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ABSTRACT

A deeper understanding of interactions of electromagnetic radiation with inter-
preted objects, as well as technological advance, is important for a further im-
provement of remote sensing methods. It also concerns soils, which like many
natural objects, show variation in their brightness due to the direction of irra-
diating solar energy and the direction along which the reflected energy is de-
tected. On the one hand, the knowledge of the interaction mechanisms, verified
by laboratory and field measurements of soil spectral properties, enables us to
define optimum source and sensor configurations for practical purposes. On the
other hand, it makes possible the conversion of the remote sensing data collected
with different illumination and viewing conditions to be standardized, which con-
tributes to improved interpretations.

The goal of this paper is to review physical principles of surface interactions
with radiation in the visible and near-infrared range, as well as the measurement
of soil bidirectional reflectance and modeling the results.

PRINCIPLES OF SURFACES INTERACTIONS WITH ELECTROMAGNETIC
RADIATION

Reflection

Electromagnetic radiation, transmitting information about interpreted objects in
remote sensing methods in the visible and near-infrared range is the radiation
reflected from surfaces of these objects. The character of the reflection is de-
scribed by Rayleigh’s criterion of surface roughness:

h < A/(8cosé;) (1)
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where h is the height variations above a plane in wavelength (A), 6;-angle of
incidence from the normal to the surface (Janza, 1975).

When h satisfies this criterion, the surface is smooth and specular reflection
occurs. Otherwise, it is rough and diffuse reflection appears. According to Eq.
1, the critical size of h changes considerably not only with the wavelength (A),
but also with the angle of incidence (6;), and for 6; = 10°, 50°, and 70° it is
about 1/8A, 1/5), and 1/3A, respectively (Mulders, 1987). Taking into account
the extreme wavelengths of the visible and near-infrared range (0.36 pym and
1.3 pm), those critical values amount, respectively, to 0.05 pm, 0.07 pm, and
0.13 pm for the low wavelength value and to 0.17 pm, 0.25 gm, and 0.47 pm for
the high one. Each of the calculated values of & corresponds to a size of clay soil
material, the equivalent diameter of which is defined as under than 2 pm.

Absorption

Specular reflection meeting the criterion of smooth surfaces given above man-
ifests high directivity. The angle of the reflected wave equals the angle of the
incident wave. Not all radiation striking smooth surfaces is reflected (p,). The
spectral radiant flux (v5), defined as the total energy radiated by a unit area in
all directions in a unit of time within the wavelength band (A), is also absorbed
(a») and transmitted (7, ), according to the formula (Curran, 1985):

W = M+ a) + 7. (2}

Refraction

The proportion among these radiant components depends on the chemicophys-
ical structure of objects and the orientation of their surfaces in relation to rays
(Mulders, 1987). The majority of the shortwave flux incident on soil surfaces is
either reflected or absorbed, and only little is transmitted. The reflection from
granular material, such as soil, takes place at its external and internal surfaces.
Internal reflection is an effect of the penetration of the material by directive ra-
diation. Electromagnetic rays enter soil particles, changing the direction of the
radiation in consequence of refraction. In accordance with Snell’s law (Janza,
1975):
sind; ny

-2 3)

sinfl, m

where 6;-angle of incidence and #,-angle of refraction (both from the normal
to the surface), n-index of refraction relative to free space for an optically less
dense (n1) and more dense (nz) substance.

At small #; angles (10°-20°), the difference in the index of refraction does
not cause great differences between 6; and #,, whereas at high incidence angles
(> 70°) those differences are very big (Mulders, 1987). Thus, the direction of
rays reflected from an internal surface of a grain differs from the direction of
this radiation from the external surface only. Besides, the refractive direction de-
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pends on the refractive index of the material and the radiation source position.
The influence of internal reflectance appears especially in low-absorptive, partly
transparent and small soil particles. The problem of the influence of ray polar-
ization on refractive reflection was omitted here, because it has not been widely
measured by remote sensing in the visible and near-infrared range.

