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Abstract. A geometrical model, taking into account the diffuse, as well as the
specular component of energy leaving soil surfaces in the visible and near-infrared,
is discussed here. The model computes the bidirectional reflectance of soils illumin-
ated by a single source. A rough soil surface is simulated by equal-sized spheroids
regularly spaced on a horizontal surface. The model was tested using soil bidirec-
tional reflectance data obtained in laboratory conditions by Jacquemoud et al in
1992. Two parameters describing soil surface geometry were used for modelling
the soil relative reflectance in laboratory conditions: the relative distance (d/a)
between spheroids (relative to their horizontal radii (a)), and the shape of spheroids
(b/a) (as proportion of their vertical (b) to horizontal radii (a)). The simulation
of reflectance for soil surfaces of pebbles and sand, containing simple dense
particles with rounded edges, can be carried out using the d/a and b/a ratios
which nearly described their actual geometry. The reflectance of more geometric-
ally complicated soil surfaces, such as clay and peat with irregular secondary
porous aggregates, can be simulated by surfaces of effective geometry of vertically
elongated spheroids.

1. Introduction

The geometry of the soil surface affects energy and water fluxes and the distribu-
tion of solar energy reflected from the surface. The reflectance of bare soils in the
visible and near-infrared range has mainly been discussed as a background to the
spectral response of vegetative surfaces (Brennan and Bandeen 1970, Kriebel 1976,
Eaton and Dirmhirn 1979, Ott et al. 1984, Curran 1985, Bartlett et al. 1986, Milton
and Webb 1987, Foody 1988). Rough soil surfaces usually show variation in bright-
ness due to the direction of irradiation and also the direction from which reflectance
is observed. The bidirectional character of soil surface reflectance has been explained
by interactions between the directional component of solar irradiation and irregular-
ities of the surface, i.e., soil aggregates, clods and soil microrelief configuration. These
rough elements produce shadowing effects which change the amount and angular
distribution of solar energy leaving the soil surface (Graetz and Gentle 1982, Cooper
and Smith 1985, Norman et al. 1985, Ranson et al. 1985, Pech et al. 1986, Cierniewski
1987, Huete 1987, Milton and Webb 1987). In the absence of strong specular
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behaviour, a soil surface seems to be the brightest from the direction which gives
the lowest proportion of shaded fragments, the ‘hot spot’ direction. Hot spot features
have been observed from in situ reflectance measurements of bare soils (Ott et al.
1984, Kimes and Sellers 1985, Milton and Webb 1987). The hot spot tends to be
less pronounced when the solar zenith angle decreases. However, soil reflectance
could clearly have also a forward scattering character due to specular reflection as
observed on an alkali flat bare soil and a flat sand surface with uniform ripples
composed of nearly pure gypsum crystals (Deering et al. 1990).

Most soil reflectance models that have been proposed focus on the hot spot
description.*The model of Norman et al. (1985) describes rough soil surfaces with
aggregates and clods on the surfaces as cuboids of a given length, width and height
situated on a horizontal plane. The plane and the cuboids are composed of the same
smooth soil material with Lambertian scattering properties. The Monte Carlo
reflectance soil surface model developed by Cooper and Smith (1985) assumes that
the soil is a perfectly diffuse reflector at a microscopic level. In this case the probability
that a photon will be scattered at a given angle only depends on the orientation of
the soil surface. The soil surface irregularities were described by two microrelief
forms whose height varies periodically according to a cosine function in one or two
directions for ‘row’ and ‘clump’ soils, respectively. The diffuse character of the model
causes rough soil surfaces to show the backscattering regime of the soil reflectance
as the previous model. Hapke's (1981, 1984, 1986) models, developed for the inter-
pretation of reflectance properties of planetary surfaces, produce BRDF signatures
like those of a medium composed of particles characterized by a single-scattering
albedo and a phase function.

