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In¯ uence of soil surface roughness on soil bidirectional re¯ ectance
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Abstract. The non-Lambertian behaviour of soil surfaces depends on its rough-
ness at micro-scale and larger scales, as well as on the incident angle of the direct
solar beam on the surface. A geometrical model, taking into account the di� use
as well as the specular component of energy leaving soil surfaces in the visible
and near-infrared, is used in the paper to describe the in¯ uence of soil surface
roughness, caused by soil aggregates or soil clods, on the soil bidirectional
re¯ ectance distribution. A rough soil surface in the model is simulated by equal-
sized opaque spheroids lying on a horizontal surface. The model was tested in
outdoor conditions on arti® cially formed soil surfaces made of two spectrally
di� erent soil materials: a mineral loam, and a loam with high organic matter
content. The spectral data were measured by a ® eld radiometer in the three SPOT
(HRV) bands. The model predicts that at speci® c illumination conditions, soils
surfaces with the highest roughness, expressed by the minimum distances between
soil aggregates, can show lower variation of re¯ ectance in the view zenith angle
function than soil surfaces of a lower roughness.

1. Introduction

Soils, like many natural objects, show variation in their radiance due to the
direction of irradiating solar energy and the direction along which the re¯ ected
energy is detected. Rough soil surfaces usually display a clear backscattering character
with a backscatter re¯ ectance peak towards the Sun position, and decreasing
re¯ ectance in the direction away from the peak, with minimum re¯ ectance in the
extreme forwardscatter direction near the horizon (Kimes and Sellers 1985, Milton
and Webb 1987; Ott et al., 1984). The peak of backscattering radiation becomes less
pronounced as the solar zenith angle decreases. Deering et al. (1990 ) showed evidence
that soil re¯ ectance could clearly have both a backscattering and a forward scattering
character. The forward scatter regime demonstrated a surface composed of nearly
pure gypsum crystals creating uniform wind ripples.

The non-Lambertian behaviour of a soil surface depends on its roughness at
micro-scale and larger scales, as well as on the incident angle of the direct solar
beam on the surface. If the surface in micro-scale is smooth in relation to the
wavelength, the sunbeams are re¯ ected specularly. Electromagnetic ® eld re¯ ected in
this way is polarized. The higher the incident angle from the normal to the surface,
the higher polarization of light according to the Fresnel equation (Mulders 1987 ).
The pattern of the specular re-radiation is directional, where the angle of incidence
equals the angle of re¯ ection. If the soil surface in micro-scale is rough, the direct
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solar beam falling on the surface is dispersed into vectors creating the ideal shape
of a sphere, independent of the angle of incidence. The criterion of roughness to
divide between smooth and rough particle surfaces in micro-scale depends on wave-
length and the incidence angle of the direct solar beam. Taking into account the
extreme wavelengths of the visible and near-infrared range, i.e., 0 3́6 mm and 1 3́ mm,
the critical height variation of the surface according to Rayleigh’s formula for 10 ß
incidence angle (h i ) is between 0 0́5 mm and 0 1́7 mm, and for hi=70 ß is between
0 1́3 mm and 0 4́7 mm, respectively (Cierniewski and Courault 1993 ). Irregularities of
a soil’s surface at larger scales, caused by soil aggregates and clods, make it impossible
to illuminate the whole surface directly. These elements produce shadow which
becomes another important factor in¯ uencing the shape of the re-radiation pattern
(Cierniewski 1987, 1989, Cooper and Smith 1985, Graetz and Gentle 1982, Huete
1987, Milton and Webb 1987, Norman et al. 1985, Pech et al. 1986, Ranson et al.
1985). Energy re¯ ected from shaded soil fragments is many orders-of-magnitude
smaller than energy leaving sunlit soil fragments. The degree of soil surface shadowing
depends on the density of the elements which cast the shadow, the general
con® guration of the soil surface and its slope in relation to incident rays.

