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Abstract

This paper discusses a model to predict the normalized hemispherical —directional reflectance function for soil or rocky surfaces of a given
roughness under conditions of outdoor illumination. These surfaces are simulated by geometrical shapes similar to beads merging into each
other, characterized by three parameters. In addition, the shape of the surface is characterized by the directivity factor Dg, expressing the
differences between the maximum and the minimum deviations of its height, calculated along all possible directions. The surface is
illuminated by a hemispherical light source created by a number of point sources of given light intensities. The light energy is scattered from
the surface, in accordance the quasi-Lambertian function. The distribution of the surface reflectance, as viewed from all the possible
directions, can be described for all the possible illumination conditions expressed by the solar zenith and the horizontal angles for a given
hemisphere light distribution of a definite optical thickness. This represents the hemispherical —directional reflectance distribution function,
HDRDF, of the surface. The HDRDF function is normalized to the nadir viewpoint and visualized for a given illumination condition. The
model assumes that the HDRDF of a surface contains information about the directivity of the surface shape, as described by the directivity
factor of the surface hemispherical—directional reflectance function Dyprpr. This factor, expressing the asymmetry of the HDRDF with
respect to the solar principal plane (SPP), is strongly correlated with the Dg. The use of both factors, the Dr and Dyprpr, enables us to
understand the distinctions between soil surface images with height irregularities of directional character that create a furrow microrelief, and
irregularities spread non-directly, randomly, depending on whether the soil has been cultivated or not. The model was tested on directional
reflectance data measured in the visible, the near and the middle infrared spectra for cultivated surface with furrows, as well as for three
uncultivated desert loess and rocky surfaces situated in Israel.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction incident light and cast well-defined shadow areas on the

surfaces. Results of experiments carried out by Hapke et al.

Natural surfaces in the optical domain show variation in
their radiance due to the direction of irradiating solar and
sky energy and the direction along which the reflected
energy is viewed. Most soils and vegetation canopies are
characterized by a clear reflectance peak, called the “hot
spot”, viewed along the direction of the backscattering. This
phenomenon is explained by a coherent backscatter, if the
surfaces contain abundant scatterers that are of the order of
the relevant wavelength, or by shadow-hiding, if the scat-
terers are large as compared with the wavelength of the
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(1996) imply that only certain surfaces, such as mosses with
small cell structures or dry fine clay-sized particles, might
have a hot spot caused by coherent backscatter. However,
shadow-hiding typifies the hot spot behavior of most
vegetation canopies, including broad-leafed and coniferous
ones, as well as the majority of soil surfaces. Opaque rough
soil surfaces with irregularities caused by the soil texture,
aggregates and microrelief configurations that are large
compared to the wavelength of the incident light, produce
shadow areas in which the solar beams do not directly reach
the surface even under clear sky conditions. Wave energy
leaving these shadow areas is many orders-of-magnitude
smaller than energy reflected from sunlit soil fragments.
Thus, cultivated soils with dominant diffuse features usually
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seem to be the brightest from the direction that gives the
lowest proportion of shaded fragments. This is the back-
scattering direction towards the sun’s position for which
each scatterer hides its own shadow. Such backscattering
reflectance features are exhibited by the bare soils measured
by Kimes and Sellers (1985) and Milton and Webb (1987).
Slight symptoms indication of forward scattering of the
reflectance of ploughed fine-loamy texture soils was noticed
by Irons and Smith (1990). The backscatter, as well as the
forward scatter, regimes in soil reflectance were noticed by
Deering et al. (1990). They demonstrated the phenomenon
on examples of a flat bare alkaline soil and a dune sand
surface, using a three-channel field radiometer working in
the red, near-infrared and middle-infrared ranges. Labora-
tory results presented by Caulson (1966) show that desert
soil materials like gypsum sand and quartz sand display a
high reflectance with a strong forward scatter maximum in
the visible and near-infrared ranges. These sands display
maximum reflectance in the extreme forward scatter direc-
tion near the horizon. Shoshany (1993) collected more than
70 hemispherical data sets for different types of stony desert
pavements and rocky surfaces in Australia under varied
illumination conditions, using a apparatus for hemispherical

a=0;6=0;c=0

direction radiance measurements. He found that most of the
surfaces exhibited an anisotropic reflection with a clear
backscatering component.

The radiation environment of the above surfaces com-
prised of two hemispherical distributions of electromagnetic
radiation, one incoming and one outgoing, has been fre-
quently described by the bidirectional reflectance distribu-
tion function (BRDF), as defined by Nicodemus (1970).
The function, best approached in practice by the measured
biconical reflectance factor (BCRF), must obey the reci-
procity theorem, i.e., the BRDF must not change, when the
directions or cones of incidence and reflectance are ex-
changed (Kriebel, 1978). This unique feature of the BRDF
is used to reduce to an acceptable level the number of
measurements required to obtain the directional reflectance
characteristics of a surface (Kriebel, 1996). The theoretical
concept of the BRDF is described as the ratio of the
radiance reflected by the surface to the incident irradiance
from only one source of illumination. Similarly, with only
one source of the incident radiation, another commonly
used term, the bidirectional reflectance factor (BRF), is
defined as the radiance reflected by the surface to the
radiance which would be reflected by a perfect Lambertian

