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ABSTRACT 
While modelling the hemispherical-directional reflectance of soil surfaces with different shape, it 
was found that their hemispherical-directional reflectance function (HDRDF) not only includes gen-
eral information about their shape, i.e. that it is more or less rough, but this function also contains 
further details, such as its directivity (i). The directivity of soil surface geometry can be obtained by 
analysing the symmetry of the HDRDF with respect to the solar principal plane. The HDRDF of 
surfaces, with an indirect, random spread of their height irregularities, is almost symmetrical. How-
ever, the HDRDF of surfaces with directional microrelief-like furrows is asymmetrical: the greater 
the asymmetry, the stronger the directional character of the surfaces. Thus, analysing brightness 
variation of a soil surface image viewed by a sensor at specific directions in definite illumination 
conditions, it is possible to infer the surface shape directivity even at a scale which makes it im-
possible to perceive the directivity features for the reason that they are too detailed in relation to 
the image pixel size. The paper, analysing variation of the HDRDF function of surfaces with bigger 
and bigger deepening furrowed microrelief focuses on the problem in which illumination and view-
ing conditions inferring the shape directivity of these surfaces become available using remote 
sensing methods. 

INTRODUCTION 
Wave energy reflected from bare soil surfaces in the optical range is distributed non-equally in all 
directions. Their reflectance varies due to the directions of its illumination and observation. De-
scription of the soil surface reflectance by the bidirectional reflectance distribution function (BRDF), 
as the ratio of radiance reflected by the surface to the incident irradiance from only one source of 
illumination, shows that most soils with dominant diffuse features display a clear backscattering 
character with a reflectance peak towards the light source position and decreasing reflectance in 
the direction away from the peak (ii). The peak of backscattering radiation becomes less pro-
nounced at a low zenith angle of the light source. Irregularities of these surfaces make it impossi-
ble to completely illuminate them. Part of the light coming from this one point source to a fragment 
of the soil surface can be blocked by the presence of its adjoining fragments. These fragments, 
being usually larger than wavelengths in the optical domain and opaque, cast shadows on the sur-
face. Wave energy leaving the shaded areas, at the most being illuminated by the energy reflected 
earlier from other non-shaded fragments, is many orders-of-magnitude smaller than the energy 
reflected from its fragments directly illuminated by this one light source. Variation of the shadow is 
the main reason for their non-Lambertian behaviour. The surfaces seem to be the brightest from 
the direction which gives the lowest proportion of the shaded fragments. Desert soil materials with 
specular features, like gypsum sand and beach quartz sand, display a high reflectance with a 
strong forwardscattering character, which varies with the angle of the incident radiation, reaching 
its maximum at the highest zenith angles (iii). 

If these surfaces are illuminated by more than a single light source, as in natural field conditions by 
the direct solar and the diffuse sky, their non-equal reflectance distribution is less manifested. The 
lower the non-Lambertian effects, the higher the proportion of this diffuse component, because 
magnitude of the energy reflected from the sunlit fragments becomes similar to the amount of en-
ergy leaving the shaded parts. The proportion of the diffuse light in the global skylight decreases 
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with the wavelength and depends on atmosphere state, cloudiness and contents of aerosols and 
their quality. The distribution of the sky radiation environment incoming to Earth surfaces, like the 
distribution of the radiation reflected from them, is unequal. Ground measurements, carried out in a 
desert region of the state of New Mexico, show that in clear sky condition for clean atmosphere the 
sky is very bright near the sun in the so-called aureole. The sky is relatively bright along the hori-
zon, while it is the darkest in the quadrant opposite to the sun (iv). The variation of the sky radi-
ance intensity becomes lower when the sun elevation rises. Kondratyev (v) has mentioned that the 
variation could be practically negligible for sun elevation angles higher than 60°. When the sky is 
completely overcast, the radiance distribution is almost constant with its weak monotonic drop from 
the zenith to the horizon.   

Abdou et al. (vi) and Strub et al. (vii) suggest that practical data about the directional reflectance 
behaviour of different objects, that have been collected so far, require the use of the hemispheri-
cal-directional reflectance approach (viii), rather than the bidirectional reflectance one, as the inci-
dent irradiance under conditions of outdoor illumination consists of a mixture of direct solar and 
non-isotropic diffuse components.   

