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A bstract This work is an attempt to assess the
accuracy of soil surface roughness estimations based on
analysis by inverse model of bidirectional soil reflectance data.
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INTRODUCTION

Rough soil surfaces, as most natural ob-
jects, show in brightness variations caused by
direction of irradiation and also the direction
from which reflectance is measured. In the ab-
sence of strong specular behaviour, a soil sur-
face seems to be brightest from the direction
which gives the lowest proportion of shaded
fragments. That soil surface usually displays a
clear backscattering character with a reflec-
tance peak towards the Sun position (‘hot
spot’ direction), and decreasing reflectance in
the direction away from the peak, with mini-
mum reflectance in the extreme forward scat-
ter direction near the horizon [12,13,15]. The
hot spot tends to be more pronounced when
solar zenith angle increases. Soil reflectance
could also have a forward scattering character
due to specular reflection as observed on an
alkali flat bare soil and on a flat gypsum sand
surface with uniform ripples [9].

The non-Lambertian behaviour of a soil sur-
face depends on its roughness at micro-scale
and larger scales, as well as on the incident an-

gle of the direct solar beam on the surface. If
the surface in micro-scale is smooth in relation
to the wavelength, the sunbeams are reflected
specularly in a directional way, where the an-
gle of incidence equals the angle of reflection.
If the soil surface in the scale is rough, the
sunbeam energy falling on the surface is dis-
persed into vectors creating the ideal shape of
a sphere, independent of the angle of inci-
dence. The criterion of roughness to divide be-
tween smooth and rough particle surfaces in
micro-scale depends on wavelength and the
incidence angle of the direct solar beam. For
the visible and near-infrared range and for in-
cidence angles from 10° to 70° the critical
height variation of the surface according to
Rayleigh’s formula is between 0.05 um and
0.47 um [4]. 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 pro-
duce shadow on soil surface fragments. Ener-
gy reflected from these fragments is many
times lower than energy leaving sunlit soil
fragments and it becomes another important
factor influencing the non-Lambertian distri-
bution of the soil re-radiation [10,11,16,17].
The degree of soil surface shadowing depends
on the density of the elements casting shadow,
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the general configuration of the soil surface
and its slope in relation to incident rays.

Geometrical soil directional reflectance
models, describing a soil surface as a plane
varying periodically with cosine [8], simula-
ting soil aggregates as cuboids [14], spheres
[1,2], or spheroids, [5,6], regularly spaced pre-
dict soil bidirectional reflectance based on the
assumption that shadowing of soil surface has
a greater influence than the scattering proper-
ties of a soil material at micro-scale. All the
models assume only perfectly diffuse reflec-
tion from directly illuminated soil fragments.
Improved versions of the last mentioned model
[3,7] take into account the diffuse as the specu-
lar component of energy leaving soil surface
in the visible and near-infrared.

In the work presented the authors try to
answer how precisely it is possible to infer
about soil surface roughness from soil bidirec-
tional reflectance data using an inversion of
the soil reflectance model incorporating specu-
lar effects [7].

METHODS
The model

The model predicts the reflectance distri-
bution of a horizontal soil surface along the
solar principal plane. Equal-sized spheroids of
horizontal (a) and vertical (b) radii lying on a
flat horizontal surface simulate the soil sur-
face. They are regularly spaced at a distance
‘d". The spheroids are given as composites of
small planar units. The geometrical structure is
illuminated by the direct solar beam at a zenith
angle 0, and diffuse skylight, defined by the
ratio of its energy to direct light (f,,) (Fig. 1).

The model calculates the area of illumi-
nated and shaded fragments of the simulated
soil surface, visible at a given view zenith an-
gle (@) of the sensor, and then the electromag-
netic energy coming to each facet of the
structure. The slope angle of each facet ()
and its azimuth angle (¢,), together with the
solar zenith (6,) and azimuth (¢,) angles, de-
termine the amount of energy reaching the
sunlit surface using the factor (£,), defined as:

Fig. 1. Geometry of simulated soil surface and distribution
of wvectors of the near-perfect specular componeni of
energy leaving one facet of the surface, where ne and be
are the major and minor radius of the first component, g is
the angle of the reflected sunbeams to the normal and &8s is
the solar zenith angle.

Ey, =cosB cosP +

sin 3 sinB [ (sin¢ , sind, + cosd; cosd,. ) (4 h]

This factor express the cosine of the inci-
dence angle (¥) of the direct solar beam to the
facet. A part of the direct energy is reflected
as from a near-perfect specular object and a
part as from a perfect diffuse one.

Energy reflected in the near-perfect specular
way is dispersed into vectors (v,) creating an
spheroidal shape of elongation (e/) depending
on the intensity of polarization (Fpy,) of the
reflected energy E, at the ¥ angle, as:

el =aele=1/(1=Fpyy=ri—r2, (2

where ae and be are the major and minor ra-
dius of the spheroid, and r;, and r_ are respec-
tively the perpendicular and parallel Frasnel
reflection coefficient, given by:

ry =(muy—pw )/ (npy + 1)

and
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re=(npy—pr)/ (npp+pur)
with g =cosy = Eg,

(3)

where n is the refractive index of the reflective
medium.