Diffuse Reflection

Diffuse reflection, which is a characteristic of rough surfaces by Rayleigh's crite-
rion, scatters incident radiation in all directions. The intensity of reflected elec-
tromagnetic radiation, defined as total energy per solid angle of measurement, is
directly proportional to the intensity of incident radiation and the cosine of the
angle from the perpendicular (#) (Janza, 1975):

f,:.p]. = fu cosH (4}

where /4 -intensity as a function of angle from the perpendicular to the surface
(), ly-intensity at 8 = 0.

According to the above equation, called Lambert’s cosine law, the intensity of
the diffuse reflection, irrespective of the incidence angle of the ray, reaches a
maximum at a direction perpendicular to the surface, and equals 0 at a direction
parallel to it (Slater, 1975).

Reradiation of Natural Surfaces

The reradiation pattern of natural surfaces, wholly illuminated by direct radiation
and usually neither perfectly smooth nor rough reflectors by Rayleigh’s criterion,
depends on size of microirregularities. If the surfaces consist mostly of facets
larger than the irregularities defined in Eq. 1, the reradiation pattern of a rough
surface is similar to the nondirective Lambertian distribution. When they are also
composed of partly transparent, relatively large, smooth and polished facets, their
reradiation can assume a more directive pattern (Fig. 1). An elongated pattern
does not generally change the shape when the incidence angle of the ray varies.
However, an inclination of the pattern follow Snell’s law (Mulders, 1987).

If position of irregularities of a rough surface makes it impossible to illumi-
nate the whole surface directly, its shadowing becomes another important factor
influencing the shape of the surface reradiation pattern (Graetz and Gentle, 1982;
Cooper and Smith, 1985; Norman, 1985; Ranson et al., 1985; Huete, 1987, Milton
and Webb, 1987; Cierniewski, 1987, 1989; Irons et al., 1992). The degree of sur-
face shadowing depends on the density of those elements which cast the shadow,
the microconfiguration of the surface, and its slope in relation to the incident

rays.
Spectral Measurements

What is actually measured by a sensor is best described as spectral radiance (L).
It is the energy within a given wavelength band radiated by a unit area per unit
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FIGURE 1 Distribution of reflected radiant flux from different types of reflecting surfaces.

solid angle of measurement. If an infinite large Lambertian surface, positioned
horizontal, is observed remotely, it shows a hemispherical distribution of rera-
diation, and seems to be independent of the view angle. Every surface which is
characterized by a distribution of reradiation other than the pattern of a horizon-
tal Lambertian surface, is viewed as a surface of non-Lambertian distribution.
The reason for this non-Lambertian distribution is roughness by Rayleigh’s cri-
terion as well as the shadowing of the surface, varying with the view angle, and
also the slope of the surface.

A complete description of reradiation from a surface point at all possible an-
gles, called the bidirectional reflectance distribution function (BRDF), has been
proposed by Nicodemus et al. (1977) (in Gerstl and Simmer, 1986) as:

dL(52;,92;)

BRDF;, = f(:,2) = — £ (3)

where dL-reflected radiance per unit solid angle, and dE-irradiance per unit
solar angle.

The two radiation environments, depending on the direction of incidence of
radiation from the Sun (£;) and the direction of reflected radiance coming to a
sensor (£2,), are defined by two angles (Fig. 2). The first, referred to the zenith,
is called the zenith angle. It denotes the solar zenith angle and is symbolized
as d,, and the view zenith angle symbolized as #,. The second one, horizontal,
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FIGURE 2 Geometric relationship between the Sun, target and sensor positions.

called the azimuth angle, and indicates the view azimuth angle as ¢,, relative to
the Sun position. Any view direction (£2;) is described by a vector towards the
sensor, defined with the zenith angle between 0° (nadir view) and 90° (grazing
view), and the view azimuth angle between 0° (viewing the forward scattering of
solar radiation) and +180° (viewing the backscattering). The term ‘bidirectional’
in the context of the BRDF refers to the description of the angular position of
two elements, i.e., the source of radiation and the sensor (Milton, 1989).