While modelling the hemispherical-directional reflectance of soil surfaces with their different height 
irregularities caused by texture, aggregates and microrelief configuration, formed by farming tools, 
it was found that their hemispherical-directional reflectance function (HDRDF) not only includes 
general information about their shape, i.e. that it is more or less rough, but the function also con-
tains further details, such as its directivity (i). The directivity of soil surface geometry can be ob-
tained by analysing the symmetry of the HDRDF with respect to the solar principal plane. The 
HDRDF of surfaces, with an indirect, random spread of their height irregularities, is almost sym-
metrical. However, the HDRDF of surfaces with directional microrelief-like furrows is asymmetrical: 
the greater the asymmetry, the stronger the directional character of the surfaces. This relationship 
between the directivity of soil surface shape and the directivity of the surface hemispherical-
directional reflectance distribution function was confirmed on an example of soil, Calcic Xerosols 
developed from sandy loam. The surface, situated in a field of an experimental agricultural farm 
near Beer Sheva in Israel (31.33°N, 34.67°E), was prepared by a cultivator which shaped furrows 
10 cm deep and the distance between their successive tops of 60 cm.  

The present paper focuses on the problem for which illumination and viewing conditions inferring 
the shape directivity of soil surfaces is available at the scale which make impossible to perceive 
the directivity features for the reason that they are too detailed in relation to the image pixel size. 
The issue is considered in the context of the directivity clarity, using the virtual surface simulating 
the furrowed surface, mentioned above, and others, with shallower and dipper furrows.  

METHODS 
These virtual surfaces are geometrical creations similar to beads merging into each other. They 
are characterized by three parameters a, b and c. The a and b describe its height variation along 
the x-axis and the y-axis, by the amplitude of the sinus function. The c expresses the disturbance in 
the height position in relation to the ones determined by only the a and b parameters. The virtual 
surface, as an opaque object, is illuminated by a hemispherical light source created by a number of 
point sources of given light intensities, spread equally on the hemisphere. It is assumed that for 
outdoor conditions the ratio of the direct solar irradiance to the global irradiance for clear sky condi-
tions changes with the sun’s position s, described by the solar zenith θS and azimuth φS angles, and 
the optical thickness of the atmosphere τ  attributed to the wavelength λ. Distribution of the hemi-
spherical light energy is described by a formula, also taking into account: the minimum amount of 
the energy, the amplification of the energy near the horizon, the concentration of the solar aureole 
and the energy at the darkest part of the hemisphere light in the quadrant opposite the sun. All 
these quantities are expressed by the constants, similarly as in the equation of Grant et al. (ix). 
The light energy is scattered from the surface, in accordance with the quasi-Lambertian function, 
being a combination of the Lambertian scattering and the quasi-specular one. The distribution of 
the surface hemispherical-directional reflectance ( )vsHDR ,,τ  as viewed from all possible direc-
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tions v, defined by the zenith θV and azimuth φV angles, can be generated for all possible illumina-
tion conditions expressed by the angles θS, φS  and  the atmosphere optical thickness τ, attributed to 
the given wavelength λ. It is known that variation of a soil surface reflectance is the highest be-
tween its backscatter and forwardscatter reflectance directions. Combining the concept of the 
backward and forward scattering with any direction φ we can define the HDR distribution of a soil 
surface as the sum of the two parts: 

 

),,( vsHDRHDRb τ=   for 0sinsincoscos ≥+ φφφφ vV  

 and respectively 

),,( vsHDRHDRf τ=  for 0sinsincoscos <+ φφφφ vV , 

 

separated from each other along the line perpendicular to the φ direction (Fig. 1). The soil reflec-
tance variation with respect to this line describes the absolute value of the difference between the 
average values of the bHDR  and the fHDR , described by the symbol φΔ . We are looking for that 

φ angle, denoted here as the φ , for which the φΔ  reaches its maximal value.   

 
Figure 1. Two parts of the normalised to the nadir viewing hemispherical-directional reflectance 
HDR  distribution of a soil surface, separated by the line perpendicular to a φ direction, the bHDR  

and the fHDR , with their average values calculated as the ∫ dVHDRb and the ∫ dVHDRf , ena-

bling us to compute the absolute value of the difference between them. 
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Approximating the bHDR  and fHDR  of soil surface at given illumination conditions by a specified 
number m of their random samples, uniformly distributed on the hemisphere, we can simulate the 
real way of the reflectance data collecting. The higher the m, the higher the precision of this ap-
proximation, expressed by the concentration around the black line, marked in Fig. 2. To increase 
the reliability of the relationship, presented in the figure, the sampling was repeated 150 times for 
each sample number m. The number m=25, indicated by the red line, was chosen for our investiga-
tion.  