The models take into account a parameter which depends upon regolith porosity
and the particle size distribution. They are applicable to macroscopically rough
surfaces, ie., those with irregularities at scales larger than the wavelength of the
radiation interacting with them. The macroscopic roughness causes shadowing at
large phase angles and interparticle shadow hiding at small phase angles. The models
have five input parameters. Jacquemoud et al. (1992) added a specular contribution
and separated those parameters which depend on the wavelength (the single-
scattering albedo) from those which were not wavelength-dependent. The model of
Irons et al. (1992) describes the soil surface as made of uniform opaque spheres
regularly spaced on an horizontal surface. Both direct and isotropically diffuse light
illuminate the soil surface. The spheres and background are Lambertian. Soil
reflectance is expressed as a function of the horizontal area shadowed by the spheres,
the sunlit fraction, and the proportion of diffuse illumination, which depends on
wavelength. These terms depend on the solar and view directions and on the charac-
teristics of the simulated surface. Otterman’s model (Deering et al. 1990) treats bare
soil as thin vertical cylinders of variable heights with facet-reflectance and trans-
mittance located randomly on an horizontal plane with Lambertian reflectance.
Architecture of the soil protrusions are described by a parameter which is the sum
of the height times diameter of these cylinders per unit horizontal area. The model
assumes that the facet reflectance largely controls the backscatter while facet trans-
mittance is responsible for determining forward scattering. This was the first model
simulating both backscattering and forward scattering. It predicted a clear forward
scattering character of reflectance for a surface with nearly pure gypsum crystals of
high transmittance. Cierniewski and Verbrugghe (1994) developed a geometrical
model simulating rough soil surface by equal-sized spheroids regularly spaced on an
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horizontal plane. The model assumes that wave energy in the visible and the near-
infrared range reflected from anisotropic soil surfaces is related to the fraction of
sunlit soil surface. Furthermore, the energy leaving the sunlit soil fragments is directly
proportional to the energy coming to them, that is, it also depends on the angle of
incidence of the sunbeams on these directly illuminated parts. The model, tested on
regularly spread pebbles of several centimetres diameter, shows its largest disagree-
ment with the measurements in the forward scattering range. This was thought to
be caused by the specular features of the soil reflection that were not taken into
account in the modelling.

in this paper the initial geometrical model described by Cierniewski and
Verbrugghe, 1994 is improved by adding a specular component and evaluated using
soil bidirectional reflectance data obtained by Jacquemoud et al. (1992).

2. Methods
2.1. The model
This model computes the bidirectional reflectance of soils illuminated by a single
source, i.e., no diffuse incident radiation is taken into account. This model computes
only the single scattered reflectance. Equal-sized spheroids of horizontal (a) and
vertical (b) radii, lving on a horizontal surface simulate the soil surface (figyre 1).,
Thueperes are regularly spaced at the distance d. The shaded and sunlit fragments
of the structure are observed by a sensor within the r; and the ry, radii of the basic
area of the sensor which changes with the view zenith angle (0,) as:

rr=r,=1/2 d cos@,. (1)

Along these radii the model calculates segments of the sunlit (I) and shadowed
fragments (S) of the given spheroid (Is, Ss), the adjoining spheroid (Ia, Sa), and the

ground surface between the spheroids (Ig, Sg). The model divides the curvilinear
slopes of the calculated sunlit soil surface segments into many (j) simple linear sub-
slopes inclined at an angle f5;. The f; angles in relation to the azimuth position of
the soil slopes (¢,), and angles of the source beam direction, 0, and ¢,, determine the
E;; factor that characterizes the energy reaching these sunlit fragments:

Eji=cos 0, cos fi; +sin ff; sin 0, (sin ¢, sin @, +cos @, cos ¢.) (2)

where ¢, is 90° for all solar azimuth angles.

The phase function that characterizes the spectral-diffuse scattering is assumed
to have an ellipsoidal shape in the two-dimensional plane. The major radius of the
ellipse (ae) and its minor radius (be) in an x'y’ coordinate system (figure 2) depend
on the source zenith angle (6,) and sub-slope angle (f;):

ae = [1/cos(d, — £)]%° be=1. (3)
Equation (3) was fitted to the specular behaviour of analysed soil surfaces in the
tested illumination conditions. By rotating the x'y’ system with respect to the original

xy one, using the following equations:

X,e=be cos(f;+90—0,—4,) Y,.=aesin(f;+90—0,—0,), (4)
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(h)

Figure 1. Geometry of the illuminated soil surface along the source principal plane with
sunlit (I) and shaded (S) sub-segments of the given spheroid (Is, Ss), the adjoining
spheroid (la, Sa) and the ground between the spheroids (Ig. Sg), situated at angles fi;.
They are viewed from an off-nadir direction (a) and the nadir (b) within the basic view
area defined by its ry and ry, radii. #, is the view zenith angle.

we can find the position (X, ., Y,.) of the point of interaction of a given view direction
(@,) with the ellipsoidal figure. So the magnitude of the soil spectral-diffuse vector
(sdv) for the forward-scattering range may be written as:

sdy = (X2, + Y2)°3 (5)

and for the backscattering range the sdv= 1.

