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Definition

Topographic normalization of satellite imagery represents
the removal/reduction of multi-scale topographic effects
in satellite imagery. Surface spectral reflectance should
be representative of land-surface compositional and
land-cover structural variations.

Introduction

Earth scientists studying the Earth’s cryosphere are
increasingly making use of multispectral satellite imagery
for assessing land-surface composition and properties,
thematic mapping, and change detection (Bishop et al.,
2004; Bishop and Shroder, 2004). The availability of
new imagery and information extraction technology (i.e.,
algorithms and pattern recognition approaches), however,
does not directly translate into obtaining accurate surface
information, as image spectral variability is governed by

numerous environmental factors. Consequently, the infor-
mation content in imagery varies depending upon atmo-
spheric, topographic, surface composition, land-cover
structure, and sensor characteristics that collectively deter-
mine the nature of the radiation transfer (RT) cascade at
any particular location in time. These complexities often
dictate the need for image preprocessing and radiometric
calibration to convert calibrated digital numbers (DNs)
to absolute units of at-sensor spectral radiance, and ulti-
mately to surface spectral reflectance parameters, as many
Earth science applications are primarily concerned with
surface characterization.

It is widely known that topography plays a significant
role in the RT cascade (Holben and Justice, 1981; Bishop
and Colby, 2002). Complex topography, which includes
extreme relief, steep slopes, and variations in slope
azimuth (cardinal direction of slope), directly influence
the amount of radiation that reaches the surface (surface
irradiance). Altitude variations partially determine the
magnitude of atmospheric attenuation. Other multi-
scale topographic parameters, in relation to solar geome-
try, also cause variations in surface irradiance (e.g.,
shadows). The topography also governs microclimate
and surface processes that control surface composition and
land-cover structure. Collectively, the topography and sur-
face composition and structure govern surface reflectance,
such that the magnitude of surface reflectance varies in all
directions (anisotropic reflectance). Surface reflectance is
characterized by the bidirectional reflectance distribution
function (BRDF). Furthermore, the topography in relation
to the sensor’s viewing geometry determines the BRDF
sampling location, such that the magnitude of reflectance
only from this BRDF location will directly propagate into
the sensors field-of-view. Atmospheric attenuation and
sensor characteristics then determine the magnitude of
at-sensor radiance.

Clearly, the RT cascade is inherently complex, and RT
interactions between the atmosphere, topography, and
the surface must be taken into consideration. The influ-
ence of topography on the RT cascade dictates that satellite
imagery acquired over complex terrain will exhibit spec-
tral variability that is not representative of surface bio-
physical conditions. Consequently, satellite imagery
frequently exhibits the topographic effect, which includes
the presence of cast shadows, and spectral variation
caused by differential illumination. It is also important to
note that the influence of topography on spectral variabil-
ity is not always visually detectable in imagery, as
a particular topographic parameter may have varying
degrees of impact on the magnitude of irradiance and
reflectance. Therefore, radiometric calibration of satellite
imagery requires anisotropic reflectance correction
(ARC) to ensure that image reflectance variations are rep-
resentative of surface-matter composition and structure,
rather than indicative of atmospheric, irradiance, and
topographic-induced BRDF pattern variations.

Researchers have attempted to remove the topographic
effects in satellite imagery using a variety of
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methodological approaches. This is generally referred to
in the literature as topographic normalization. It should
be noted, however, that topographic normalization tech-
niques focus on removing/reducing the topographic effect
in imagery, although they may not address numerous RT
components influenced by topography. Consequently,
topographic normalization does not represent comprehen-
sive ARC. To our knowledge, an operational ARC model
has yet to be developed to address the inherent complexi-
ties of topography and anisotropic reflectance. Therefore,
we review the problem of ARC, provide simple guidelines
for radiometric calibration, review various topographic
normalization approaches, and assess the issues and feasi-
bility of removing topographic effects from satellite multi-
spectral imagery.

Background

Addressing the complex problem of anisotropic reflec-
tance requires an understanding of radiation transfer
processes, matter—energy interactions, and RT cascade
components. Topography plays a significant role, as it
has a multi-scale influence on the RT cascade. Topo-
graphic effects, however, have not been accurately charac-
terized or systematically evaluated (Smith et al., 1980;
Teillet et al., 1982; Proy et al., 1989; Bishop and Colby,
2002).