a=1:b=0;¢c=0

a=1;b=1;¢=0

Fig. 1. Influence of the parameters a, b, and ¢ on the shape of the R surface.
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panel, both under the same illumination and viewing con-
ditions (Milton, 1989). This constraint can be met under
laboratory conditions, but only for surfaces containing
small-scale structures. In field conditions, the limitation of
only one source of radiation would mean an elimination of
the diffuse sky radiation. This, of course, is unreal and
therefore it is recommended that the directional reflectance
measurements be taken on a day with a clear sky, under thin
and stable aerosol conditions, and at wavelengths for which
the sky radiance can be neglected (Sendmaier, 2000).
Kriebel (1996) assumes that the measurements at wave-
lengths below 0.7 pm for vegetated surfaces, as well as for
ploughed fields, can be performed with too large an error,
because their reflectance is low and the atmospheric scat-
tering is high. Sets of the directional reflectance measure-
ments, related to a specific distribution of the sun and the
sky irradiation, recorded at a specific time cannot be
combined with the other sets taken at different times during
the day in different atmospheric conditions. Abdou et al.
(2000, 2001), Brugge et al. (2001), Strub et al. (2002,
2003), and Zhang et al. (2000) suggest that practical data
about the directional reflectance behavior of different
objects that have been collected so far, require the use of
the hemispherical —directional reflectance factor, rather than
the bidirectional reflectance approach, because the incident
irradiance consist of a mixture of direct solar and non-
isotropic diffuse illumination.

These difficulties in collection of BRDF data arouse
interest in how they are modeled. Most geometrical soil

directional reflectance models have treated directly illumi-
nated soil surface fragments as perfectly diffuse reflectors.
The model by Norman et al. (1985) simulates soil aggregates
using cuboids lying on a horizontal plane, and the model of
Cooper and Smith (1985) describes soil surface irregularities
by two microrelief forms whose height varies periodically
with the cosine in one or two directions for ‘row’ and ‘clump’
soils, respectively. The soil surfaces in both the models are
illuminated by just one point light source. In the model by
Irons et al. (1992), direct as well as isotropically diffuse, light
illuminates a surface made of uniform opaque spheres regu-
larly spaced on a horizontal surface. The soil surface reflec-
tance is expressed as a function of the horizontal area shaded
by the spheres, the sunlit fraction, and the proportion of
diffuse illumination, which depends on wavelength. All three
models mentioned above exhibit clear backscatter reflectance
features. Otterman’s model (1981) treats bare soil as thin
vertical cylinders of variable heights with facet-reflectance
and transmittance located randomly on a horizontal plane,
also having Lambertian features. The model assumes that the
facet-reflectance largely controls the backscatter, while facet
transmittance is responsible for determining forward scatter-
ing. It is the first model to simulate both backscattering and
forward scattering. The model by Cierniewski (1987, 1989)
describes soil aggregates in terms of regularly spaced equal-
sized opaque spheres lying on a freely sloping plane, illumi-
nated only by direct beams. Its latest improved version
(Cierniewski et al., 2002) considers a soil surface composed
of equal-sized opaque spheroids of definite shape and size,

c=0

c=0.7

Fig. 2. Variation of the surface height deviation dy in the w angle function calculated over a segment of the length 2/ along the direction @ and the surface shape
directivity factor Dy for six soil surfaces generated with different values of the a, b, and ¢ parameters.
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dispersed in a net of squares on a freely sloping plane. They
are absorbed into the plane; tops are at a height above it.
Different values of the height, along and across the soil
cultivation direction, are parameters, which express the
variation of soil surface irregularities caused by furrowed
farming treatments. The structure is illuminated by direct
solar and diffuse light. Diffuse and specular wave energy is
reflected from it. A sensor, suspended over the simulated
soil surface, observes the surface at both a zenith and an
azimuth angle in the forward scattering and backscattering
directions. The reflectance from the rough soil surface is
described by the normalized reflectance factor, which is
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defined as the ratio of the total radiance measured from the
off-nadir direction to the radiance measured from the nadir.
The model was tested on the hemispherical/directional
reflectance data collected under field conditions of
ploughed and harrowed light soils in fresh farming treat-
ments and after rain in Poland (Cierniewski, 2001),
ploughed, harrowed and rolled heavy soils prepared for
the colza sowing in France (Cierniewski et al., 2002), and
uncultivated sandy and rocky soils in the Negev desert in
Israel (Cierniewski & Karnieli, 2002).

This paper focuses on a presentation of a new directional
reflectance model. The model describes in three-dimension-

Fig. 3. Relationship between the surface shape directivity factor Dy and the geometrical parameters @, b, and ¢ of soil surfaces generated by the model.
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al space reflectance from rough surfaces in any direction as
an effect of their illumination by an anisotropic—hemispher-
ical light source, such as is found in outdoor conditions. The
shape of soil surfaces is simulated by a geometrical structure
more resembling real soil surfaces than structures used in
the models mentioned above. Using the model, relating the
anisotropic—hemispherical—directional reflectance and
roughness directivities, the authors consider if it possible
to detect the roughness directivity of a surface analyzing its
hemispherical—directional reflectance. This study in the
context of soil surfaces enable us to deeper understand
image distinctions between cultivated soils with height
irregularities of directional character that create a furrow
microrelief, and uncultivated soils with their irregularities
spread non-directly, randomly.

2. Methods
2.1. The model

Our model predicts the distribution of electromagnetic
radiation reflected from an opaque rough surface. The R
surface is constructed by means of a set of n points k; of
coordinates (x;,y;,z;) of i=1,....,n and the positive real
numbers ry, 1y, 13, ..., I, related to them, respectively. A
pair (k;,r;) we can interpret as the sphere of radius r; with the
center k;.. The R surface is the solution of the following
equation:

n

1
Z(de—Sdf—i—l)—E:O, (1)

i=1

where d; = min(r"’\/(Xfx"yﬁy*y")zﬂzfz")z) . The R surface
geometry is similar to "that of the shape of beads
merging into themselves. They either spread so far apart
that there are gaps between them, or they penetrate each
other.