Because the BRDF is a characteristic of reflectance referring to a monodi-
rectional illumination at all possible angles of collection, it is very difficult to
measure in natural conditions. It disregards the diffuse component in illumina-
tion, Therefore it is replaced with the bidirectional reflectance factor (BRF). The
BREF is defined as the radiance of the target (dL,) per unit solid angle to the
radiance which would be reflected into at the same solid angle by a perfect Lam-
bertian panel (dL,), both under the same illumination and viewing conditions
(Milton 1989):

_ dL,(%;,9,)

BRF;, = mk(ﬂnﬂr] (6)

where k is a panel correction factor.

The BRF factor, measured in field condition, includes direct solar radiation as
well as diffuse sky-light. Thus, using the factor instead of the BRDF, we should
take into account proportion between direct and diffuse radiation in the down-
welling radiance. For an aerosol-free atmosphere, the downwelling diffuse com-
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ponent reaching the surface in the visible range is about 3% of the total flux,
while for a moderate aerosol load (at the horizontal visual range Ve = 23 km)
and for a heavy load (at Vo =35 km) it is, respectively, 26% and 64% of the
total (Simmer and Gerstl, 1985). Within the visible and near-infrared range, the
contribution of sky-light decreases with the wavelength. Measurements of Yost
and Wenderoth (1969) (in Mulders, 1987) show that the diffuse/direct radiation
ratio is the highest (45%) for about 400 nm. For 450 and 550 nm it is 20%
and 10%, respectively. Then, up to about 1000 nm, it stabilizes at about 5%.
Besides, fluctuations in irradiation occur. They have the character of very short-
period changes, observed in a few milliseconds, and also longer period changes
occurring within seconds or minutes. In the first case they reach approximately
1%, and in the second—about 5% of the mean, recorded during a clear blue sky
(Duggin, 1974).

RESULTS OF SOIL BIDIRECTIONAL REFLECTANCE MEASUREMENTS

The reflectance of bare soil in the visible and near-infrared range has mainly
been discussed as a background for spectral response of vegetative surfaces
(Brennan and Bandeen, 1970; Kriebel, 1976; Eaton and Dimhirn, 1979; Ott
et al., 1984; Curran, 1985; Bartlett et al., 1986; Huete, 1987; Milton and Webb,
1987; Foody, 1988; Deering et al., 1990). Remotely sensed data on the soil sur-
face, like vegetation canopies, demonstrate non-Lambertian reflectance pro-
perties.

Rough soil surfaces usually display a backscatter reflectance peak towards the
Sun position, and decreasing reflectance in the direction away from this peak,
with minimum reflectance in the extreme forwardscatter direction near the hori-
zon. Nearly bare soils of different surface roughness collected by Kimes and
Sellers (1985) exhibit those features. They were measured in two spectral bands
(0.58-0.68 pm and 0.73-1.1 pm), using field radiometer, recording reflectance
in 41 directions at view zenith angles ranging from 0° to 75° in 15° increments
and the view azimuth angles from 0° to 315° in 45° increments. All directional
radiance values were normalized to the reflectance obtained from a calibrated
barium sulfate panel.