Energy leaving a given facet in the per-
fectly diffuse way 1s dispersed into equal-size
vectors (v,) creating the ideal shape of sphere.

The proportion between the near-perfect
specular and the perfect diffuse energy ex-
presses the specular-diffuse coefficient (SDC),
defined as:

and po =(I-—sin2"r fi Y

SDC=V,,/Vy (4)

where V,, and V,; are respectively volume of
the v,, vectors spheroid, and the v, vectors of
the sphere.

The energy outgoing from a given sunlit
facet (Eiy), sensed by the sensor from the
given direction (6,), is defined as:

Eig = Egl[SDC" v, +

(=8SDC Y1+ fu )

where f; is the ratio of skylight to direct light
for the given wavelength, is proportional to
the area of a given sunlit facet (Aig). The en-
ergy leaving the shaded facet (Esg), expressed
by the f; fraction of anisotropic distribution, is
proportional to the area of shaded facet (Asg).
The relative radiance of the simulated field
surface (L) visible to the radiometer from
the given direction (#,) can be formulated as:

lilgiﬁiﬂiﬁla -+ *iIEEIﬂ.!A.YfaI
Liovy =5 T

(6)
é ﬂfﬁn- 2y A.’S‘ﬁ,;
|
where i is i facet of the geometrical structure
visible inside of the field-of-view of the radio-
meter at angle &,.

The reflectance of the simulated surface is
finally expressed by the relative reflectance
factor (RRF), which is defined as the ratio of
the total radiance measured from the off-nadir
direction to the radiance measured from nadir.

Observed data

Validation of the model to inferring about
soil surface roughness were tested using soil
bidirectional reflectance data acquired on a
bare field on the alluvial plain covered by peb-
bles of several centimetres diameter (Fig. 2) of
the Rhéne river, named La Crau, located 40
km to the south of Avignon, and 15 km north
of the Mediterranean Sea in southern France.

Reflectance data of the field were mea-
sured by a three-channel (X51:0.50-0.59 um,
XS2: 0.61-0.68 um and XS3: 0.79-0.89 um)
field radiometer CIMEL simulating the SPOT
(HRV) bands. It collected radiance data along
the solar principal plane in 13 directions at
view zenith angles from 60° towards the Sun
through the nadir to 60° back from the Sun at
10° increments. The radiometer observed the
soil surface from a distance of 2 m, inside of
its 12° field of view.

Simultaneously to the radiometer data col-
lecting, photographs of the target, viewed by
the radiometer, were taken. The photographs
were used to assess roughness parameters of
the soil surface.

RESULTS AND DISCUSSION

The soil roughness is described in the
model by three parameters: the b/a ratio defin-
ing the flatness of the spheroids simulating the
soil pebbles, the relative distance between the
spheroids (d/a), and the specular-diffuse coef-
ficient (SDC) characterising optical properties
of the soil material. Values of these parame-
ters were determined by a simple optimisation
technique, separately for each series of mea-
sured reflectance data referring to the given il-
lumination conditions defined by the solar
zenith angle (6,) and the skylight ratio f, for
the three radiometer channels. We computed
the distance between the measured BRDF and
the values simulated for a range of: b/a from 0.2
to 1 at 0.05 increments, d/a from 2.1 to 2.8 at 0.05
increments, and SDC from 0 to 0.16 at 0.02 incre-
ments. These values of the b, dla, and SDC
which provide the lowest root mean square
error were selected as the result of the model
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Fig. 2. Photography of the tested soil surface and the geometrical structure, being the result of the geometrical model
inversion, used in the paper.
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inversion, i.e., as the parameters which charac-
terise the tested soil surface in the best way.

The soil surface roughness parameters the
best fitted to measured bidirectional reflec-
tance data are presented in Table 1. Values of
the specular-diffuse coefficient (SDC) of the
tested soil material are constant for all the ana-
lysed illumination conditions, but values of
the relative distance between soil pebbles (d/a)
and their flatness (&/a) progressively vary with
illumination conditions changing. The wvaria-
tion of the d&/a, contained between 2.25 and
2.45 is not so strong as the variation of the b/a,
reaching the range from 0.4 to 0.7.