For simplification, the centers k; are dispersed regularly
in the perpendicular projection to the XY plane, lying in a net
of squares, each side=1//n, along the x and y axes. The
height z; of a sphere center £; is expressed by the following
equation:

zi=a-|sin(m-x;)| - (1 = b [1 —[sin(z-y)[]) + ¢ fais(7),
(2)

where a describes the amplitude of the sinus function
along the x-axis and b along the y-axis, relative to a.
The final z; position of a ith sphere is an effect of a
disturbance approximated by the sequence f4;(1)<[0,1)
with uniform distribution. The ¢ describes the maximum
deviation from the z; value, as determined by only the a
and b parameters. The radii 7; of the spheres used for

construction of the R surface fragments change according
to the following formula:

1
ri=[3—c fus(i)] 7 (3)
and matched to the r; values of the spheres to eliminate the
gaps between them after their deformation. Fig. 1 shows
the influence of the a, b, and ¢ amplitudes on the shape of
the R surface.

The model assumes that the average height f{w) of the R
surface top, the height described by the function
f(x,y) = max.R(x,y,z), calculated over a segment of the
length 2/ along the direction defined by an w angle, is
expressed by the formula:

!
flw) = %/_/f(tcos(w),tsin(w))dt. (4)

The deviation of this height dr(w) is expressed by the
equation:

1 Ly 2
dr(®) = > \//_l(f(w) — f(tcos(w), tsin(w)))"dt. (5)

The directivity factor Dy of that surface shape is defined as
follows:

Dr = <min)(max dr(®) — mindg ()), (6)
X0,)0 0] (&)

using the maximum and the minimum values of the dr(w).
Employing the dr and Dy parameters as tools for evaluation
of the directional features of the R surface height irregular-

g

Fig. 4. Effects of illumination of an elementary fragment fz of the surface R
by two of m point light sources equally distributed on the hemisphere.
Their energy can come directly to the fz fragment, as from the s; source, or
cannot approach the f being blocked by an adjoining part of the R, as from
the s; source.
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ities is explained in Fig. 2, using as examples six soil
surfaces with varying geometry. The distinctness of these
surfaces’ shape directivity Dy rises with the increase of their
a value and the decrease of their b value. The influence of the
geometrical parameters a, b, and ¢ on factor Dy, presented in
Fig. 3; the range between 0 and 1 at 0.25 increments was
used for all these geometrical parameters. The higher the a
and the lower the b, that is, the deeper and more distinct the
furrows, the larger Dr becomes. The influence of the
disturbance parameter ¢ on the Dy is much weaker than
those of @ and b, and is ambiguous. For sufficiently clearly
shaped furrows, described by the a > 0.25 and the » < 0.5,
an increase in ¢ enhances a decrease in the Dg. However, for
surfaces with insufficiently prominent furrows, this relation

between the Dy and the c¢ is reversed, i.e., a decrease of the
Dg results from a decrease in c.

The opaque R surface is illuminated by a hemisphere
light source H:

H:{(Slvel)v(SZ;EZ)a"'7(Sm7em)}a (7)

created by a number m of point sources s1, 55, 53, - .., S, of
the intensity ey, e,, es, ..., e, respectively, equally spread
on the hemisphere (Fig. 4). Irregularities on the R surface
will make it impossible to completely illuminate it by all of
the m point sources on the hemisphere. A part of the light
coming from these point sources s, along the directions s; to
an elementary fragment fz of the R surface can be blocked
by the presence of adjoining fragments of the R surface.

g, =0° =302 6, =60°
=05 l‘ \
A=450nm ||
r=04 | MEC — A
A=550nm || i
7=035
A= 650 nm
=02
A= 850nm
7=0.15
A= 1650 nm

Fig. 5. Distributions of the hemispherical light for the non-absorbing Rayleigh atmosphere depending on the solar zenith angle 0 and the normal optical
thickness 7 attributed to the wavelength 4. The relationship between t and A was obtained from Fraser (1975).
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When the model is applied to outdoor conditions, it is
assumed that the ratio of the direct solar irradiance to the
global irradiance &(7s, rl) for clear sky conditions changes
with the sun’s position S = [0s, ¢¢] and the normal optical
thickness 7. Fig. 5 shows the distributions of the hemispher-
ical light for the non-absorbing Rayleigh atmosphere, de-
pendent on the zenithal position of the sun 05 and the
normal optical thickness 7 attributed to the wavelength A.
The intensity of the direct solar irradiance at point S reaches
1 independent of both 7 and 4. T enables us to control in a
flexible manner the contrast between shaded and sunlit
fragments of the studied surfaces, taking into account the
wavelengths and quality and content of aerosols in the
atmosphere (Fraser, 1975). Distribution of the hemispherical
light energy H- along a K direction is described in the
model by the following formula:

He=c +e(L(K, m))* +g- e 458

+ ¢4 -cos?(L( S, k)), (8)

where 7y is the nadir, and ¢, ¢y, ¢3, and ¢4 are the
constants, such as in the equation of Grant et al. (1996). ¢,
is the minimum amount of the hemispherical light energy,
¢, describes an amplification of the energy near the
horizon, ¢3 is the measure of the concentration of the solar
aureole near the point S, and the ¢, describes the energy at
the darkest part of the hemisphere light (in the quadrant
opposite the sun). g is the variable describing the amount

of the light energy coming directly from the sun, satisfying
the following equation:

53,0 =1 (S.a), ©)
G

where Hg is the direct solar irradiance used in the distribu-
tion of the -~ and H is the global irradiance for clear sky
conditions. Finally, the light energy coming from s; is
defined as:

Hg
e —

. 1
2 (10)

The shape of the opaque soil surface R, described by
Eq. (1), enable us to define the vectors of the normal to
this surface at any point necessary in order to express the
amount and the direction of reflected energy from total
area of the R. The beam energy e (i, k) reflected only
once from the fragment fz along the direction %, due to
illumination from the unblocked point source, s, given
as:

e (i,k) =ei-f(si, 1, K), (11)

where 7 is the normal to the_> fragmeli fr

A set of all of the vectors k - eg (i, k) creates a cloud
of a specified shape and size in the 3D space, character-
izing the scattering properties of the R surface for its
elementary fragments fz. The total light energy E (fR,_)V: H)
reflected from the fragments fz in the direction £ and