Milton and Webb (1987) presented results of airborne and ground measure-
ments of the reflectance of bare soils, indicating the angular asymmetry of re-
flectance around the nadir in the solar principal plane. The bidirectional re-
flectance factor of gleyed brown calcareous soils measured for six wavelengths
from 0.54 to 1.75 pm increases with the increase in the view zenith angle if the
sensor was directed away from the Sun. When examining the influence of cul-
tivation practices on the direct reflectance of sandy soils of different moisture,
the authors observed that ploughing considerably decreased soil reflectance. It
was the effect of the increase in soil surface moisture, as well as in soil surface
roughness. They also found that the peak of backscatter radiation becams eless
pronounced at a low solar zenith angle. However, forwardscatter features due to
the specular component of radiation, were not found in the reflectance distribu-
tion of the studied soils.
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Weak symptoms of a forwardscattering character of the reflectance of culti-
vated bare soil was noticed by Irons and Smith (1990). The results of their stud-
ies show that the roughest soil surface of a fine-loamy texture, ploughed with a
moldboard plow, scattered radiation forward as strongly as the smoothest surface
obtained by tilling with a disk plow and then compacting to create a smoother
surface. The relatively larger shadowing of the roughest soil in compensation for
its strong forwardscatter was given as the reason of the effect. It was possible
to detect it by taking very detailed field spectral measurements. To calculate the
soil bidirectional reflectance factor, a set of two seven-band radiometers were
employed collecting data simultaneously from the soil and a calibrated barium
surface reflectance panel. Six of the bands corresponded to the TM bands, and
the seventh to the middle infrared one (1.15-1.3 pm). Radiance was measured
from the soil at view azimuth angles ranging from 0° to 315°, relative to the solar
principal plane in 45° increments, and at view zenith angles ranging from 0° to
70° in 10° increments.

Deering, Eck andsUaermarf {7990 nave sappndu eviaence tnac sdir r€nettance
can clearly indicate the backscatter as well as the forwardscatter regime. They
have demonstrated it on the examples of an alkali flat bare soil and a dune sand
surface, using a three-channel (0.65-0.67 pm, 0.81-0.84 um, and 1.62-1.69 pm)
field radiometer, called PARABOLA. It collects radiance data from an almost
complete sky- and ground-looking hemispheres in 15° field-of view sectors in 11
seconds. The first surface, of coarse texture and bright stabilized crust with in-
termittent darker patched, displayed the distribution pattern of strong backscat-
ter reflectance. The second surface, composed of nearly pure gypsum crystals
creating uniform wind ripples, showed forwardscatter as its predominant feature
(Fig. 3). The sharp peak in the forward direction manifests a considerable con-
tribution of the specular component to total reflectance from these fine gypsum
sand grains, derived from selenite flakes.

Eaton and Dirmhin (1979), cited by Deering et al. (1990), observed that pre-
dominant forwardscatter also characterizes natural surfaces like snow and salt
flats.

Indices Describing Soil Roughness

Soil roughness, as one of the most important factors influencing bidirectional re-
flectance of bare soils corresponds to a geometric configuration of aggregates
and clods. It depends on soil texture, on organic and minerals constituents (in-
trinsic soil factors), but also on climatic conditions and tillage practices (extrinsic
factors). Roughness can be randomly organized, or oriented according to the
slope of fields or to the tillage practices. Soil surface is affected by climatic con-
ditions: roughness is modified under the impact of rainfall (Romkens and Wang,
1987; Zobeck and Onstad, 1987). These modifications can be very important for
certain countries, and involve changes of physical and mechanical properties of
the soil, like infiltration and permeability. Crusts appear are conducive to runoff
and erosion processes (Collinet and Valentin, 1985; Morgan, 1985; Ghishi and
Morgan, 1986). In order to analyse and to prevent these processes, many authors
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FIGURE 3 Three-dimensional polar plots of the directional distribution of reflectance for:
(a) alkali soil, and (b) dune sand flat at 68° and G69° solar zenith angles, respectively. The Sun is at
180° azimuth (modified from Deering, Eck and Otterman, 1990).
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have studied the relationships between roughness and the water storage in the
top layers of the soils (Mitchell and Jones, 1978; Onstad, 1984) and proposed
indices to describe roughness. As in topographic surveys, most of the time, the
relative heights of clods and aggregates are measured and used for computing
indexes. These heights are obtained using a profile meter with needles (King,
1979; Boiffin and Monnier, 1986), or by spraying the profile with paint on a
sheet (Desmet et al., 1988). These two methods disturb the soil surface. A third
possibility is to use an automated lazer profile meter, which is accurate and does
not disturb the soil surfaces (Huang et al., 1988; Bertuzzi et al., 1990b). However,
the spatial extrapolation is difficult for these methods because they consider a
limited area in one direction. More extensive measurements would be necessary
to make a three dimensional grid, or in using photogrammetric techniques, but
the data treatment is consequently long and often expensive. Furthermore, the
choice of sampling interval for the heights is very important. Most of the time it
varies from 0.5 mm to 5 mm. Some indexes are greatly dependent on the chosen
sampling interval (Bertuzzi et al,, 1990a).

