain, an area where other corrections (e.g., sta-
tistical-empirical, C-correction) were less effective.

B. Reflectance Difference by Terrain and Crown Closure

In the second validation experiment (Fig. 3; Table IV), a de-
tailed assessment of the differences between each correction and
the modeled validation reflectance data was performed for a full
range of terrain slope and aspect, and at crown closures of 30%,
60%, and 90%. Wavelength was held constant at 805 nm.

Overestimation of reflectance with respect to the modeled
validation surface was evident for the cosine and SCS correc-
tions [Fig. 3(a) and (c)] at high CCs with maximum differences
of 55% reflectance and 45% reflectance, respectively. The SCS
correction also showed a considerable amount of negative dif-
ference (5% reflectance). The SCS and cosine corrections re-
sulted in the lowest number of slope-aspect combinations with
reflectance within 1% of the modeled validation data (Table IV).

The Minnaert, C, statistical-empirical and SCS+C corrections
[Fig. 3(b), (d)—(f)] all showed a reduction in positive difference
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Fig. 5. Difference in NIR (805 nm) reflectance between the modeled reflectance values for horizontal terrain (validation) and various topographically corrected
reflectances for CCs of 10%, 30%, 50%, 70%, and 90% at 40° aspect intervals for slopes of (bottom) 6°, (middle) 26°, and (top) 46°. Red scale bars indicate a
negative difference, and grayscale bars indicate a positive difference [correction—validation].
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TABLE III
C VALUES BY BAND AND CROWN CLOSURE

Wavelength
cC Green Red NIR
10 0.50 0.30 0.63
20 0.37 0.09 0.51
30 0.57 0.17 0.64
40 0.90 0.42 0.82
50 1.26 0.77 0.98
60 1.55 1.15 1.09
70 1.74 1.46 1.16
80 1.85 1.64 1.21
90 1.88 1.76 1.24
TABLE IV

PERCENTAGE OF SLOPE ASPECT COMBINATIONS WITH CORRECTED

DATA WITHIN 1% REFLECTANCE OF MODELED VALIDATION DATA.

RESULTS ARE PRESENTED FOR ALL SLOPE ASPECT COMBINATIONS

AND SLOPE ASPECT COMBINATIONS WHERE SLOPE EXCEEDS 20°.
BEST RESULT FOR EACH CASE SHOWN IN BOLD

Percentage within 1% Difference for steep
terrain (slope >20°).
60% CC

Percentage within 1% Difference
of Validation

30% CC 60% CC 90% CC 30% CC 90% CC

Cosine 51 45 38 32 28 2
Minnaert 67 64 62 39 34 29
C-correction 75 7 76 54 58 56
Statistical Empirical 92 93 92 86 87 85
SCs 44 36 31 18 13 1"
SCS+C 95 98 97 91 96 94

when compared to the cosine and SCS corrections, with the
SCS+C and statistical-empirical corrections showing the lowest
levels of overall difference. The SCS+C and statistical-empir-
ical corrections were more effective for a higher number of
slope aspect combinations (Table IV). In particular, the SCS+C
correction appeared to be most effective across all CC levels
[Fig. 3(f); Table IV], and never exceeded 3% difference, the
lowest maximum difference for all corrections tested.

C. Analysis of Different Wavelengths and Crown Closures

The third validation experiment (Fig. 4) focused primarily on
assessing different wavelengths, with a secondary analysis of a
detailed set of CCs (Table II). The analysis used a root mean
square error (RMSE) value computed for each correction to de-
termine the overall residual between the various corrected data
values and the modeled (validation) horizontal terrain values at
green (550 nm), red (664 nm), and NIR (805 nm) wavelengths.
The RMSE for the uncorrected NIR data was between 0.015
and 0.02 over the range of CC (10% to 90%). The cosine cor-
rection consistently had the highest level of RMSE throughout
the range of CCs and for all wavelengths tested. Over the set
of CCs, the RMSE for the cosine correction ranged from 0.032
to 0.055 (NIR), 0.0030 to 0.0066 (red), and 0.0071 to 0.0109
(green). This error was consistently greater than that of the un-
corrected data, indicating that the level of variation in the data
compared with horizontal terrain reflectance was higher in the
cosine corrected data than the uncorrected data. This is related
to the severe overcorrections that resulted due to its inability to
characterize diffuse radiation properly. This was also observed
for the SCS correction, especially at green and red wavelengths
and at higher CCs (Fig. 4).

The Minnaert correction and C-correction had similar
RMSE:s for CCs greater than 40% at all three wavelengths. The
statistical-empirical correction data had a lower RMSE than the
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other semiempirical corrections, with RMSEs over the full set
of CCs ranging from 0.0053 to 0.0096 (NIR), 0.0004 to 0.0031
(red), and 0.0007 to 0.0033 (green).