Assuming that the total energy leaving sunlit soil fragments is proportional to
E; multiplied by ‘sdv’, and to the length of sunlit soil sub-segments li, and
that the energy leaving shaded fragments is zero, the radiance of the analysed soil
surface (L) visible to the sensor from the given direction (6,) can be formulated
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Figure 2. Distribution of the specular-diffuse vectors (sdv); ae and be are the major and the
minor radius; 0, is the source zenith angle; @, is the view zenith angle; 0, is the incident
angle, and ¢, is the angle of specular reflection.

as:
L. =SE/S5;
b i i
SE= Y (Esgq sdv Isg) + Y (Esg sdv Isy) + Y (Eagg sdv Iag)
i=1 : i=1 i=1 (6)
+ Y (Eagy, sdv lay;) + Egsdy Ige + Eg,, sdv Ig,
i=1

SS = Is; + Ss; + Is, + Ssy, + Iag + Sag+ la, + Sag, + Igp + Sge + g, + Sgp

where subscripts T° and ‘b’ refer to the ‘r;” and ‘ry’ radii of the basic view area,
respectively.

The model calculates the radiance for the profile going through the centre of the
spheroids, and then for several following profiles parallel to the first one, taking into
account the variation of the ¢, angle. The total radiance (Lt) for a given view angle
is computed as an average value from all the profiles and the flat space between the
spheroids, where the radiance L for the flat plane equals cos 0,.

The reflectance of the simulated surface is finally expressed by the relative
reflectance factor (FR) defined as the proportion of the total radiance measured from
an off-nadir direction Lt,, to the radiance measured from the nadir Lt,:

}"R _— ]—'Llfh.-';[-‘l{{]} [?}

The model predicts the reflectance factor of a horizontal soil surface viewed at a
given zenith angle along the source principal plane relative to its nadir reflectance.

2.2. Observed data

The usefulness of the model in directional reflectance simulation of natural rough
soil surfaces was tested using reflectance data obtained in laboratory conditions. We
used the spectral data of 10 different dry samples collected by Jacquemoud et al.
(1992): clay and peat with three roughness states. fine sand with two roughness
states and pebbles. The data were measured on soil samples arranged in 50 cm square
boxes. Five powerful halogen spotlights (2000 W) alternatively illuminated the
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samples at zenith angles equal to 607, 34” and 0° (nadir). We only used the data
collected in the source principal plane by the Baringer HHRR radiometer, simulating
the five TM channels (centre wavelengths: TM2=3538 nm, TM3 =631 nm, TM4=
851 nm, TM5=1768 nm and TM7=2209nm). The field-of-view of the instrument
was 2:6” x 156", In this work directional measurements were expressed as absolute
reflectance, taken from 32 different positions (table 1).

2.3. Fitting the model parameters to soil reflectance measurements

The soil surface features determine the soil distribution of the reflectance. It is
describedin our model by two parameters: the relative distance between the spheroids
(d/a) and the b/a ratio describing the flatness of the spheroids simulating soil
aggregates. The soil reflectance distribution was calculated as the average value from
16 radiance profiles cutting the spheroid into equal spaces, and for the number of
sunlit slope facets j=8. The values of the d/a and b/a parameters were determined
by a simple optimization technique. We computed the distances between the meas-
ured BRDF and the values simulated for a range of b/a (1:1:10) and d/a (1:0:5:6-5)
parameter values. We then selected the couple of d/a and b/a values that provide
the lowest r.m.s. figure 3 presents typical error surfaces for TM4 band. We tried to
find the same d/a and b/a values for a given soil surface geometry for the five TM
channels at three different source zenith angles: 60°, 34° and 0°.

3. Results

The simulated soil sample surfaces with the best fitted roughness parameters are
presented in figure 4. The geometry of the soil surfaces, containing simple dense
particles with rounded edges and not forming secondary aggregates, like the samples
of pebbles and sand, is close to those simulated. The simulated surfaces form slightly
flattened spheroids characterized by the b/a parameter equal to 0-75-0-85. The
relative distance (d/a) between the regularly spaced spheroids simulating sand in the
natural arrangement (moderately rough) is about 1-5 times higher than for its smooth
state. The d/a distance for pebbles is nearly the same as for the moderately rough
sand. In comparison with the clay and peat samples in the moderately and very
rough states, sand in the moderately rough state and pebbles are characterized by
considerably lower variation in the relative reflectance factor along the source prin-
cipal plane (figure 5).

Without the artificial deformation of the soil aggregates describing the clay and
peat surfaces, it would be impossible to model the directional reflectance from the
soil samples. The vertical elongation of the simulated spheroids, replaces the more
complicated geometry of the soil. The clay and peat surfaces contain particles very
different in size and shape. They form secondary porous aggregates with not necessar-
ily rounded edges. The highly irregular structure of peat is clearly visible in its

Table 1. Geometries of measurements for the bidirectional reflectance data. All measurements
are performed in the principal plane.