Fig. 6. Distribution of light energy, coming from sources s; and s, of the intensity e;>e,, respectively, reflected from an elementary fragment fz of the R surface.
The energy coming from the s3 source, being covered by an adjoining fragment of the R, does not reach the fz and therefore it is not taken into account for the

final energy distribution, as in the lower right part of the figure.
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viewed by the sensor along a direction V= [0,,¢,] is
given by:

E(fRaV:H):ZefR(iav)’ (12)
i=1

where the sum is limited only for the unblocked light sources
s; (Fig. 6). Similarly, the function HDRDF(R, v, H ):

HDRDF(R, V,H) = ﬁ/ E(R, V,H)dQ (13)
Q

describes the hemispherical—directional reflectance of the
whole surface R, where 2 is the field of view of a sensor
suspended over the surface.

The model assumes that effects of viewing the R surface
depend on illumination by the hemisphere light, as well as
on the scattering features at its elementary points. Fig. 7
presents the brightness variation of a surface, viewed from
the same directions as the effect of the hemispherical light
scattering, according to the following four selected func-
tions, describing the beam energy reflected from its elemen-
tary fragments:

* The simplest theoretical scattering function:

ACsi i R) =1, (14)

considers an impossible effect, when the scatter is indepen-
dent of the incidence angle from each of the point hemi-
sphere light source. So, it only expresses the distribution of
the hemisphere light energy that is able to reach given
fragments of the surface. As the consequence, the tops of the
surface are brighter than its bottom parts, surrounded by
other surface fragments that partially block the hemisphere
energy.
® The Lambertian scattering function:

£Csi, 7, K ) = max(0,cosZ(s;, 7)), (15)
causes the distribution of the reflected energy from a given
fragment of the surface, with dependence upon the inci-
dence angle of the energy coming to the fragment with
respect to the normal.

* The quasi-specular scattering properties are described
by the function:
£(si, 1, K) = max(0,cos (K, 2 - (5o ) - 7 — 50)’,

(16)

where the constant o is a positive number, expressing the
concentration of the specular component along the direction
determined by the angle of reflection equal to the incidence
angle. Eq. (15) generates the distribution of the reflected
energy dependent upon the incidence angle of the energy

Ffial sk idiancs distebition Sky radiance dlslrllbut!on with peak at
onedirection
5 < e <
]
g
E
o
=
=
o
-
=1
I3
=
k]
-
E
=5
153
&
g
5
& %
=g <'{>V‘?_:; ""? . y &
E S et == :!i 5
£ T
4
q
o,
E o=
= y M_.,
\w‘/

Fig. 7. Brightness variation of a surfaces R, scattering light energy
according to the four-selected reflectance function and viewed along the
same directions. At the left column, the R surface is equally illuminated by
the hemisphere light sources of the same intensity; however, at the right
column, the R is unequally illuminated by one source with the dominant
intensity to others.

coming to the fragment with respect to its normal, as well as
on the angle of viewing of the reflected energy.

® The effect of the quasi-Lambertian scattering features,
expressed by the function:

— — (17)

ﬁl( Siy 1, k) :fz + (1 _f2) '.féa

indicates a real effect of viewing the surface, as a combi-
nation of the Lambertian scattering (Eq. (15)) and the quasi-
specular scattering functions (Eq. (16)).

It was also assumed that the hemispherical —directional
reflectance function HDRDF of soil surfaces of a given
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geometry not only includes general information about
surface shape, i.e., that it is more or less rough, but it
also contains further details, such as the directivity of the
surface shape. It was found that information about the
directivity of soil surface geometry can be obtained by
analyzing the symmetry of the HDRDF with respect to the
solar principal plane (SPP). The HDRDF function of
surfaces, with an indirect, random spread of their height
irregularities, is almost symmetrical. However, the HDRDF
of surfaces with directional microrelief-like furrows has
been shown to be asymmetrical: the greater the asymmetry,
the stronger the directional character of the surfaces. The
absolute difference in the R surface reflectance Ayprpr
viewed from two directions, is described by the same value
of the zenith view angle 0y, but by different values of the
horizontal view angle in relation to the SPP, + ¢y and
— ¢ expressed as:

AHDRDF(957 ¢S? 0V7 ¢v) = |HDRDF(037 d)S? HV’ (,bs + ¢V)
- HDRDF(957 ¢Sv GV? ¢S_ ¢v) |a

(18)

which is an elementary component of the asymmetrical
features of the HDRDF. A set of cylinders of height
Anprpr represents this asymmetry in Fig. 8 for a given
illumination condition, described by the solar zenith angle

~—
90° o

—

W

¢,=45
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0s and the solar horizontal angle ¢g. The maximum
height of the cylinder dyprpr(fs,¢. _s) inside a set
defined as:

dupror (0s, ¢_g) = él?n?/)x Aupror (0s, s, Ov, b)), (19)

VyPv

was calculated for the surfaces characterized by the geomet-
rical parameters a=1, b=0, ¢=0.7, illuminated under the
constant solar zenith angle 65=70° with changing solar
horizontal angles ¢g from 0° to 75° under clear sky
conditions for a thickness 7=0.15, which approximates the
wavelength of 1650 nm for the non-absorbing Rayleigh
atmosphere. The angle ¢ps=0° describes a situation in which
the sunbeams reach the surface along the direction of the
surface furrows. Finally, the directivity factor of the surface
hemispherical—directional reflectance function Dprpr i
expressed in the formula:

Duprpr = H})aX(H(lan dupror(0s, ¢._s)
S S
— Igin drpror (0s, ¢, _g))- (20)
S

The influence of a, b, and ¢ on the factor Dyprpr,
presented in Fig. 9, relates to clear sky conditions for the

a0° o

Fig. 8. Shape of the hemispherical —directional reflectance function HDRDF of the chosen furrowed surface (characterized by the a, b, and ¢ parameters),
illuminated at the constant solar zenith angle 0g equal 70° and the changing solar horizontal angle ¢5 from 0° to 75° in clear sky conditions for wavelength of
1650 nm; below variation of the HDRDF differences Ayprpr calculated for pairs of view directions symmetrical to the solar principal plane (gray plane) with
marked its maximum values dyprpr for changing ¢s; at the bottom of the graph is variation of the dyprpr in the ¢g function and the final value of the

directivity factor Dyprpr of the HDRDF for the analyzed surface.