The most common index computed is the standard deviation of sampled
heights. Another index often used because of its simplicity is the tortuosity index
(Boiffin, 1986b), which represents the ratio between the actual length of the pro-
file and the projected horizontal length of the profile. Other methods have been
developed using spectral analysis (Currence et al, 1970) and semi-variogramms
(Linden et al., 1986). Recent studies have proposed indexes which are indepen-
dent of the horizontal sampling (Linden et al., 1986; Bertuzzi et al., 1990a). The
index proposed by Bertuzzi permits discrimination of small variations of rough-
ness due to slacking with heights sampled from 1 to 50 mm. The main problem of
these indexes still remains their spatial representativity. Other studies have been
conducted using the effect of the shadow as an indicator of roughness under
specific geometric conditions (solar and view angles). Shadows can be estimated
by images analysis (densitometry) or computed when viewing and illumination
angles and the surface geometry are known (Cierniewski, 1987).

Different spectral ranges have been studied regarding roughness, specially mi-
crowaves which seem to be the most suitable for detecting roughness variations
(Ulaby et al,, 1978). They can be used in spite of the presence of clouds. In-
trinsic soil factors can be analysed independently from the others, according to
the chosen polarisation of radars, and according to the geometric configuration.
Spectral measurements taken in the visible and near infrared also give informa-
tion about soils roughness, however it is very difficult to separate it from other
intrinsic soil factors like color and moisture, several factors occur simultaneously.
Organic matter, moisture and roughness have the same effect on the spectral
measurements in the visible and near infrared: when these factors increase, re-
flectance decrease (Stoner and Baumgardner, 1981). Moisture and roughness do
not change the curve shape in the visible range, but just decrease the intensity
of the signal. At the opposite, when the soil has a high organic matter content
(> 8%), the shape of the spectral curve in the visible is always concave with very
low reflectances, this factor is dominant on the signal (Courault et al., 1988). In
the same manner, when soil water content is high, roughness variations cannot be
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observed with spectral measurements. The effect of color is also particularly im-
portant in the visible range (Fernandez and Schulze, 1987; Courault and Girard,
1988; Escadafal et al., 1990). Iron content modifies soil color and the shape of the
curve in the red spectral band (Torrent et al., 1983). Therefore if we want to test
the sensitivity of the spectral measurements in monitoring roughness changes, it
is necessary to study the same type of soil in dry conditions.