Solar irradiance ":‘

Radiation transfer

The passive reflection model of remote sensing is based
upon the RT cascade from the Sun to the sensor
(Figure 1). Solar irradiance variations occur at several
timescales related to solar rotation, magnetic field varia-
tions, and sunspot activity. Earth’s orbital variations influ-
ence the magnitude of irradiance that reaches the top of the
Earth’s atmosphere (exo-atmospheric irradiance, E°) at
a multitude of temporal scales. The orbital parameters of
eccentricity (shape of the elliptical orbit around the Sun),
obliquity (tilt of the Earth on its axis), and longitude of
perihelion govern solar geometry and the distance
between the Earth and the Sun. Consequently, solar and
orbital parameters cause variations in the magnitude of
on diurnal, annual, and longer timescales.

The exo-atmospheric irradiance is attenuated by the
atmosphere, as numerous processes such as scattering,
absorption, and refraction govern the magnitude of attenu-
ation/transmission. This is controlled by atmospheric
composition and the temperature/pressure vertical struc-
ture. The integrated influence of atmospheric attenuation
is related to the optical depth of the atmosphere that is
a function of solar geometry and landscape hypsometry
(i.e., altitude distribution). Solar geometry, atmospheric,
and terrain conditions are coupled to generate other
sources of irradiance. Therefore, the topography strongly
governs the amount of energy reaching the Earth’s surface.

o«
~ Sensor

Atmosphere

Topographic Normalization of Multispectral Satellite Imagery, Figure 1 Conceptual diagram of the primary radiation transfer

components and multi-scale topographic effects.
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Surface irradiance

The total spectral irradiance at the Earth’s surface () is
a composite of three irradiance components that are wave-
length (1) dependent such that

E(2) = Ep(4) + Ea(2) + Ei(4), (1)

where E}, is the direct-beam irradiance component, £, is
the diffuse-skylight irradiance component, and E, is the
adjacent-terrain irradiance component.

The atmosphere attenuates the direct irradiance primar-
ily by gaseous absorption and molecular and aerosol scat-
tering (Chavez, 1996). Therefore, the downward
atmospheric transmission (t') is a function of the total
optical depth of the atmosphere. In many mountain
ranges, extreme relief dictates significant changes in 7!
over relatively short horizontal distances.

The direct irradiance is also a function of solar and terrain
geometry. Local topographic conditions are represented by
the incidence angle of illumination (i), such that

cos i =cos 0, cos(f,)

+sin 0 sin f, cos(¢p, — ¢,), @
where 0, is the solar zenith angle, ¢, is the solar azimuth
angle, f, is the slope angle of the terrain, and ¢, is the
slope-aspect angle of the terrain.

The value of cos i can be < 0.0, indicating no direct
irradiance due to the orientation of the topography. The
regional scale topographic relief is not accounted for by
Equation 2, and the altitude distribution in the direction
of ¢, must be considered to determine if a pixel is in
shadow (S). Satellite imagery acquired in rugged terrain
with relatively high, solar zenith angles and/or steep
slopes exhibit cast shadows (Figure 2). The local topogra-
phy and cast shadows increase the global spectral variance
in satellite images, with a decrease in spectral variance
associated with shadowed areas. These multi-scale topo-
graphic effects are incorporated into £, as

Ey(2) = E*(A)7 (1) cosi S. 3

This component can be highly variable over complex
mountain terrain.

Atmospheric scattering will produce a hemispherical
source of irradiance (E; Figure 1). This source is com-
posed of a direct-downward skylight component and
a secondary diffuse component caused by multiple inter-
actions between the ground surface and the atmosphere
(Igbal, 1983; Proy et al., 1989). Diffuse-skylight irradi-
ance is influenced by hemispherical shielding of the
topography, as a significant part of the hemisphere can
be masked by the mesoscale relief. Consequently, only
a solid angle of the sky will contribute to £, and this angle
(6,) will change as a function of pixel location and direc-
tion. In general, the solid angle will increase with altitude.
In mountain environments exhibiting extreme relief and
deep valleys, topographic shielding of the solar diffuse
irradiance can be significant (Proy et al., 1989). Mesoscale

Topographic Normalization of Multispectral Satellite
Imagery, Figure 2 ASTER false-color composite (bands 3, 2, 1)
depicting the Bualtar Glacier within the Hispar Mustagh region
of the Karakoram Himalaya, Pakistan. This subscene exhibits
extreme relief and a multitude of surface-cover types. Multi-
scale topographic effects include cast shadows, local
topographic effects, hemispherical shielding of the topography,
and adjacent-terrain influences. Spectral variation caused by the
topography is problematic for estimating surface properties and
for thematic mapping applications.

topographic shielding plays less of a role in terrain
exhibiting low to moderate relief.