514 J. Cierniewski et al. / Remote Sensing of Environment 90 (2004) 505-523

b =00

D HDRDF

b =025

D Horor

04
0.35
0.3
0.254
02
0.154

0.05

Fig. 9. Relationship between the geometrical parameters a, b, and ¢ of simulated surfaces and the directivity factor Dyprpg-

wavelength of 850 nm with t=0.2 and the solar zenith
angle Og varying from 0° to 70°. This aspect was studied in
the same range and increments of a, b, and ¢ as in the
relationship to the directivity factor of soil surface geometry
Dy (Fig. 3), i.e., between 0 and 1 at 0.25 increments. This
relationship between these geometrical factors and the
Dyprpr resembles their relationship to Dg. The higher a
and the lower b, the larger Dyprpr. The influence of ¢ on
Dyprpr 18 also much weaker and hazier.

Data generated in the following procedure were used
to check for a potentially precise description of the
relationship between the directivity factor of soil surface

geometry Dr and the directivity factor of the reflec-
tance function Dpprpr At first, many different combi-
nations of the geometrical parameters a, b, and ¢ were
specified, which provided sufficient detail in order to
represent many possible variations of soil surface ge-
ometry. These combinations, 125 in number, were
created using 5 different values for each of the param-
eters, expressed by numbers between 0 and 1, in 0.25
increments. Then, for each of these abc combinations,
the values of the Dr and the Dyprpr factors were
calculated using Egs. (6) and (20), respectively. All
values of these Dr and Dyprpr factors are presented in
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D iioror |D voror = -54,046D ° +13,921D 32 + 0,6804D , + 0,1093
R? =0,9553

0,35 4

0,3 1

0,25 4

0.2

0,15 4

0,02 0,04 0,06 0,08

T T T T 1

0,12 0,14 0,16 0,18 Dg

Fig. 10. Relationship between the directivity factor of soil surface shape Dy and the directivity factor of the hemispherical —directional reflectance distribution
function Dyprpr. Marked dots: S, M, R, and C describe this relationship for the uncultivated smooth, moderate, rough surfaces, and the cultivated surface with

furrows, respectively.

Fig. 10; a high correlation between them, expressed by
the coefficient of determination 7> higher than 95% can
be noted.

2.2. Test surfaces

The model was tested on one cultivated and three
uncultivated surfaces in Israel. The cultivated surface,
situated in a field of an experimental agricultural farm
near Beer-Sheva (31.33°N, 34.67°E), was specially pre-
pared. In order to more easily detect directional features of
the hemispherical—directional soil reflectance, the most

s Oy = T0°

beneficial orientation of the field furrow direction was
predicted by the model discussed above. The three uncul-
tivated surfaces are located in the Negev desert, one, a
silty surface, near Sede Boker (30.84°N, 34.78°E) and two
others, rocky surfaces, at Makhtesh Ramon (30.36°N,
34.50°E).

2.3. Directional reflectance measurements
The hemispherical—directional reflectance features of

these surfaces were measured by a five-channel field radi-
ometer CIMEL 313-21. The instrument, with a 10° field of

Uncultivated

Cultivated

Fig. 11. Field radiometer CIMEL 313-21 and its viewing schema along a half of a measurement plane with the location of measurement planes on the tested

surfaces.



view f, records the radiance of a target in the following
spectral bands: 450, 550, 650, 850 and 1650 nm. The
instrument collected the radiance data along the SPP, as
well as several other planes situated in relation to the sun’s
direction at 30° increments of the view horizontal angle
A¢, for the cultivated surface and at the increments of 45°
for the uncultivated surfaces. The radiance was measured at
each plane at 15 view zenith angles 6, from —70°
(forward, towards the sun), through the nadir (0°) to
+70° (backward, away from the sun) at 10° increments
A0,. Additionally, nadir measurements were conducted at
the beginning and at the end of each sequence, thus their
total number in each plane was 17. The instrument, setting
up on a goniometric support 2.6 m above the target, enabled
us to collect the data for a horizontal surface from the circle
sample area of 0.162 m? for the nadir and from the elliptical
area of 1.475 m? for the oblique view at the 0, equals 70°
(Fig. 11). The radiometer collected the radiance data auto-
matically, changing the horizontal ¢, and the zenith 6,
angles, focusing on fragments of the measured surfaces that
were progressively farther away. The radiance measure-
ments in one plane consumed 2 min for all the spectral
bands. All reflectance measurements were recorded under
clear sky conditions.

3. Results and discussion
3.1. The tested surfaces

The view all of the tested surfaces is presented with their
virtual equivalents in Fig. 12. The cultivated soil surface
situated in a field of an experimental agricultural farm was
prepared by a cultivator. Very dry material of the studied soil
(Calcic Xerosol according to the FAO soil classification),
developed from sandy loam with 0.6% of organic matter
content and 16% of CaCOj; content in the surface horizon,
enabled us to create fairly shallow furrows with the average
depth of 10 cm. The distance between each successive top
was 60 cm. A simulation of the hemispherical—directional
reflectance distribution function HDRDF of the furrowed
surface, made before the measuring experiment, suggested
to us that we orient the direction of the furrows in relation to
the sunbeams ¢, _ s, with an angle of between 30° and 45°.
Knowing that the asymmetry of the HDRDF is easiest to
detect at a high solar zenith angle 65, we planned to orient
the furrows at 65° to the geographic North. All the tested
surfaces, the cultivated and the uncultivated ones, were
chosen as homogeneous in terms of roughness within the
entire radiometer field of view, i.e., in the circle of the
minimum 20 m diameter.