Several geometrical models have been proposed which predict soil re¯ ectance
based on the assumption that shadowing of soil aggregates or clods has a greater
in¯ uence than the scattering properties of a soil material at the micro-scale. Soil
aggregates in the model of Norman et al. (1985) were simulated by cuboids. Height
of soil surfaces in the Monte Carlo re¯ ectance model of Cooper and Smith (1985 )
varied periodically with the cosine function in one or two directions for r̀ow’ and
c̀lump’ soils, respectively. The models of Cierniewski (1987, 1989) and Irons et al.
(1992) describe soil aggregates by regularly spaced equal-sized opaque spheres, while
Cierniewski and Verbrugghe’s model (1994) simulates them by spheroids of a de® ned
proportion of their vertical to horizontal radii. All the models assume only perfectly
di� use re¯ ection from directly illuminated soil fragments.

A new model, taking into account the di� use as well as the specular component
of energy leaving soil surfaces in the visible and near-infrared, is used in this paper
to describe the in¯ uence of soil surface roughness, caused by soil aggregates or soil
clods, on the soil bidirectional re¯ ectance distribution. The in¯ uence of soil surface
roughness was analysed on arti® cially formed soil surfaces made of two spectrally
di� erent soil materials: a mineral loam of relatively high re¯ ectance and a loam with
high organic matter content and much lower re¯ ectance. A deeper understanding of
the interaction of electromagnetic radiation in the Vis-NIR domain with interpreted
natural bare soils is important for a further improvement of remote sensing methods.
The knowledge of the interaction mechanisms will enable us to ® nd a way to correct
satellite data for non constant illumination and viewing direction. It is particularly
important for data of multiangles sensors of satellites as the SPOT (HRV), NOAA
(AVHRR), or ERS (ATSR).

2. Methods

2.1. Soil re¯ ectance model

The model predicts the re¯ ectance distribution of a horizontal soil surface along
the solar principal plane (SPP). Equal-sized opaque spheroids of horizontal (a) and
vertical (b) radii lying on a horizontal surface simulate the soil surface. They are
arranged on the surface so their centres in the horizontal projection are at a separa-
tion d̀’. The lower the relative distance (d ) to the radius (a), the higher roughness of
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Figure 1. Geometry of the simulated soil surface and distribution of vectors of the near-
perfect specular component of energy leaving one facet of the surface, where ae and
be are the major and the minor radius of the ® rst component, c is the angle of the
re¯ ected sunbeams to the normal and hs is the solar zenith angle.

the simulated soil. The geometrical structure is illuminated by the direct solar beam
at a zenith angle hs , and di� use skylight ( ® gure 1).

In the ® rst step the model calculates the area of illuminated (A i ) and shaded (As )
facets of the given and the near spheroids and the ground between the spheroids,
visible at a given view zenith (hv ) angle of the sensor. The areas are determined
analytically using trigonometrical equations.

In the second step the model calculates the electromagnetic energy coming to
the individual facet of the geometrical structure. The slope angle of each facet (b)
and its azimuth angle (wr ), together with the Sun zenith (hs ) and azimuth (ws ) angles,
determine the amount of energy reaching the sunlit surface using the factor (Efa ) ,
de® ned as:

Efa=cos hs cos b+sin b sin hs (sin ws sin wr+cos ws cos wr ) , (1 )

where ws equals 90 ß for all the solar azimuth angles.
The factor Efa expresses the cosine of the incidence angle (c ) of the direct solar

beam to the facet.
The model assumes that the energy leaving a given sunlit facet of the geometrical

structures has a specular-di� use character. A part of the direct energy is re¯ ected as
from a near-perfect specular object and a part as from a perfect di� use one.

Light re¯ ected from a given facet in the near-perfect specular way is dispersed
into many directions creating a spheroidal shape of its distribution. The position of
the major axis of the spheroid is into the direction of the re¯ ected beam. The
elongation of the spheroid (le ), de® ned as the proportion of its major radius (ae ) to
its minor radius (be ) , depends on polarization (Fp(

c
) ) of the re¯ ected light Efa at the

c angle, as:

le =ae /be=1/(1 Õ Fp(
c

) ); Fp(
c

) = r
2

) Õ r
2

= , (2 )

where r) and r= are respectively the perpendicular and parallel Fresnel re¯ ection
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coe� cients, given by:

r)(c )= (nmT Õ mI )/(nmT +mI ) and r=(c )= (nmI Õ m T )/(nmI +mT )

with mI=cosc =E fa and m T= (1 Õ sin2
c /n2 )0 5́ , (3 )

where n is the refractive index of the re¯ ective medium.
The expression 1/(1 Õ Fp(

c
) ) changes from 1 to in® nitive, describing respectively

distributions of re¯ ected light from perfectly di� use to perfectly specular.
The volume of the spheroid (Vsp ):