The irradiance components £, and E, interact with the
terrain to generate an adjacent-terrain irradiance compo-
nent (E,, Figure 1). This source of irradiance can be highly
variable depending upon terrain geometry and surface
composition and structure. Furthermore, the hemispheri-
cal integration of these factors, dictates the complexity
of accounting for this component in mountain environ-
ments. Therefore, topographic normalization approaches
do not usually account for E,. Nevertheless, Proy et al.
(1989) attempted a first-order approximation to this
irradiance component assuming Lambertian reflectance
(magnitude of reflectance is equal in all directions).
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The contribution of E, to the total surface irradiance in
alpine environments is not accurately known, although it
is generally thought to be highly variable, and significant
where highly reflective rocks/sediment, vegetation, and
ice/snow are prominent.

Surface reflectance
The magnitude of the reflected energy at the surface is
determined by the conservation of energy, such that

p(A) + a(4) + t(4) = 1.0, 4

where, p, «, and 7 represent reflectance, absorption, and
transmission, respectively. For opaque objects (7=0.0),
o is equivalent to the emissivity (¢) of the object, which
describes how well the object radiates energy. The
reflected surface radiance (L) can be described as

L(2) = p(2) <@> (5)

T

Equation 5 represents isotropic reflectance (Lambertian).
This assumption, however, is not valid in alpine environ-
ments due to the topography and biophysical characteristics
of alpine landscapes (Smith et al., 1980; Kimes and
Kirchner, 1981; Hugli and Frei, 1983; Hall et al., 1988;
Dozier, 1989; Aniya et al., 1996; Greuell and de Ruyter de
Wildt, 1999).

Given spatiotemporal variations in solar geometry,
topography, surface composition, and land-cover struc-
ture, surface reflectance in alpine environments is highly
anisotropic. It is necessary to characterize the BRDF,
which describes the magnitude of reflectance for all com-
binations of input—output angles. For example, Greuell
and de Ruyter de Wildt (1999) measured numerous
BRDFs for melting glacier ice in Switzerland. They found
that all BRDFs exhibited similar patterns and that the
amount of anisotropy increased with an increase in wave-
length, with increasing solar zenith angle, and decreasing
albedo. Unfortunately, the BRDF is very difficult to accu-
rately measure, especially on inclined surfaces, and more
research is required to understand the influences associ-
ated with topography, surface-matter mixtures, and land-
cover structure. This will require the development and
evaluation of RT BRDF models.

The at-sensor radiance (L°, Figure 1) does not represent
the magnitude of L, as it is attenuated by atmospheric
effects governed by sensor viewing geometry and topog-
raphy. Consequently, spectral variations in satellite imag-
ery are differentially influenced by atmospheric effects,
topography, and BRDF geometry variations, which are
not directly related to surface-matter composition. ARC
is required to address these complexities, while topo-
graphic normalization usually focuses on reducing multi-
scale topographic effects related to surface irradiance.
The complexity of the problem requires a special empha-
sis be given to radiometric calibration of satellite data
before it can be utilized reliably for environmental infor-
mation extraction.

The at-sensor radiance values require modification to
account for the influence of the atmosphere. Numerous
atmospheric-correction models for images have been
developed for remote-sensing applications, and they
enable the estimation of surface radiance, such that

(L) ~ L, ()
(4, 6,)

where L, represents the collective additive path-radiance
component caused by the scattering of the direct-beam
component into the sensor field-of-view, 7' is the beam
transmittance of surface reflectance through the atmo-
sphere in the upward direction, and 0, is the view angle
of the sensor. The surface radiance must then be modified
to account for topographic effects and BRDF geometry
variations.

L(1) = (6)

Topographic normalization

Research into topographic normalization and ARC has
been ongoing for 30 years. To date, a comprehensive oper-
ational model designed to meet the needs of Earth scien-
tists has yet to emerge. In general, scientists have taken
a variety of approaches to reduce spectral variability
caused by the topography. The primary approaches
include the following.

Spectral feature extraction

Spectral feature extraction methods usually involve linear
transformations of the original data to produce spectral
features that enhance spectral variation related to surface
conditions. Techniques such as spectral band ratioing,
principal components analysis, and other methods have
been shown to reduce the influence of local topographic
effects (i.e., cos i and S) in satellite images (Holben and
Justice, 1981; Kowalik et al., 1983; Yool et al., 1986;
Walsh et al., 1990; Colby, 1991; Conese et al., 1993b;
Horsch, 2003). Although such spectral features are rela-
tively easy to generate, research has shown that local topo-
graphic effects are still present in the transformed images
(Holben and Justice, 1981; Kowalik et al., 1983; Colby,
1991). The limitations of this approach are in the empirical
nature of the results, such that they are scene dependent.
Furthermore, there are radiometric and technical issues
that must be considered.