3.2. Directional reflectance features of the studied surfaces

The radiance data of the cultivated surface with furrows
(C) were collected on July 14, 2003 for six values of the

solar zenith angles 0g, varying from 34.2° to 80.0°. They
were recorded only for four channels of wavelengths 550,
650, 850 and 1650 nm. The measurements of the unculti-
vated surfaces were carried out on July 12, 2001 in Sede
Boker, Israel, at solar zenith angles Og, ranging from 9.1° to
75.6° for the silt surface (S), and on July 19 and July 26,
2001 in Makhtesh Ramon, at solar zenith angles g, ranging
from 9.4° to 76.6° for the moderately rough rocky surface
(M) and from 10.9° to 76.8° for the very rough surface (R),
respectively. All the data for uncultivated surfaces were
recorded in 14 series for solar zenith angles Og, also
changing in approximately 5° increments. The errors in
the reflectance data that were collected in those measuring
experiments do not exceed 0.11 (Cierniewski, 2001).

The measured reflectance data of the tested surfaces are
presented in Fig. 13a in the form of a 3D graphs for several
chosen illumination conditions, defined by the solar zenith
angle 0s and additionally by the angle ¢. g describing
illumination of the furrows for the cultivated surface. The
graphs for the measured data are plotted against the data
generated by the model for the same illumination conditions
(Fig. 13b). These graphs show the distribution of the
hemispherical—directional reflectance function of these sur-
faces in the function of their zenith angle view 0, and
horizontal angle view ¢,, normalized to the nadir viewing.
Variation of the 60, is marked by concentric circles surround-
ing the nadir at 10° increments spread on the top of the
graph. The central point of the distribution describes the
0,=0° (the nadir viewing), while the most exterior circle,
describes 0,=70°
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Fig. 12. View of the tested soil surfaces, the cultivated (C) and the uncultivated: relatively smooth (S), moderate rough (M), and rough (R), recorded at visible
range with their virtual equivalents generated for the red wavelength at the same geometry of their illumination and viewing.

hemispherical—directional reflectance. The virtual surface,
being the set of three geometrical parameters describing the
shape of a studied surface, functions in the model as a part of
the input data necessary to predict the surface’s directional/
anisotropic—hemispherical reflectance. Two of these param-
eters, a and b, express the height irregularities of the surfaces
along the x and y axes, respectively, using the sinus function.
The third parameter, ¢, defines the disturbance in these
irregularities. In fact, this function determines a class of
the irregularities shape. It was chosen to the model as a
possible simple function, which also enable us to generate
soil surfaces with different directivity. The model presented
above assumes that the set of the geometrical parameters «,
b, and c is independent of the illumination and viewing
conditions for a given surface. This assumption was taken
into account when formulating the procedure for fitting these
parameters to the hemispherical —reflectance data related to
the surface. This procedure involves choosing those values
of the virtual surface parameters, a, b, and ¢, which give the
lowest possible root mean square error rms between the
measured and the modeling reflectance data for all the
wavelength bands used:

. 1 d
rms = min [ > —— 1> " (Mo g.0,.0,6, — Po.s.0n.005) |

n—1 =
(21)

where n, is the number of the analyzed radiance data,
Mo s 0v.4v.c 18 the measured value of radiance for given
angles 0, ¢s, 0y, ¢y, and ¢, Pys ps ov.pv.pc.s 1S the predicted
value of radiance for these angles, and the set s of param-
eters: a, b, c. Finally, the minimum value of the rms indicates
the set s for which the average mean square root is the
lowest. Generating the hemispherical—directional reflec-
tance for all of the virtual surfaces that the following
assumptions and decisions were made:

— the number n of spheres inside that virtual surface R is
40 x 40=1600;

— the number of the individual point light sources m in the
hemispherical light for each of the wavelengths is 297;

— the virtual surface is illuminated as for a clear sky, using
Eq. (8) with the following values of its constants: ¢; =
0.201, ¢,=0.02, c3=—"17.8, c4=0.148, as in the paper of
Grant et al. (1996);

— scattering of the surface is quasi-Lambertian, character-
ized by a constant expressing the concentration of the
specular component along the main direction of reflec-
tion o= 6;

— values of the geometrical parameter a, b, and ¢ were fitted
with the precision of 0.1;

— other parameters describing conditions of illumination
and observation of the studied surfaces, s, ¢s, 6,, and
¢, were taken as their measured values.
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Fig. 13. (a) Distributions of the normalized hemispherical - directional reflectance function NHDRDF of the tested surfaces obtained from the measured data for
the wavelengths of 850 nm for chosen illumination conditions defined by the solar zenith angle 05 and additionally by the angle ¢, _ s describing illumination of
the furrows as a distance angle between the direction of the furrows and the sun position. (b) Distributions of the normalized hemispherical —directional reflectance
function NHDRDF of the tested surfaces predicted by the model for the wavelengths of 850 nm for chosen illumination conditions defined by the solar zenith
angle Og and additionally by the angle ¢ _ s describing illumination of the furrows as a distance angle between the direction of the furrows and the sun position.
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Fig. 13 (continued).

The virtual surfaces were obtained using the radiance
data for each of the wavelengths used with 7, equal to 270
and 780 for the cultivated surface with furrows and for the
uncultivated surfaces, respectively.