Vsp=4/3 pae b
2
e , (4 )

as a measure of re¯ ected energy in the near-perfect specular way, is constant inde-
pendent of its elongation. Knowing values of the spheroidal volume and the ratio
between its major and minor axis we can calculate the magnitude of the light (esp ).

The component of energy leaving a given facet in the perfectly di� use way is
dispersed into equal-size magnitude (edi ) creating the ideal shape of sphere of volume
(Vdi ):

Vdi=4/3 p (eo /2)3 , (5 )

where eo is a magnitude in direction perpendicular to the facet.
The magnitude of the edi is calculated using the same assumption as for esp , but

for a sphere. The proportion between the near-perfect specular and the perfect di� use
energy expresses the specular-di� use coe� cient (SDC):

SDC= Vsp / Vdi . (6 )

The energy outgoing from a given sunlit facet (Eifa ) , sensed by the sensor from
the given direction (hv ) , is described by the coe� cient:

Eifa =Efa [SDC1/3esp + (1 Õ SDC1/3 ) edi ]+ fdi , (7 )

where fdi is the ratio of skylight to direct light for the given wavelength, is proportional
to the area of a given sunlit facet (Aifa ). The energy leaving the shaded facet (Esfa ),
expressed by the fdi fraction of an isotropic distribution, is proportional to the area
of shaded facet (Asfa ). The radiance factor of the simulated soil surface (L (

h
v ) ) visible

to the radiometer from the given direction (hv) can be formulated as:

L (
h

v ) =
�
j

i=1
Eifai Aifai + �

j

i=1
Esfai Asfai

�
j

i=1
Aifai + Asfai

(8 )

where i is ith facet of the geometrical structure visible inside of the ® eld-of-view of
the radiometer at angle hv .

The re¯ ectance of the simulated surface is ® nally expressed by the normalized
re¯ ectance (NR(

h
v ) ) which is de® ned as the ratio of the total radiance measured from

the o� -nadir direction to the radiance measured from nadir.
The data generated by the model are compared with experimental spectral data

collected on arti® cial soil surfaces in outdoor conditions.

2.2. Field experiment

Arti® cial rough soil surfaces used in the experiment consisted of spheres, made
of air dry (to equilibrium with atmosphere) soil material using forms prepared from
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ping-pong balls. The balls were dispersed on the same soil materials, ¯ at and
horizontally situated. The spheres were arranged so their centres in the horizontal
projection were at the relative distance (d ) to their radius (a) ® rst 2, and then 4,
representing respectively soil surfaces of high and medium density of soil aggregates
or clods.

Spectral data of the surfaces were measured by a three-channel ® eld adiometer
CIMEL simulating the SPOT (HRV) bands (XS1: 0 5́0± 0 5́9 mm, XS2: 0 6́1± 0 6́8 mm
and XS3: 0 7́9± 0 8́9 mm). Radiance data were collected along the solar principal plane
in 13 directions at view zenith angles from 60 ß towards the Sun through the nadir
to 60 ß away from the Sun at 10 ß increments. The radiometer observed the soil surface
from a distance of 2 m. This instrument with a 12 ß ® eld-of-view (FOV) integrated
re¯ ected energy from a circular area which varied from 0 1́4 m2 at a 0 ß view zenith
angle to an elliptical area of 0 2́9 m2 at 60 ß view zenith angle.

The spectral measurements were acquired in Poznan, Poland on 24 and 25 April
1994, under clear skies the solar zenith angle varied from 39 ß to 69 ß .

3. Results and discussion

The materials which were used to form the arti® cial soil surfaces are described
in table 1.