It is important to account for atmospheric effects such
as the additive path-radiance term before ratioing
(Kowalik et al., 1983). This dictates that DN values must
be converted to radiance and that atmospheric-correction
procedures account for optical-depth variations, which
are a function of altitude. In addition, information may
be lost in areas where cast shadows are present, depending
upon solar geometry.

One might also expect that ratioing using visible bands
may not be effective due to the influence of the atmo-
sphere. Ekstrand (1996) found this to be the case and indi-
cated that the blue and green spectral bands of Landsat
Thematic Mapper Data should not be used in ratios to
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remove the topographic effect. Therefore, depending upon
topographic conditions and time of image acquisition,
spectral feature extraction may or may not be useful for
biophysical remote sensing or thematic mapping.

Empirical approaches

Given these difficulties, empirical equations can be used to
characterize the relationships between reflectance and
topography within a particular scene. Normalizing equations
can be generated by sampling cover types and using cos i
and regression analysis (Meyer et al., 1983; Civco, 1989;
Naugle and Lashlee, 1992; Ekstrand, 1996; Allen, 2000;
Riano et al., 2003; Nichol et al., 2006; Wu et al., 2008).

For example, Civco (1989) used a two-stage normaliza-
tion procedure that included a linear transformation based
on an illumination model, and compared samples from
northern and southern slopes to known areas of deciduous
forest to derive an empirical wavelength-dependent cali-
bration coefficient. In other studies, a statistical-empirical
approach reportedly outperformed semi-empirical model-
ing (Vikhamar et al., 2004; Wu et al., 2008). It has
been noted, however, that in steep and highly variable ter-
rain, or when using imagery acquired with high solar
zenith angles, empirical corrections may be less reliable
(Franklin, 1991), or may not be effective at all wave-
lengths (Civco, 1989; Naugle and Lashlee, 1992). Empir-
ical functions by their nature are difficult to use, as their
complexity must vary to account for variations in topo-
graphic conditions (Allen, 2000).

Semi-empirical modeling

The most common approach to topographic normalization
is semi-empirical modeling of the influence of topography
on spectral response. Although numerous topographic
parameters play a role, the parameter, cos i, is considered
to be the most significant and proportional to the direct
irradiance. It is used in the most common algorithms as
described below.

Cosine correction

Topographic effects can be reduced in imagery by
accounting for the nature of surface reflectance
(Lambertian or non-Lambertian) and the local topographic
conditions (Colby, 1991; Ekstrand, 1996; Colby and
Keating, 1998). Semi-empirical approaches make use of
a digital elevation model (DEM) to account for the local
illumination conditions for each pixel, and may assume
isotropic upward radiance. Given the Lambertian assump-
tion, the cosine-law correction can be used as follows:

cos HS]

CoS I

L) =10 | )
where L, represents the normalized radiance.

Research indicates that this approach may produce rea-
sonable results for terrain where slope angles and solar
zenith angles are relatively low (Smith et al., 1980),
although numerous investigators have found that this

approach does not work well in more complex topogra-
phy, as overcorrection occurs (Figure 3), producing an
inverse topographic effect (Civco, 1989; Bishop and
Colby, 2002). This result can be potentially attributed to
not accounting for the diffuse-skylight and adjacent-
terrain irradiance components, which can significantly
affect £ and L (Proy et al., 1989; Trotter, 1998).

C-correction
Teillet et al. (1982) developed a semi-empirical function
which is based upon linear regression such that

L(A) = fcosi+a, ®

where f is the slope coefficient and a is the Y-intercept of
the linear relationship between L and cos i. The correction

Topographic Normalization of Multispectral Satellite
Imagery, Figure 3 False-color composite of normalized spectral
radiance using the cosine-correction model. The influence of
topography has not been removed, and extreme radiance
values are generated (overcorrection) because the model does
not account for irradiance from the diffuse-skylight and
adjacent-terrain irradiance components.
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parameter c is used to modify the cosine law as an additive
term such that

cos 0s + ¢
L3 = 10) [0 ©)
where c=a/f, and is thought to be related to the effects of
indirect illumination, presumably from the diffuse-
skylight irradiance and the adjacent-terrain irradiance
components. It is important to note that ¢ is not
a specific physical irradiance component, because the
regression analysis may also include spectral variability
from atmospheric, land cover, and other multi-scale topo-
graphic effects. It does not appear to work very well in
complex topography as documented in Figure 4.