 

Figure 2. Relationship between the sample number m and the quality of the φ direction approxima-
tion, considered for the soil surface example, described by the geometrical parameters: a=0.5, 
b=0.25, c=0.5, with its furrows illuminated at the solar zenith angle θS=60°and the horizontal angle 
φS-C=45° between the direction of the furrows and the sun position in clear sky conditions character-
ised by the τ=0.2 attributed to the wavelength of 850nm.  

RESULTS 
Five virtual surfaces, one without furrows and four with furrows of their various clarity, were used to 
reach the goal of this paper (Fig. 3). The furrow clarity increase is expressed here by the growing 
values of the parameter a. The surface with relatively shallow furrows of low clarity is characterised 
by the a=0.25, while the surface of the deepest furrows of highest clarity is described by the a=1. 
One of the virtual surfaces is presented there with its real equivalent, Calcic Xerosol, developed 
from sandy loam with 0.6% of organic matter content and 16% of CaCO3 content in the surface 
horizon. This soil, located near Beer-Sheva (31.33°N, 34.67°E) in Israel, was prepared by a culti-
vator which shaped 10 cm deep furrows and the distance between their successive tops of 60 cm.  

In the first step of the investigation, for all the studied surfaces their hemispherical-directional re-
flectance HDR distributions, as viewed for all possible directions v, were generated by the model 
mentioned above. These distributions were predicted for the wavelength of 850 nm in clear sky 
conditions, described by the  optical  thickness  of  the  atmosphere τ  equal  to  0.2,  for  the  solar 
zenith angle θS varying from  10° to  80° at the increments of  5° and the horizontal angle φS-C, de-
scribing  illumination  of  their  furrows  as  a  distance  angle  between the direction of  the furrows 
and the sun position, changing from 0° to 180° also at the increments position, changing from 0° to 
180° also at the increments of 5°. These 2775 HDR  distributions, were tested using the approxi-
mation method, mentioned above, to obtain their φ . Each test was repeated 150 times. 
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Figure 3. Virtual surfaces with varying clarity of their furrows analysed in this paper on the real 
equivalent background for one of them. The symbols a, b and c are the geometrical parameters of 
the virtual surfaces. 

In the second step, the relation between the φ  and the φS-C was examined in the sets described by 
the surface shape and the θS. The character of the relation in the analysed sets clearly depends on 
the surface shape, as well as the solar zenith angle θS. Figure 4 shows this relation for the five ana-
lysed surfaces illuminated at the six specified angles θS: 80°, 60°, 40°, 30°, 20° and 10°.  It is evi-
dent that for the surfaces with a low clarity of the furrows, described by the a~0, illuminated at suf-
ficiently high θS, the relations are quasi linear. For θS angles lower than 30° this relation becomes 
inaccurate and it is more visible for surfaces with a lower clarity of the furrows than for a higher 
one. It was found that for the surfaces with sufficiently deep furrows, i.e. with the a>0.25, the rela-
tion between φ  and φS-C is still highly concentrated, but shaped more like the letter “S”.  

We assume that the difference between φ  and φS-C expresses the directivity of the surface shape. 
In case φS-C is equal to 0° or 90° (180° or 270°) the method proposed here makes it impossible to 
give unambiguous information about the directivity of the analysed surfaces, regardless of whether 
the examined surface is characterised by furrows or not. This imperfection of the method for these 
φS-C angles can be eliminated if the soil reflectance data are available to be collected in two sets for 
different horizontal sun angles with their azimuth distance of about 45°. 
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Figure 4. Relation between the angle φ  for which the φΔ  reaches its maximal value and the angle 
φS-C describing the illumination of their furrows as a distance angle between the direction of the 
furrows and the sun position, established for five soil surfaces with various clarity of their furrows 
described by the parameter a, illuminated at specified solar zenith angle θS. 
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Figure 4. Continued. 
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CONCLUSIONS 
The results of the work confirm our observation reported in our previous paper (i). The method 
proposed in this paper, using random sampling of the soil hemispherical-directional reflectance, 
enables us to infer about the directivity of a soil surface at a relatively wide range of the solar ze-
nith angle θS, not including the θS lower than 30°, even for the surfaces with not so deep furrows.  

It is important in practice that these results are satisfied for a relatively small number of the sam-
ples.  

Undoubtedly, it is necessary to define a quantitative parameter expressing the soil surface directiv-
ity with sufficient sensitivity for the method proposed in this paper. 
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