The SCS+C corrected data had the lowest RMSE for all CCs
at all wavelengths, with the exception of 20% CC at 664 nm. The
SCS+C RMSE ranges at all CCs were 0.0012 to 0.0075 (NIR),
0.0001 to 0.0026 (red), and 0.0002 to 0.0026 (green).

D. Analysis of Crown Closure Over Different Terrain

The fourth validation test (Fig. 5) was a detailed examination
of crown closure over a full range of terrain aspects at low (6°),
moderate (26°) and high (46°) slopes at the NIR (805 nm) wave-
length. The effect of CC on correction efficacy varied with the
correction method used. The cosine correction showed higher
levels of difference with increasing CC, especially at higher
slopes. The exception to this was aspects facing away from
the source of illumination, where the cosine corrected data had
larger differences at lower CCs (e.g., 10% CC). The Minnaert
corrections had the lowest differences at CCs of 10% while the
level of difference was similar among CC levels higher than
30%. The C-correction and SCS+C corrections were similar
to the Minnaert correction in that the 10% CC corrected data
showed less difference than at higher levels of CC. At a slope
of 6°, the statistical-empirical corrected data had the most vari-
ation over the different aspects (maximum difference of —1.5%
reflectance).

At steeper slopes, as CC increased, the corrected data had
more variation with aspect, with the smallest differences in the
principal plane of illumination (160° aspect). Also, at these
moderate slopes (26°), the statistical-empirical correction was
similar to the other semiempirical corrections, while at higher
CCs, the magnitude of difference was lower (maximum of
0.33% reflectance at 90% CC). The SCS corrected data were
similar to the cosine corrected data in that they displayed a
level of difference for 10% CC at moderate and high slopes that
was greater than at higher CCs at aspects facing the source of
illumination.

The SCS+C method produced the lowest average differences
across all aspects for all CCs. The SCS+C corrections had
trends similar to the other semiempirical corrections, with the
SCS+C corrections at higher CCs showing lower magnitudes of
difference compared to the other corrections. At lower slopes,
there were more occurrences of undercorrection (shown in
red in Fig. 5) compared to moderate and high slopes for all
corrections tested.

V. DISCUSSION

The results from the terrain correction experiments demon-
strated that some of the radiometric variation caused by ter-
rain slope and aspect can be reduced using simple photometric
equations and semiempirical constants, but that the physically
based approaches that account for vegetation structure (e.g.,
SCS, SCS+C) are more appropriate for forested terrain. The
SCS and SCS+C corrections are theoretically more sound owing
to their proper representation of geotropic tree structure. They
are also superior as they account for subpixel scale sunlit canopy
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components with respect to the angles of solar illumination,
sensor view, and terrain slope. These methods provided im-
proved corrections over a more full range of terrain orientations.
Each of the earlier correction techniques (Minnaert, C, cosine,
statistical-empirical) appear to have slope-aspect combinations
where they are effective, but fail beyond these. In general, cor-
rections based on canopy physical structure (SCS) and that in-
clude a semiempirical constant to compensate for low levels of
direct illumination (SCS+C) were more effective at reducing the
level of data variation across all slope-aspect combinations.

All correction methods appeared to be less effective for
steeper terrain (slopes > 20°) with the exception of the statis-
tical-empirical correction. In particular, the cosine correction
and SCS correction were unsuitable for steep slopes facing
away from the source of illumination. The level of difference
between the corrected reflectance values and the validation
reflectance modeled for flat terrain for these situations was
very large (Fig. 3) for all CCs. For both corrections (cosine,
SCS), the terrain-induced variation in the corrected data was
higher than for the original uncorrected data. This occurred
for shadow-dominated pixels where the angle of incidence
(¢) approached 90°. In these cases, the denominator in the
correction factor cos(i) approached zero, thus creating large
overcorrections due to the high correction factors (e.g., SCS
correction factor: 5.6 at 46° slope, 320° aspect). The introduc-
tion of the C parameter in SCS+C reduced this overcorrection
considerably (e.g., SCS+C correction factor = 2.6 at 46°
slope, 320° aspect).

In steep terrain, the corrections that most effectively reduced
the terrain-induced reflectance variations were those that either
made use of a moderating factor (Minnaert, C, SCS+C) or used
a statistical approach. These corrections were more effective at
certain slope-aspect combinations than at others. For example,
the SCS+C method was more effective than the statistical-em-
pirical method for correcting steep slopes facing the direction
of illumination (Figs. 2 and 3), whereas the statistical-empir-
ical method was more effective at correcting slopes facing away
from the direction of illumination. However, at low and mod-
erate slopes (e.g., < 26°), the SCS+C correction showed lower
levels of difference for both situations.

The SCS+C correction was the most effective overall in
terms of suitability over the full range of terrain and crown
closures considered in this study (Figs. 2-5). Set in the im-
proved, physically based sun-canopy-sensor (SCS) framework
[5], the SCS+C correction we have introduced preserves the
capabilities of SCS and provides improved results in terrain
situations where SCS was less effective.