Minnaert correction

The Minnaert-correction procedure has been used by
a variety of investigators to reduce the topographic effect
in imagery (Smith et al., 1980; Justice et al., 1981; Teillet
et al., 1982; Colby, 1991; Bishop et al., 1998; Colby and
Keating, 1998; Hale and Rock, 2003). The correction pro-
cedure makes use of the Minnaert coefficient &, such that

(L(A) cos e)

La(2) = (cosk icoshe)’

(10)

where e is the existence angle (e=f; for nadir viewing).
As shown here, k represents a globally derived dimension-
less coefficient that is wavelength dependent and ranges
from 0.0 to 1.0. It is calculated using least-squares regres-
sion on the variables x and y, where x =log(cos 7 cos e) and
y=log(L cos e). The slope of the regression equation rep-
resents k. The correction procedure defaults to the
Lambertian assumption when k=1.0.

Although this procedure reduces the topographic effect
in imagery (Figure 5), the use of one globally derived &
value may not accurately characterize the variability of
anisotropic reflectance caused by topography and land
cover in complex environments (Bishop and Colby,
2002). Several investigators have found the use of one
fixed k value to be inadequate and that a unique & value
may be needed for each land-cover class in order to pro-
duce statistically significant k& values (Estes, 1983;
Ekstrand, 1996; Bishop and Colby, 2002).

Radiative transfer modeling

Radiation transfer processes can be mathematically
characterized to account for photon flux, atmospheric
and irradiance components, as well as the BRDF of sur-
face area and volumetric mixtures of surface materials.
A number of studies have recognized the importance of
accounting for atmosphere-topographic coupling and
the diffuse-skylight and adjacent-terrain irradiance
components (Dozier, 1980; Kimes and Kirchner, 1981;
Proy et al., 1989; Conese et al., 1993a; Duguay, 1993).
For such modeling efforts researchers have either
developed radiation transfer models (e.g., Dozier, 1980;
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Topographic Normalization of Multispectral Satellite
Imagery, Figure 4 False-color composite of normalized spectral
radiance using the C-correction model. This model attempts to
account for additional topographic variation globally, and
produces better results than with the cosine-correction model.
The topographic effects have been reduced, however, local
topographic variation is clearly present. This demonstrates that
statistical characterization via regression analysis cannot
adequately account for topographic effects in complicated
terrain. The values of ¢ for ASTER VNIR spectral bands are
1.761870, 1.546854, and 1.502178, respectively.

Proy et al., 1989), or have utilized existing models such
as MOTRAN (Berk et al., 1989), 6 S (Vermote et al.,
1997) ATCOR (Richter, 1997, 1998), and/or GIS-based
solar radiation models (Dubayah and Rich, 1995).

The difficulty in developing and applying a
comprehensive physically based RT model for ARC has
been noted, as a treatment of all the RT components has
not been considered feasible (Hugli and Frei, 1983;
Woodham and Gray, 1987; Yang and Vidal, 1990; Duguay
and LeDrew, 1992). Therefore, numerous simplifying
assumptions are frequently applied, including the small-
angle approximation (constant solar geometry), isotropic
diffuse-skylight, Lambertian reflectance, and exclusion
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Topographic Normalization of Multispectral Satellite
Imagery, Figure 5 False-color composite of normalized spectral
radiance using the Minnaert-correction model and a global
Minnaert coefficient. This model accounts for the exitance angle
and anisotropic reflectance. Normalization results appear to be
better than the C-correction model in some places, although the
C-correction model produces better results in other places. It is
clear that the topographic effect has not been effectively
removed, as variation in topographic and land-cover conditions
cannot be characterized by one Minnaert coefficient, and the
topographic effect is evident in the imagery. Explicit modeling
of multi-scale topographic effects and radiation transfer
modeling are required. The values of k for ASTER VNIR spectral
band are 0.214693, 0.233699, and 0.241097, respectively.

of E,. In addition, atmospheric variables are not usually
available at the time of image acquisition, and these
include temperature, pressure, aerosol, water vapor,
ozone, and carbon dioxide vertical profiles. Furthermore,
complex surface area and volumetric mixtures of snow,
ice, and mineral debris govern the anisotropic nature of
the BRDF that governs E,, and L in the direction of the
sensor. Although statistical models of various RT compo-
nents exist, they do not account for photon fluxes (first
principles) given specific atmospheric and surface compo-
sitional mixtures.

A physically based operational ARC model requires
a BRDF model based upon radiation transport theory. To
our knowledge, a fully coupled ARC model that includes
atmospheric, topographic, and surface RT BRDF model-
ing of complex mixtures in alpine environments, has yet
to be developed and tested. Additional research is needed
in order to better understand the relationship between the
surface BRDF and topographic boundary conditions.