The accuracy of the virtual surface fit was assessed
using the mean square root error rms calculated for each of

the wavelengths (four for the cultivated and five for the
uncultivated) and for the total set of the reflectance data
collected for the given surfaces at all of the wavelengths
together (Table 1). The accuracy for the furrowed soil
surface (C) is lower than that for the uncultivated surfaces.
The highest accuracy was obtained for the relatively
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Table 1
Root mean square error rms calculated for measured and generated by the
model NHDRF data for the tested surface

Surfaces 450 550 650 850 1650  All
nm nm nm nm nm wave
rms

Cultivated with - 0.142  0.135 0.120 0.111  0.132
furrows

Uncultivated 0.130  0.102 0.110 0.092 0.102 0.100
very rough

Uncultivated 0.101  0.091 0.085 0.080 0.072  0.080
moderate rough

Uncultivated 0.101  0.080 0.066 0.063 0.058 0.072

relatively smooth

smooth silt surface (S). The data of the uncultivated
surfaces clearly shows the longer the wavelength, the
higher their accuracy.

The distributions of the mean square root error rms in the
function of the a and ¢ parameters enable us also to assess
the sensitivity of the procedure with respect to these
parameters for the wavelength of 850 nm and all the
measured wavelengths, separately (Fig. 14). Both groups
of rms distributions are very similar. Neither flattens with
respect to @ and ¢, and thus these geometric parameters are
available to match in this procedure. The shaded areas,
marking the combinations of the parameters which were
recovered with near the same values of the rms like its
minimum, relating to the best fitted set of the parameters,
show that the analyzed surfaces, despite their different
shape, can characterize very similar hemispherical—direc-
tional reflectance. This effect, mentioned also by Shoshany
(1991) as the equifinality of the bidirectional reflectance
distribution, is observed for the studied surfaces at different
variation range of the geometrical parameters a and c. The
equifinality is especially visible for the uncultivated mod-
erate rough surface (M), where it can be observed in the
widest range of the a variation, as well as the parameter c.

The virtual surfaces used in this procedure as the set of
geometric parameters a, b, and ¢ look similar to their real
equivalents, especially when they are seen under the same
illumination and viewing conditions under which the images
of the real surfaces were recorded (Fig. 12). The virtual
surfaces of the tested surfaces have a similar character to the
real ones, e.g., the virtual surface of the cultivated surface
(C) has furrows, and the uncultivated surfaces do not have
them. The shape of these furrows is described by the
parameter 0 <b <1, and when they are absent, the parameter
is b=1. Furthermore, the greater the roughness of the real
surfaces, the greater that of their virtual equivalents. Weak
irregularities of the smooth surface (S) were treated as an
ideal flat surface, characterized by a=0 and =1, deformed
only by the disturbance parameter ¢=0.3. The higher
irregularities of the virtual creations corresponding to the
two uncultivated surfaces with higher roughness levels, i.e.,
the moderately rough (M) and the very rough (R) surfaces,
are simulated with a relatively low value of the parameter

a=0.3 and a high value of ¢=0.7 for the M surface, and
conversely, with a high ¢=0.9 and a low ¢=0.3 for the R
surface. The R surface that in reality consists of many larger
pieces of rock against the background of a finer rocky
material is more accurately characterized as a virtual object
by a high value of @ and a lower value of ¢. The M surface,
with rocky pieces more uniform in size, is described in
virtual terms by a high value of a ¢ and the relatively low
value of a. The cultivated surface (C), with furrows that
were ploughed when the soil material was dry, contained
many large soil aggregates and clods causing its high degree
of roughness. Its virtual equivalent has a medium value, 0.5,
of both @ and ¢ parameters. The parameter »=0.25 does not
illustrate the furrows real profile precisely enough. The
shape of the furrows, with the depth of 10 cm and the
distance between their successive tops of 60 cm, should be
described by the »=0.2, but accepting the b value 0.2
instead of 0.25 creates a higher rms error than 0.005 for
all the analyzed wavelengths in the above procedure. The
shape of the virtual surfaces expressed by parameters a, b,
and ¢ looks more realistic than that proposed in the previous
geometrical models of Cierniewski, which utilized equal-
sized spheroids of given horizontal and vertical radii, which
were dispersed in a net of squares on a freely sloping plane,
absorbed into the plane and having their tops at a height
above it (Cierniewski & Karnieli, 2002; Cierniewski et al.,
2002). In the Cierniewski et al. (2002) model that was
designed to predict the directional reflectance from cultivat-
ed soils, the absorption along the direction of furrows is
lower than that across it. The virtual surfaces created by
these previous models from the measured directional reflec-
tance data of uncultivated, as well as cultivated soils, appear
as unrealistic, strongly vertical elongated spheroids.

The virtual surfaces of the tested types are characterized
in terms of their surface shape directivity using the factor
Dg, as well as the directivity of their hemispherical—
directional reflectance distribution function Dyprpr (Table
2). The cultivated surface with furrows is described by the
highest values of both Dy and Dyprpr. However, for the
relatively smooth uncultivated surface (S), these functions
have their lowest values. If the Dy increases for all the tested
surfaces, ranging from the smoothest uncultivated (S) to the
roughest cultivated with furrows (C), and is gradual and
uniform, the growth of Dyprpr is similarly uniform only for
the uncultivated surfaces. Therefore, the difference in the
directivity of HDRDF between of the uncultivated and
cultivated surfaces is significant.