The model calculated the normalized re¯ ectance (NR(
h

v ) ) along the solar principal
plane for a given distance between soil aggregates, assuming that all horizontal
fragments of the simulated surfaces visible by the radiometer at a given view zenith
angle behaved like the smooth soil materials. Spectral data of the smooth surfaces
were used to ® nd the shape of a geometrical structure and their specular-di� use
coe� cient (SDC) which could simulate their re¯ ectance at de® nite illumination
conditions. They were found by substituting di� erent values into the model and
looking for the values which give the highest coe� cient of determination and the
lowest root mean square error between the model-generated and measured soil
re¯ ectance data. The best SDC for the loam and loam with humus was 0 0́15 and
0 0́35, respectively. The smooth loam material was simulated by hemispheres of
radius à’ lying in the net of squares of distance d=3 7́5 a, and the loam with humus
by a similar structure of hemispheres, but at a distance d=4 5́ a.

Strong correlation between measured and simulated re¯ ectance data for the
relative distance between the spheres d/a equals 2 and 4 enabled the application of
the model to the simulation of the re¯ ectance distribution for other distances ( ® gures
2 and 3, table 2).

The distribution of the normalized re¯ ectance (NR) along the solar principal
plane (SPP) was simulated for aggregates of the sphere shape being at the relative
d/a distance from 2 to 8 at 0 2́5 increments. The data were predicted for three zenithal

Table 1. Features of soil materials.

Content in % of
Organic matter Dry Munsell

Material sand silt clay content (%) colour

Mineral loamy 50 37 13 0 10YR6/4
Loamy with humus 56 32 12 4 7́ 10YR2/3
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Figure 2. Relation between the normalized re¯ ectance (NR) along the solar principal plane
for the XS2 channel predicted by the model (solid line) and that measured (dashed
line) for chosen soil surfaces for the given solar zenith angle (SZA). d/a is the relative
distance between the soil aggregates to their horizontal radii (a). Negative values of
the view zenith angle (VZA) correspond to forward scattering directions and positive
values to backscattering directions.

positions of the Sun: 70 ß , 50 ß and 30 ß . They were generated using the refractive index
(n) of the soil material equal 1 5́1, 1 5́0 and 1 4́8 for XS1, XS2 and XS3, respectively,
and for the fraction of skylight ( fdi ) equals 0 2́ for XS1 and 0 1́5 for XS2 and XS3.
The ǹ’ values were taken from the paper of Pollack, et al. (1973 ).
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Figure 3. Relation between measured and predicted normalized re¯ ectance for the loam (o)
and loam with humus (D ) materials for XS1, XS2 and XS3 channels of the radiometer.
r2 is the coe� cient of determination, rms is the root mean square error, while n is the
number of analysed pairs of data.

Planes presenting the distribution of the NR along the SPP versus the relative
distances between soil clods (d/a) were similar for the three radiometer channels.
Figure 4 shows the data for the XS2 channel.

Variation of the re¯ ectance is clearly higher in the backscattering range then in
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Table 2. Coe� cient of determination (r2 ) and root mean square (rms) for measured and
simulated soil surface re¯ ectance data.

Solar Relative Channels:
zenith distance SX1 SX2 SX3

Material angle ( ß ) d/a r2 rms r2 rms r2 rms

Mineral loamy 66 2 0 9́81 0 0́70 0 9́86 0 0́99 0 9́68 0 0́81
66 8́ 4 0 9́71 0 0́76 0 9́94 0 1́16 0 9́80 0 0́67
60 3́ 2 0 9́92 0 0́65 0 9́83 0 0́85 0 9́82 0 0́80
58 9́ 4 0 9́98 0 0́40 0 9́98 0 0́23 0 9́95 0 0́40
51 1́ 2 0 9́65 0 0́39 0 9́65 0 0́16 0 9́64 0 0́15
52 6́ 4 0 9́89 0 0́38 0 9́69 0 0́64 0 9́85 0 0́43
45 1́ 2 0 9́72 0 0́71 0 9́64 0 0́83 0 9́53 0 0́81
46 4 0 9́97 0 0́29 0 9́59 0 0́52 0 9́41 0 0́72
39 6́ 2 0 9́60 0 1́37 0 9́51 0 1́35 0 9́45 0 1́29
39 5́ 4 0 9́98 0 0́14 0 9́80 0 0́41 0 9́97 0 0́16