Issues and concerns

The complexity of the ARC problem has resulted in the
dominance of empirical and semi-empirical approaches
to topographic normalization. A multitude of assumptions
have been utilized to address many difficult issues related
to parameterization schemes and computation (Hugli and
Frei, 1983). In general, the issues focus on addressing
the anisotropic nature of the RT cascade, and include
primary and secondary influences of topography with
respect to atmospheric effects, irradiance, and surface
reflectance. Furthermore, it is imperative to recognize that
the numerous approaches to topographic normalization
have not been systematically evaluated in terms of radio-
metric accuracy.

This raises concerns related to quality of data, standard-
ization of computational methods, and approaches for
evaluating normalized imagery.

Data quality

Accurate quantitative characterization of the atmosphere,
topography, and surface-cover characteristics are req-
uired to determining the utility of a particular topographic
normalization technique. For example, accurate geo-
morphometric parameters (i.e., slope angle and slope-
azimuth angle) are required for each pixel, although
numerous issues associated with DEM generation need
to be taken into consideration. These parameters include
DEM resolution, DEM source data, spatial interpolation
algorithms, and geomorphometry algorithms (Justice
etal., 1981; Teillet et al., 1982; Conese et al., 1993a; Pons
and Sole-Sugrafies, 1994; Colby and Keating, 1998;
Wu et al., 2008). Similarly, the degree of generalization
associated with data collection, as governed by sensor
spatial (point-spread function), spectral (spectral-response
function), and radiometric characteristics may determine
the influence of topography on at-sensor spectral
response, and the degree to which a particular technique
may reduce topographic effects. Furthermore, geometric
preprocessing of satellite imagery may also influence
spectral variance.

Standardization

Unfortunately, there are inconsistencies in the computa-
tion/estimation of semi-empirical model parameters. For
example, a number of techniques have been used to derive
the Minnaert coefficient k. In addition, different parame-
terization schemes are utilized. Consequently, investiga-
tors must choose from a wide variety of techniques that
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have been published, without any assurances as to which
approach is best suited for a particular area and topo-
graphic complexity.

Given significant variations in landscape complexity,
study area characteristics are not systematically reported
to enable effective evaluation of methodological
approaches. An approach may work in a particular geo-
graphic area, but may have little value in another region
due to unique terrain and land-cover conditions. Investiga-
tors typically assume that their study area represents com-
plex topography, although when compared to a standard, it
is clear that there is a wide range of topographic conditions
that determine whether an approach will work, as
documented by others and our examples of normalized
imagery. Consequently, some degree of standardization
seems warranted given variations in parameterization
schemes and landscape complexity. It is plausible that
selected approaches/methods may be appropriate under
limited conditions, although this aspect of topographic
normalization has not been thoroughly investigated.

Finally, standard diagnostics to determine the ability of
a method/approach to actually reduce spectral variability
due to multi-scale topographic effects is sorely needed.
Current diagnostic methods do not effectively address
the spatial variability in spectral reflectance caused by
variations in spatial, spectral, and radiometric resolution.
Furthermore, data characteristics/quality and landscape
complexity determine the degree to which topographic
effects will manifest as spectral variation given sensor
characteristics.

Image diagnostics

Normalized imagery should exhibit a global reduction in
spectral variation caused by multi-scale topographic
effects, and local increases in spectral variability within
shadowed areas caused by land-cover variation. Unfortu-
nately, the definition of what constitutes acceptable
normalization varies by application and/or study area.
The most common approach is to examine the visual
appearance of imagery to determine if global spectral var-
iation has been reduced. Very few investigators have eval-
uated local increases in spectral variance. Bishop and
Colby (2002) have noted that topographic normalization
procedures can alter the spatially dependent variance
structure of satellite imagery, such that normalization
may result in variance compression (loss of information)
that may be visually interpreted as a reduction of topo-
graphic effects. It is extremely difficult to objectively
assess the scale-dependent spectral variance in imagery
via human interpretation. Furthermore, variance compres-
sion is the extreme opposite of overcorrection, as
discussed in the cosine-correction section.

Another common approach has been to examine the
relationship between normalized radiance and cos i
(Figure 6). This approach enables the identification of
statistical trends (linear or nonlinear) that may reveal
overcorrection associated with lower cos i values. It is
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Topographic Normalization of Multispectral Satellite
Imagery, Figure 6 Relationship between normalized radiance
(cosine correction of ASTER near-infrared band (0.78-0.86 um)
and the cosine of the incidence angle). The cosine-correction
procedure generates a nonlinear increase in normalized
radiance with decreasing values of cos i. This is commonly
referred to as overcorrection that is indicative of a topographic
bias.

assumed that the lack of a statistical trend (72=0.0) is
representative of good normalization and removal of topo-
graphic effects. This statistical characterization, however,
does not necessarily account for topographic variation
related to other multi-scale topographic effects that poten-
tially influence atmospheric transmission, cast shadows,
hemispherical shielding, and adjacent terrain and viewing
geometry, as cos i only accounts for local topography. It is
plausible that existing topographic effects are masked by
compositional and land-cover spectral variation that can
vary significantly in mountain environments. To address
this would require an examination of spectral variation
with altitude and the shielding coefficient, for example,
although the nature of the specific relationships might also
be masked by surface spectral variability.