There are two approaches concerning the study of the relationships between
reflectance and roughness. The first one is rather empirical. It is based on obser-
vations and measurements performed on different types of soils and at various
scales. The second is rather analytic and is based on the study of the physical pro-
cesses, which explain the phenomenon of reflection (Jacquemout et al., 1991).
The first relationships have been presented by Bowers and Smith (1972) from
measurements taken on kaolinite samples, sifted at different sizes. They showed
a decreasing relationship between particle size and reflectance. Reflectance de-
creases with increasing particle size. The same results have been observed by
Orlov (1966). At a larger spatial scale, Gaussman et al. (1977) have studied radio-
metric responses of cultivated fields. They distinguished fields by spectral mea-
surements according to their tillages practices. At this same spatial scale, Girard
and Bialousz (1989) have shown the interaction of other soil factors (moisture, or-
ganic matter) with reflectance when roughness varies. Considering the variation
of shadows of clods and aggregates, Epiphanio and Vitorello (1984) have defined
two positions for the measurements to discriminate surface states according to
their roughness. The measurements have to be taken in two perpendicular plans,
with respect to the solar orientation. Bertuzzi et al. (1990c) used a simulated
SPOT radiometer to study the evolution of roughness of a field under simulated
rainfall. Measurements taken with changing conditions of soil moisture, time and
angle of measurement, allowed them to define optimal conditions to study rough-
ness variations by satellite measurements: 12 am, 0° viewing angle referring
to the vertical, on dry soils (Fig. 4). However, more suitable conditions for
detection of shadows were encountered when the solar angle is lowest (6 am
or pm), the viewing angle in the solar plan and the sun behind the radiometer.
But these conditions are rarely encountered with satellite data (Courault, 1989).
All these studies show a decreasing relationship between reflectance and soil
roughness.

MODELING OF SOIL BIDIRECTIONAL REFLECTANCE

The influence of soil surface roughness, illumination and viewing conditions of
soils on the soil bidirectional reflectance pattern, discussed on examples pre-
sented above, is understood better if it is modeled mathematically.

The model of Walthall, Norman, Welles and Campbell (1985) expresses soil
bidirectional reflectance as a function of view zenith and azimuth angles for a
constant solar illumination direction. The parameters of the equation, which has
an empirical character, are not explicitly related to soil surface properties. This
model cannot be used to predict soil reflectance distribution for soil surfaces
other than those analysed.
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FIGURE 4 Soil reflectance variation obtained with the three-channel (X551, XS2, XS3) Cimel ra-
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where S0 is the highest initial rough state and 52+ is the lowest rough (smooth) stage.
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Norman, Welles and Walter’s model (1985) was worked out on the assump-
tion that the shadowing of larger soil particles or aggregates, simulated by cub-
oids, has a greater influence on the soil reflectance distribution than the scat-
tering properties of basic soil particles of silt and clay. A cuboid of length L,
width W, and height H, lies on a square unit area which is composed of the
same smooth soil material as the block, both with Lambertian scattering proper-
ties (Fig. S5a). The brightness of the structure, viewed by a sensor, is calculated
by combining the brightness of each block face with its area projected onto the
horizontal plane, and only that fragment of the shadow which can be seen by the
sensor. A roughness parameter (o) of the structure is described as:

¢ = [HL(1-W)]'~. (7)

The bidirectional reflectance distribution function (BRDF) for the simulated soil
surface shows a clear backscatter regime. It manifests higher reflectance if the
Sun is at the ‘back’ of the sensor. The reflectance peak increases with the in-
crease in the solar zenith angle. The smoother the soil with a lower roughness
parameter, the smoother the BRDF. For nearly smooth soils, the BRDF is al-
most quite ‘flat’, and for ¢ = 0 the soil surface behaves as a perfect Lambertian
reflector.

The Monte Carlo reflectance model of a soil surface, created by Cooper and
Smith (1985), was developed to study the effects of irregularities of bare soil sur-
faces much larger than the wavelength of incident radiation, on soil reflectance.
It assumes that the soil is a perfectly diffuse reflector at a microscopic level. So,
the probability that a photon will be scattered at a given angle only depends on
the orientation of the soil surface described by two micro-relief forms (Fig. 5b).
Their height varies periodically with cosine in one or two directions for ‘row’ and
‘clump’ soils, respectively. The roughness of the simulated surfaces is expressed
as a ratio of the height to the period of the function. The diffuse character of
the model causes rough soil surfaces to show the backscattering regime. The in-
fluence of soil roughness and the source position on the shape of the reflectance
distribution is the same in this model as in the models discussed above.