The SCS correction was shown to be effective across a va-
riety of terrain orientations, and even at high slopes in the prin-
ciple plane; however it has a distinct overcorrection problem on
higher slopes facing away from the illumination source. This
problem is addressed in SCS+C using a semiempirical moder-
ator representing diffuse irradiance on shaded slopes, making
it effective for the entire range of slope-aspect combinations.
The effectiveness of SCS+C is also not compromised in situa-
tions where SCS already works well. In those cases, the addi-
tion of the C factor makes little or no difference and the SCS+C
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correction essentially reverts to the fundamental SCS formula-
tion. Other correction methods were slightly more effective for
a small number of specific slope-aspect combinations, but none
were markedly more effective than the SCS+C (Figs. 3 and 5).

Existing photometric methods provide a simple and effective
way to reduce the variation in data caused by the topographic ef-
fect. However, these existing correction methods are generally
not stable over a wide range of slope-aspect combinations or
angles of incidence. Ideally, in forested terrain, a normalization
method would provide an appropriate framework that accurately
represents the physical structure of tree growth, and permits nor-
malization of the subpixel scene fractions [8]—and it would be
stable over the full range of terrain slopes and aspects as well
as forest structural conditions. The SCS correction provides an
appropriate framework for this, with the SCS+C modification
providing a more robust implementation that enables this con-
cept to be available over a much broader range of terrain and
structural settings.

In addition to introducing SCS+C as a new and more effective
topographic correction approach in forested terrain, this paper
also makes a more general contribution of an improved method
for experimental testing and validation of topographic correc-
tions based on use of independent geometric optical canopy re-
flectance models. In previous papers [1], [2], [5], [9]-[13], [30],
this has been an issue owing to a variety of ad hoc methods that
generally involved limited comparisons and little basis for com-
prehensive validation of topographic correction results. In these
studies, it was often difficult, impractical or impossible to know
what the correct topographically normalized value should be for
a particular slope-aspect geometry or forest structure.

Use of powerful canopy geometric optical reflectance models
provides a framework for topographic correction validation that
is: 1) independent of any of the correction methods; 2) com-
prehensive in that a full range of terrain and forest conditions
can be tested using multiple-forward mode (MFM) model runs
[27], [28]; and 3) for a given slope-aspect terrain setting, the
topographically corrected reflectance value can be obtained by
simply altering the terrain settings to the flat surface and rerun-
ning the model. This latter point has led to the development
of topographic corrections for spectral mixture analysis scene
fractions [8] and an explicit model-based topographic correction
method [29]. Models such as the Li—Strahler geometric optical
mutual shadowing [14] model are recommended for these pur-
poses, since they explicitly account for terrain, have a physical-
structural basis and have been shown [7] to provide improved
results compared to other models while maintaining a manage-
able set of input parameters suitable for larger area studies, and
they are also amenable to newer model-based inversion schemes
such as MFM [27], [28].

VI. CONCLUSION

In forested terrain, topography modifies the sun-sensor-sur-
face geometry, causes changes in the subpixel scale scene frac-
tions, and causes variation in the signal recorded at the sensor.
This topographic effect was modeled using the GOMS canopy
reflectance model in multiple-forward mode by varying terrain
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and crown closure inputs. This modeled-based approach pro-
vided a more appropriate, rigorous, and comprehensive frame-
work for the comparison, testing, and validation of different to-
pographic correction methods compared to previous validation
methods and is therefore recommended for topographic correc-
tion validation in forested terrain.

Physically based corrections that preserve the sun-canopy-
sensor geometry (SCS, SCS+C) while adjusting for terrain
represent a more realistic and effective approach to topographic
correction. Earlier methods ignore the geotropic nature of tree
growth and the effect that the complex interaction between
terrain and scene component fractions has on reflectance at
subpixel scales. However, the original SCS approach, while
accounting for these critical growth and terrain interactions,
overcorrects reflectance as the angle of incidence approaches
90°. The result is uncharacteristically large reflectance values
for slopes facing away from the source of illumination, thus
limiting the overall utility of the SCS approach. In the SCS+C
method introduced here, the addition of the semiempirical mod-
erator (C) to the SCS correction reduced this overcorrection,
building on earlier improvements provided by the C-correction
to the original cosine correction formulation. In a series of
controlled experiments involving comprehensive assessments
of slope, aspect, and crown closure, the SCS+C correction was
shown to provide improved corrections over a greater range
of terrain and forest structural conditions compared to SCS,
particularly in steeper terrain and for slopes facing away from
the sun. SCS+C was also shown to be superior to existing and
widely accepted correction techniques (cosine, C, Minnaert,
statistical-empirical). The addition of the C parameter to the
SCS formulation is simple to derive and based on well-known
and established topographic correction concepts [1]-[3] that
we have now applied to an improved correction framework [5].
Accordingly, it is recommended that SCS+C be considered for
topographic correction of remote sensing imagery of forested
terrain.
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