Statistical approaches have also been traditionally
used to assess the global reduction in spectral variance.
Examples include basic descriptive statistics, analysis of
variance, correlation analysis, and more recently, semi-
variograms. These are used to demonstrate a change in
spectral variance, although, with the exception of
variogram analysis, these methods do not account for the
spatially dependent variance structure. More importantly,
however, they do not account for radiometric accuracy.

Finally, many investigators have evaluated topographic
normalization techniques based upon the use of pattern
recognition and classification accuracies. The assumption
is that improved classification accuracies are indicative of
effective normalization. This thematic mapping perspec-
tive is far removed from the notion of effective normaliza-
tion of imagery to reduce topographic effects.
Fundamentally, the removal of topographic effects repre-
sents a radiometric calibration issue, where the focus is
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on the magnitude of surface reflectance given the BRDF.
Normalization methods alter the magnitude and the spatial
variability of spectral reflectance, although it is not known
if the magnitude and the spatial variability are consistent
with surface-matter property variation.

Thematic mapping using normalized imagery does not
adequately address the issue of topographic effects and
BRDF variations. Such an approach makes use of spectral
variability and statistical separability in n-dimensional space,
irrespective of changes in surface composition/properties.

Brute-force supervised and unsupervised classification
algorithms produce thematic maps, but the classification
results are also dependent upon decision rules. Conse-
quently, classification accuracies generated from normal-
ized imagery do not permit direct evaluation of surface
reflectance and its spatial variability in terms of radiometric
accuracy.

Accuracy assessment

Ultimately, it is important to better understand the aniso-
tropic nature of the surface BRDF in mountain environ-
ments. Surface BRDF measurements are required to
account for variations related to wavelength, surface compo-
sition and structure, solar geometry, and topography.
Although difficult to obtain, such measurements need to be
compared to radiometrically calibrated imagery (normalized
imagery) to ascertain the primary and secondary topographic
effects on sensor spectral response. It is also necessary to
determine how well various normalization approaches gen-
erate radiometrically accurate surface reflectance values.

Without field and scale-dependent assessment of nor-
malized imagery, it is difficult to determine the inherent
advantages and disadvantages associated with various
methodological approaches. Such field-based and spatial
validations have yet to be established. The development
and evaluation of RT BRDF models that can address the
heterogeneous mixtures of surface materials typically
found in mountain environments can greatly assist in bet-
ter evaluating topographic normalization approaches and
the production of validated surface reflectance informa-
tion products.

Summary and conclusions

Understanding the complex nature of anisotropic reflec-
tion and the RT cascade in mountain environments is
difficult. Multi-scale topographic effects govern numer-
ous primary and secondary RT components. Conse-
quently, satellite imagery contains scale-dependent
spectral variation that is commonly referred to as topo-
graphic effects. The removal of spectral variation caused
by topography is required to assess surface biophysical
conditions and permit accurate thematic mapping. Investi-
gators have utilized a variety of topographic normalization
procedures and RT models to accomplish this, with vary-
ing degrees of success. To date, an operational model to
address the difficulties of ARC has yet to emerge, given
the full range of the Earth’s topographic complexity.

A simplistic spatial perspective dominates most
approaches, with an emphasis on direct irradiance. The
nature of the problem dictates the understanding of
a multitude of RT parameters in order for operational
ARC of satellite imagery to be routinely conducted. This
will require an explicit evaluation of time, location,
matter—energy interactions, and sensor characteristics.
For example, what is the influence of changing orbital
parameters on irradiance and solar geometry over specific
time periods, and when do these parameters need to be
accurately modeled? Given the spatiotemporal variability
of solar geometry, when should we not use the small-angle
approximation? How does topographic complexity in
relation to geographic location influence the utility of
topographic normalization methods? What is the error
associated with using the Lambertian assumption or statis-
tical models of the BRDF on irradiance and reflection? To
what degree does the topography influence the anisotropic
nature of the BRDF? Furthermore, to what degree do sen-
sor system characteristics determine the utility of topo-
graphic normalization methods? Many of these and other
questions have not been definitively answered.