Loamy with humus 67 5́ 2 0 9́77 0 0́66 0 9́83 0 7́8 0 9́88 0 0́48
68 3́ 4 0 9́90 0 0́14 0 9́92 0 1́21 0 9́93 0 0́52
55 2́ 2 0 9́97 0 0́29 0 9́97 0 0́46 0 9́88 0 0́34
56 4 0 9́78 0 1́05 0 9́85 0 0́77 0 9́85 0 0́58
47 2́ 2 0 9́98 0 1́25 0 9́97 0 0́27 0 9́96 0 0́42
47 2́ 4 0 9́89 0 0́55 0 9́76 0 1́23 0 9́94 0 0́53
39 5́ 2 0 9́96 0 0́57 0 9́89 0 0́57 0 9́89 0 0́70
39 5́ 4 0 9́94 0 0́10 0 9́79 0 0́43 0 9́96 0 0́25

the forward scattering one. Generally, the higher the roughness of the soil surface,
expressed by a lower distance between soil aggregates or clods, the higher the
variation. The model predictes that at speci® c illumination conditions, especially for
high solar zenith angles, soil surfaces with the minimum distance between soil
aggregates can show lower variation of re¯ ectance in the SPP than surfaces with a
little lower roughness. Most shadow areas are on near-vertical sides of the soil
aggregates. The areas are invisible for view directions near the nadir and also for
more oblique directions, being covered by next adjoining aggregates. As a con-
sequence, the soil surface seems to be brighter than for surfaces with higher aggregate
distances. When soil aggregates are at slightly higher distances than the minimum,
shadows cast on the horizontal ground between the aggregates visible by the sensor
can signi® cantly modify the distribution of the NR factor as a function of the view
zenith angle. The re¯ ectance data simulated for solar zenith angle (SZA) 70 ß clearly
demonstrates this e� ect. For this illumination condition the highest variation is
observed for the relative distance between aggregates d/a about 2 7́5. Symptoms of
the e� ect are weakly visible SZA=50ß whilst for 30 ß they disappear completely. This
e� ect predicted by the model may explain the results of Irons and Smith’s (1990)
studies, who observed that the roughest soil surface scattered radiation as strongly
as the smoothest surface.

The results of the simulation show that for higher distances between soil aggreg-
ates or clods than d/a=3, the normalized re¯ ectance (NR) decreases, becoming
progressively similar to the distribution of re¯ ectance for smooth surfaces without
aggregates. Just before d/a=6 this distribution starts to change very little and it
approaches the distribution from smooth surfaces, even for a solar zenith angle of 70 ß .

Specular features of the analysed soil materials, show increased re¯ ectance in the
forward scattering range as the view zenith angle increases for high solar zenith
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Figure 4. Relation predicted by the model between the normalized re¯ ectance (NR) along
the solar principal plane for the XS2 channel and the relative distance (d/a) between
soil aggregates for chosen solar zenith angle (SZA). Negative values of the view zenith
angle ( VZA) correspond to forward scattering directions and positive values to
backscattering directions.

angles, especially for low roughness surfaces. When the relative distance between soil
aggregates produces a small proportion of shadow, the shadow area does not
radically reduce the specular e� ects visible in the forward scattering range of the
re¯ ectance distribution. The behaviour of the measured and simulated soil surfaces
accords with that noted by Mulders (1987), in that soil materials with a relatively
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high content of organic matter have a higher proportion of specular component in
the re¯ ected energy than materials with a lower organic matter content.

4. Conclusions

The results of the work, both the measurements and the simulation of the
re¯ ectance along the solar principal plane of rough soil surfaces formed with mineral
loam and loam with humus materials, show higher re¯ ectance in the backscattering
range than in the forward scattering one. Generally, the higher the roughness of the
surface, the greater the variation.

The model-generated data of re¯ ectance suggest that for high solar zenith angles,
soil surfaces of the highest roughness, expressed by the minimum distances between
soil aggregates, can show lower variation of re¯ ectance along the solar principal
plane than soil surfaces of a little lower roughness.

The loamy soil material with high organic matter content demonstrated features
of specular re¯ ection at high solar zenith angles.
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