The reaction of Hapke’s model to illumination and viewing conditions, used by
Pinty, Verstraete and Dickinson (1989), is similar to those discussed previously,
although the soil surface is described differently. It is presented as a medium
composed of particles which multiply scatter radiation, with the scattering hav-
ing an isotropic character. Simple soil surface roughness parameters are replaced
here by five others: a single scattering coefficient, two parameters describing the
hot spot phenomenon, and two parameters describing the scattering phase func-
tion. They were fitted to experimental data using an optimization technique.

The surface bidirectional reflectance model of Deering, Eck and Otterman
(1990), worked out for bare soils unobscured by plants, is quasi-physical. It de-
scribes the soil bidirectional reflectance pattern, assuming that the total reflected
radiation of a surface is composed of a Lambertian fraction (f) with reflectance
ro, and a fraction (1 - f) of randomly located vertical facets with reflectance r
and transmittance f. The reflectance of the facets distributes according to the
cosine law, as does the diffuse transmission through a facet. Since the model
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"clump’

URE 5 Geometrical structures simulating rough soil surfaces for: (a) Norman, Welles, and Wal- F[{,‘"
model (Modified from Norman, Welles, and Waltcr, 1985), (b) Monte Carlo model (Cooper and T ¢

th, 1985), and (c) Cierniewski's model (Modified from Cierniewski, 1989).
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does not take into account soil surface roughness, it predicts the bidirectional re-
flectance pattern of soils with the backscattering as well as the forwardscattering
regime.

Cierniewski’s model (1992), like the previous one, can generate the soil re-
flectance distribution of both the scattering regimes, although the soil reflectance
pattern is clearly conditioned by soil surface roughness and the proportion of the
specular to diffuse component in sunlit soil fragments. A rough soil surface is
simulated by equal-sized spheres lying in a net of squares on a freely sloping
plane (Fig. 5¢). The roughness factor of this structure (RFm) is defined as the
proportion of the sphere area (in the plane parallel to the soil sloping plane) in
a given unit of area, the side of which equals the distance between the spheres
(d):

RFm = m¢?/4d* (8)

where ¢-diameter of the spheres.

The RFm parameter for rough soils in field conditions expresses the pro-
portion of the areas of aggregates and clods (in the projection as above) in a
given unit area of soil surface. The surface shadowing coefficient of the struc-
ture (SCm), defined as its total shaded area in a given unit area, is computed
for any rough surface state under unlimited illumination conditions describing
the position of the Sun, the slope and the aspect of the slope to the Sun, and
also the position of the sensor. The model generates a bidirectional reflectance
factor (BRF,) of a soil surface relative to the reflectance of the same soil illumi-
nated and viewed under the same conditions, but smooth. It assumes that shaded
soil fragments have a perfectly diffuse character, while sunlit soil surfaces display
diffuse as well as specular features. The proportion between both reflectance
components of sunlit soil reflectance depends on optical features of the soil ma-
terial and is expressed by the specular-diffuse coefficient (SDC), which takes on
1 or 0 if only the specular or the idffuse component only exists. The SDC deter-
mines the character of the soil bidirectional reflectance distribution (Fig. 6). If
the sunlit soil surface only manifests the diffuse component (SDC = 0), the soil
reflectance of every soil surface is characterized by the backscattering regime.
For a solar zenith angle (8,) exceeding 45°, the maximum value of the BRF, (ex-
actly occurring when the view zenith angle (6,) exactly equals #;) does not change
significantly, even if the soil is viewed away from the Sum in a direction more
oblique than the angle = #;. Thus, to detect soil roughness variation, the soil sur-
face should be observed at view zenith angles smaller than the solar zenith angle,
and particularly when the Sun is in front of the viewer. At those solar position
(8s > 45°) and angles of soil observation lower than 6, soil backscatter features
become stronger with an increasing factor of surface roughness. The forward-
scattering pattern of BRF, for 8, smaller than 45°, observed at #, angles higher
than #,, becomes more similar to the backscattering BRF, pattern for view an-
gles smaller than #,. It is clearer with decreasing #,. Only smooth surfaces, with
RFm = 0, as perfectly diffuse reflectors, show the same level of reflectance in-
dependently of the viewing direction. If the specular reflectance component also
appears in the reflectance of sunlit soil surfaces, their backscattering character
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becomes less marked, whereas forwardscattering attributes become more pro-
nounced. The higher the contribution of the specular component (higher SDC),
and the lower the roughness factor (RFm), the stronger the forwardscattering
regime of soil reflectance. The distinctness of forwardscatter features also grows
with an increasing solar zenith angle. The higher the #;, the greater the influence
of the RFm on soil bidirectional reflectance, The model-generated data show that
for soils with SDC greater than 0, as well as for soils with SDC = 0 illuminated
at #; smaller than 45°, the dependence that the higher the roughness factor, the
lower soil reflectance may not hold. The result of it is that within a specified
range of soil observation, the soils with a higher RFm seem to be spectrally
brighter than the ones with a lower RFm. The smaller the solar zenith angle,
the wider that range. A consequence of the physical principles, assumed by the
model is also its strong reaction to changes in the soil slope position as defined
by the slope aspect and the slope angle. Generally, Sun facing slopes increase the
backscattering effect of soil reflectance, whereas non-Sun facing slopes cause for-
wardscatter features, even for soils with SDC = (. The greater the slope angles,
the more prominent the backscattering and forwardscattering effects.