This makes it extremely difficult to determine the impli-
cations of using various topographic normalization tech-
niques for a multitude of practical mapping applications
in the Earth’s cryosphere. The image ratioing method is
most frequently used and is very useful for basic glacier
ice and snow mapping. Very little research, however, has
specifically focused on the many issues that have been
previously addressed, in terms of the accuracy and validity
of results needed for various alpine research and environ-
mental concerns (e.g., water resources, mountain hazards,
climate change). Clearly, more research is warranted.
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Definition

Snow crystals: Snow crystals are ice crystals formed in the
atmosphere by the condensation of water vapor or the
freezing of water droplets (i.e., riming).

Snow: Snow can refer either to snow crystals in the atmo-
sphere or to snow on the ground. Here snow means snow
on the ground, and the discussion is limited to seasonal
SNOW.

Transformations of snow: Because snow has a high sur-
face-to-volume ratio, it is thermodynamically unstable
and undergoes transformations at the Earth’s surface.
These transformations include densification, sublimation,
and changes in physical properties of snow such as spe-
cific surface area, albedo and thermal conductivity. Physical
changes in snow are regrouped under the term snow meta-
morphism. Transformations of snow also involve changes
in the chemical composition of snow, ice, and glaciers.

Introduction

When the first snow falls on the ground in autumn, it
immediately creates an enormous change in the energy
balance of the surface: the albedo in the visible spectral
range changes from about 0.25 to about 0.95. This
produces a forcing at the surface that can exceed
100 W m™?, resulting in a change in the temperature of
the air near the surface of several degrees at least. Another
effect of this new snow is that it thermally insulates the
ground from the cold autumn air, limiting its cooling
(Zhang, 2005). If the first snow fall is late in season, the
ground will cool more than usual, favoring the preserva-
tion of permafrost. These two examples illustrate how
snow can affect climate and the environment. Other exam-
ples can be found in Armstrong and Brun (2008).

After deposition to the surface, snow undergoes physi-
cal changes called metamorphism, which generates
numerous types of snow crystals whose classification
has been updated by Fierz et al. (2009). In the absence of
liquid water, that is, if the snow remains below 0°C, snow
metamorphism is caused by the transfer of water vapor
between grains (Colbeck, 1982), and results in changes
in snow grains sizes, shapes, and bond strength. The phys-
ical properties of snow such as albedo and thermal con-
ductivity are affected by metamorphism, and since
metamorphism is determined by climatic variables such
as temperature, wind speed, and the amount of precipita-
tion, there are some feedback loops between the transfor-
mations of snow and climate. This entry examines some
of the changes undergone by snow physical properties
during metamorphism and discusses a few of the relevant
implications for climate and the environment.

Transformations of snow at the Earth’s surface

After snow falls on the ground, a temperature gradient VT
establishes itself between the cold atmosphere (e.g.,
—10°C) and the ground (e.g., 0°C), producing a gradient
in the partial pressure of water vapor, V Py, 0. This gradient,
in turn, causes water vapor fluxes from the base to the top of
the snowpack. At the macroscopic scale, what takes place is
the transfer of water vapor from the top of a crystal to the
base of the overlying crystal, typically 1 mm further up
(Figure 1). If the temperature gradient is greater than 20°C
m~ ', layers of large hollow depth hoar crystals form, which
have very little mechanical strength (Colbeck, 1982). If on
the contrary the temperature gradient is less than a few
degrees per meter, then water vapor transfer is determined
mostly by the Kelvin effect, according to Equation 1

PHzO(r) = Poez"y'Vm/’"RT (1)

where Py,o(r) is the water vapor partial pressure over an
ice surface of curvature r, P, is the water vapor partial
pressure over a flat surface, y is the ice surface tension
(104 mJ m™?), V, is the molar volume of ice
(1.96x107° m® mol™ "), R is the gas constant, and T is
the temperature in Kelvin. Shapes with a small positive
radius of curvature sublimate, and the water vapor pro-
duced condenses preferentially in concave spots such as
contact points between grains. In this case, cohesive snow
layers of small rounded grains form (Colbeck, 1980).
These two distinct dry metamorphic regimes have been
discussed at length since Sommerfeld and LaChapelle
(1970), who called them TG (for temperature gradient)
and ET (for equi-temperature) metamorphisms. Water
vapor fluxes are much more important under the TG than
under the ET regime. For example, if VT is such that
a change in temperature from —10°C to —15°C over
a vertical distance of 25 cm is observed, the resulting
water vapor pressure gradient will be VPy,o = 400 Pa
m . In comparison, under isothermal conditions,
V Py,0 can be calculated using Equation 1 for the case
of a faceted crystal 400 um in size, and whose edges have
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