Source (#,) Zenithal position of sensor (f,)

60 —-70 —60 —45 =30 -—15 0 15 ‘300 40 45 50 65 70
34 —-70 —-55 —40 -—-34 -30 15 0 15 20 40 45 50 60
0 —-60 —45 -—-30 —-15 —-10 =5 O
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Very rough clay Moderately rough clay Smooth clay
dla=25bla=5 da=25bla=4 dla=56;bla=3

Very rough peat Moderately rough peat Smooth peat
dla=28,bla=7 dfa=28;bla=3 dla=4.0 bla=5

Moderately rough sand Smooth sand Pebbles
d/a=28: bla=0.75 dla=4.0,bla=075 dia=25; bla=0.85

Figure 4. Simulated soil surfaces. a and b are respectively the horizontal and vertical radii
of the spheroids, and d is the distance between the spheroids.

smooth sample. Thus, the artificial surfaces used for the simulation of the reflectance
of the clay and peat samples are built with spheroids whose vertical axes are 3-7
times longer than their horizontal axes.

The accuracy of the simulated spectral data in relation to the measured ones was
evaluated using linear regression analysis of the distribution of the soil relative
reflectance factor along the source principal plane (SPP) simulated by the model
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Table 2. Coefficient of determination (r’) and (r.m.s.) error for measured and simulated
reflectance data generated with (+spe) and without (—spe) specular reflectance effects.

2

r r.m.s.
Channel +spe —spe +spe —spe
™2 0946 0-928 0172 0-190
T™M3 0-960 0-943 0-133 0-160
T™M4 0972 0-955 0-105 0-139
TMS 0964 0-947 0-141 0-184
™7 ? 0962 0-940 0-133 0-180

compared with that measured by the Barringer radiometer. The analysis was per-
formed separately for the five channels using 351 pairs of data representing all the
soil samples in different roughness states and illumination conditions (figure 6). It
yielded similar values of coefficient of determination, between 095 and 097 for all
the channels. The relative reflectance factor was predicted by the simulated surfaces
with a mean deviation (r.m..) error from the measured reflectance data of about
0-10-0-17. By comparing these statistical parameters with analogous ones, but refer-
ring to simulated data without the generation of specular reflectance effects (table
2), we demonstrate the improvement in simulating real soil BRDF data when
specular reflectance is added to the model simulation.

The coefficient of determination (r*) and r.m.s. error, referring to the data gener-
ated with specular reflectance effects, computed separately for each of the analysed
soil roughness states, are presented in table 3. For all samples except those repres-
enting smooth clay and sand the goodness-of-fit as expressed by the r? coefficient is
between 87 per cent and 98 per cent. For the smooth samples the r? value is lower
and is between 57 per cent and 76 per cent. This poorer goodness-of-fit is compens-
ated for by the smaller difference in their relative r.m.s. error between the simulated
and the reflectance data. The r.m.s. error for these smooth samples for all the channels
is not higher than 0-12. Pebbles and sand in a moderately rough state have similarly
low values of r.m.s. error. The highest relative r.m.s. errors were obtained for peat
samples at three roughness levels (0-10-0:21) and for clay at two roughness levels
(0-12-0-24). However, these r.m.s. values are compensated by the wide variation in
the relative reflectance factor along the source principal plane (figure 5).

4. Conclusions

The model presented in this work can be used to describe the directional relative
reflectance factor of natural soil materials with specular reflectance features along
the principal plane. The model taking into account specular reflectance effects gives
a better fit to the measured reflectance data than the earlier one (Cierniewski and
Verbrugghe 1994), which simulates direct soil reflectance without specular effects.

Two parameters describing soil surface geometry were used for modelling the
soil relative reflectance in laboratory conditions: the relative distance between spher-
oids (d/a) and the ratio describing their shape (b/a) simulating the soil aggregates
and clods. The simulation of reflectance for soil surfaces like pebbles and sand,
containing simple dense particles with rounded edges not forming secondary aggreg-
ates, can be carried out using the d/a and b/a ratios which nearly describe their
actual geometry. These surfaces consist in flattened spheroids lying on an horizontal
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Figure 5. Relation between the relative reflectance factor along the source principal plane
for TM4 predicted by the model (solid line) and that measured (dashed line) for a
solution of soil samples. Negative angle values correspond to forward scattering
directions and positive values, to backscattering directions.
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plane. The reflectance of more geometrically complicated soil surfaces such as clay
and peat with irregular secondary porous aggregates, can be simulated by surfaces
of effective geometry of vertically elongated spheroids.

Linear regression analysis showed the best agreement between the model-
generated reflectance data and the measurements for pebbles and sand, with the
least complicated surface geometry.

A third parameter, defining the ratio between the radiance of the shaded soil
surface and the radiance of the same surface directly illuminated, would be necessary
for modelling the soil relative reflectance in the field.

)
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