4. Summary and conclusion

The model presented in this paper predicts the normal-
ized hemisphere-directional reflectance function for soil or
rocky surfaces of a given roughness under outdoor illumi-
nation conditions. These surfaces are simulated by a virtual
surface of geometrical shapes reminiscent of beads merging
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Fig. 14. Distribution of the root mean square error rms for measured and generated by the model reflectance data of the tested soil surfaces used in the fitting
procedure of their virtual surface parameters. The shaded areas include the combinations of the parameters recovered with the error higher of 0.005 than the

minimum rms.

into each other. The surfaces are constructed by sets of
spheres of a given radius and position of their centers. The
spheres are of equal size, and a given number are dispersed
regularly in a net of squares. The height of the sphere
centers is described by three geometrical parameters, a, b,

and c. The a parameter describes the amplitude of the sinus
function along the x-axis, and b describes that along the y-
axis, relative to a. The ¢ parameter describes the maximum
deviation of the disturbance in the centers’ height, in
relation to values determined only by the parameters a
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Table 2

Geometrical Dy and reflectance Dyprr directivity of the studied surfaces
Surfaces Dr Duyprr
Cultivated with furrows 0.10 0.27
Uncultivated very rough 0.07 0.19
Uncultivated moderate rough 0.04 0.17
Uncultivated relatively smooth 0.03 0.14

and b. The top of the simulated surface with elimination of
any gaps between “beads merging into each other” is called
the virtual surface. This surface is characterized by the mean
deviation of its height along any direction. The differences
between the maximum and the minimum values of the
deviation calculated along all possible directions expresses
the directivity of the surface shape Dg.

The surface is illuminated by a hemispherical light
source, created by a number of point sources of given light
intensities. The distribution of the hemispherical light is
described by a formula that takes into account its amplifi-
cation near the horizon, concentration inside the solar
aureole near the sun, and the minimum in the quadrant
opposite to the sun. The formula also takes into consider-
ation the ratio of direct solar irradiance to global irradiance
that varies with the sun’s position, as well as the normal
optical thickness attributed to the wavelengths, and the
quality and content of the aerosols in the atmosphere. Due
to irregularities in the surface, it is impossible to completely
illuminate it by all of the point sources on the hemisphere. A
part of the light coming from these point sources might be
blocked by the presence of adjoining fragments of the
surface. The total amount of the light energy reaching the
whole surface is the sum of the illumination effects of all of
the elementary fragments of the surface, assuming that each
of them can be illuminated by different unblocked light
point sources. The light energy reaching the surface is
scattered from it, according to the quasi-Lambertian func-
tion, i.e., a combination of the Lambertian scattering func-
tion and the quasi-specular scattering one.

The model assumes that the image of a whole surface, as
viewed by a sensor suspended over it, is an effect of the
reflectance of the incident energy in a given direction by a
part of the elementary fragments of the surface lying inside
the sensor’s field of view. The distribution of the surface
reflectance, viewed from all the possible directions, is
described by two view angles, the horizontal and the zenith,
for all the possible illumination conditions. This distribution
is expressed by the solar zenith angle and the horizontal
angle for a given hemispherical light (described according to
the parameters in the formula mentioned above), and is
represented by the hemispherical—directional reflectance
distribution function HDRDF of the surface. In this paper,
these functions are normalized to the nadir viewing and
visualized for a given illumination condition.

The model assumes that the HDRDF of a surface contains
information about the directivity of the surface shape, which
is quantitatively described by the directivity factor of the

surface hemispherical—directional reflectance function
Dyprpr. The Dyprpr expresses the asymmetry of the
HDRDF with respect to the SPP. The absolute differences
in the surface reflectance Apyrpr, viewed from two direc-
tions (described by the same value of the view zenith angle,
but by different values of the view horizontal angle sym-
metrical to the SPP) are the elementary components of this
asymmetry. The highest value of these maximum differ-
ences, calculated for a given hemispherical light distribution
when the 05 and the ¢g is changing gives this Dypgrr factor.
Both the directivity factors, the Dg and Dyprpp, are strongly
correlated, as shown by their high coefficient of determina-
tion 7 is higher than 0.95. Probably, the model may reveal
the directivities at a scale, which is difficult to observe by the
human naked eye. However, the problem of the directivities
at different roughness scales needs further studies.

The model was tested on directional reflectance data,
measured in the visible, the near and the middle infrared
ranges, for a cultivated surface with furrows and three
uncultivated desert loess and rocky surfaces, situated in
Israel. The model makes it possible to create from the
measured data the synthetic surfaces, called virtual surfaces,
described by the geometric parameters a, b, and ¢ mentioned
above. These virtual surfaces look quite similar to their real
equivalents. As in reality, the virtual surface of the cultivated
field has furrows, and the uncultivated ones do not have any.
Furthermore, the higher the roughness of the real surfaces, the
higher the roughness of their virtual equivalents. The culti-
vated surface with furrows has the highest values of the
directivity factor of the surface shape Dg, as well as of the
directivity factor of the hemispherical —directional reflectance
function Dyprpr. However, the relatively smooth uncultivat-
ed surface has these factors’ lowest values. The virtual
equivalents of these surfaces, obtained from the spectral
reflectance data, contain a degree of error, expressed by the
root mean square rms, lower than 0.14 for the cultivated
surface and not exceeding 0.10 for the uncultivated ones.

The hemispherical—directional reflectance model pre-
sented here, together with the virtual surfaces, being sets
of the model input data describing the geometry of soil and
rocky surfaces, enables us to predict realistic images of
cultivated and uncultivated surfaces under given illumina-
tion and viewing conditions, as well as to distinguish the
directivity in soil or rocky surface shapes from their direc-
tional reflectance data. However, this last potentiality of the
model requires additional field reflectance and roughness
tests on a larger number of surfaces with more diversified
shapes, a careful evaluation of the measurement errors, as
well as a possible verification of the model using other
functions, describing the class of the surface shape.

The model could be used as a basis to create an opera-
tional tool for:

— completing soil reflectance data under illumination and
viewing conditions that are difficult to collect and an
accurate calculation of soil surface albedo; and
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— converting soil remote sensing data recorded under
different illumination and viewing conditions to stan-
dardized forms before classification procedure, that is
particularly important for the data collected by air-borne
and satellite sensors: wide field of view (FOV), narrow
FOV tilted at different angles, and conical scanning.
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