The model of Irons, Gaylon, Campbell, Norman, Graham and Kovalick
(1992) describes soil surfaces similarly to the previous model. They are uniform
opaque spheres regularly spaced on a horizontal surface. The geometry of the
structure (roughness) is defined as the area of a single sphere in the horizon-
tal projection in a circle of unit area of the horizontal surface. Both, direct
and isotropically diffuse solar radiation illuminate the simulated soil surface. The
model does not take into account specular features in soil reflection. It assumes
that the reflectance from any point on a sphere as well as on the horizontal sur-
face is Lambertian. Soil reflectance in the visible and reflective infrared wave-
lengths is expressed as a function of the horizontal area obscured by a sphere, the
amount of surface in shadow, the value of the sunlit fraction which is seen from
a given view angle, and the proportion of diffuse illumination closely related to
the wavelength. These terms depend on the solar and view zenith angles and also
the geometry parameter of the simulated surface. The model uses an empirical
function describing the relation between the fractional area of the plane in which
shadow area overlaps the area obscured from view by the sphere, and the angle
between the directions of solar illumination and viewing. The model was fit to
soil bidirectional reflectance data for bare loamy soil of varying surface rough-
ness. A nonlinear least squares procedure shows that the model predicts satisfac-
tory reflectance factors for soil surfaces of the roughness parameter lower than
0.4 and when the solar zenith angle is less than 50°.

CONCLUSIONS

The bidirectional reflectance of a soil surface demonstrates a strong influence
of the physical structure of soil material, the size and orientation of elementary
facets creating the soil surface at a microscale, and macroscale irregularities of
the soil surface which cause its shadowing. These soil features, together with
parameters describing the soil surface position relative to the Sun and viewing di-
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rections and atmospheric conditions, determine the character of soil reflectance
measured in the natural environment.

When continuing investigations of the bidirectional reflectance of bare soils,
s0il surface roughness and soil slope parameters should be given no less attention
that those connected with the illumination and viewing of soil surfaces.

Concerning the estimation of soil roughness, both physical models and fields
measurements are necessary for correct interpretations of remote sensing data.
They also allow to improve future satellites or airborne missions by defining op-
timal configurations to survey soil sensitivity to erosion phenomenon.
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