A reason for this variation is probably a
result of a divergence of geometrical assump-
tion of the model from real geometry of the
tested soil surface. The model assumes that
simulated soil aggregates, clods or pebbles,
have only a spheroidal shape and are equal-
sized and regularly spaced on a flat surface. In
fact the real pebbles are heterogeneous in their
rounded shape in their horizontal projection,
their flatness, and their distance from one ano-
ther. The diameter of the tested soil surface
pebbles varies from about 1.5 ecm to 10 ¢cm and
their flatness from about 0.3 to 0.9 (Fig. 3).
The heterogeneity of the shape of the natural

Tahle 1. Resulis of the geometrical model inversion, describin

pebbles produces an heterogeneity of relation
between the pebbles and the illumination con-
ditions. It is demonstrated on 20 selected peb-
bles lying inside of the radiometer field of
view, illuminated at four different Sun posi-
tions (Fig. 4). Measuring relative length shadow
of the pebbles on the ground (x_,/a) at the
given solar zenith angle, we determined the
value of the flatness of the pebbles (b/a)
which corresponds to the x_/a with assump-
tion that all of them are ideal spheroids (Ta-
ble 2). The following equations were used for
this procedure (Fig. 4):

Xun = [tan(90 -6 )]/ [tan® (90—6 ) +

(b7 a1
Yiun = bazx;un / tan(?ﬂ—ﬂ',}—g;a 7
Xsh = Xgun + tanﬂs(}'ﬂ.-" +2b/ a). {8)

If we describe the roughness of the tested
soil surface as the mean values of the b/a and
d/a from all the values obtained as the results
of the model inversion, it could be charac-
terised by the flatness b/a = 0.55 and the rela-
tive distance between pebbles dia = 2.35.
These mean values are very close to results of

Mainess of the pebbles (b)) and their relative spac-

ing (d/a), and statistical parameters, coeflicient of determination (r°) and root mean square (rms) error characterizing fit-
ting of the simulated soil surface reflectance to the measured reflectance data for given illumination, expressed by the
solar zenith angle (8,), solar azimuth angle (¢,). and the ratio between diffuse and direct energy (f;) coming to the mea-
sured s0il surface for three radiometer channel: X51, X582 and X53

fin XS1 XS52 XS3

&) 6" xs1 xSz  XS3 bia d/a 7 rms 2 rms . ms

902 625 0401 0321 0262 040 245 0956 0052 0936 0093 0924 0.092
985 541 0351 0289 0235 040 245 0923 0104 0964 0113 0965 0.0093
1052 483 0322 0265 0217 050 240 0969 0066 0976 0078 0948 0.073
1148 413 0302 0251 0207 060 235 0967 0059 0971 0050 0954 0.064
1232 365 0276 0226 0182 065 225 0969 0064 0979 0057 0954 0071
1352 316 0281 0226 0180 070 225 0914 0099 0954 0061 0900 0.090
150.1 277 0263 0211 0174 070 225 0960 0060 0967 0053 0957 0044
1740 252 0254 0200 0.163 070 225 0954 0048 0941 0049 0949 0035
1924 255 0251 0197 0161 070 235 095 0048 0936 0056 0940 0.047
2148 288 0258 0204 0166 065 235 0946 0051 0959 0047 0965 0036
2305 337 0250 0200 0165 050 235 0922 0061 0909 0059 0919 0048
2438 403 0252 0208 O0.174 045 235 0912 0071 0934 0059 0917 0071
2530 468 0271 0221 0184 045 235 0945 0077 0956 0083 0932 0.066
2648 573 0324 0272 0226 040 245 0920 0082 0925 0108 0945 0.091
2668 660 0372 0307 0256 040 245 0963 009 0952 0086 0942 0.090
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Fig. 3. Shape of pebbles situated inside of the radiometer
ficld of view at the nadir (fv = 0), characterised by their
horizontal (a) and vertical (b) radii.

another geometrical model test, carried out on
the same soil surface [5]. The &/a and d/a va-
lues were determined in this previous test as
0.56 and 2.37, respectively.

Satisfying results of soil surface geometry

complicated, especially, soil surface develo-
ped from heavy texture materials which cre-
ate porous aggregates with necessarily
rounded edges. They could not be described
precisely enough by models simulating them
by equal-sized spheroids. Thus, the inver-
sion of this model used as the method for in-
ferring about soil surface roughness from
soil bidirectional reflectance data probably
is limited to soil surfaces containing simple
dense particles of rounded edges not creat-
ing secondary aggregates.

The soil surface roughness parameters,
obtained as the result of the inversion of the
model presented in this paper, were fitted to
each of the analysed illumination conditions
with the similar accuracy level (Fig. 5, Table 1).
A linear regression analysis has been per-
formed between the relative reflectance factor

recopstruction.. . eyorgseed by the, fact thallt the
soil surface generated by the model is close to
the real shape, are probably due to quite sim-
ple geometry of the tested surface. Typical
cultivated soil surfaces are geometrically more

(RRF) of measured data and data resulting
from inversion modelling. For the three chan-
nels we found values of coefficient of determi-
nation (r?) between 0.9 and 0.92, and mean
deviation (rms) error of about 0.06 - 0.062

Table 2 Flamness of pebbles (b)) determined from the relative distance of the shadow boundary on the ground
{x,/a) in relation to the center of a given pebble for chosen solar zenith (8) and azimuth (¢,) angles. The bfa values are
calculated with the assumption that the pebbles have a spheroid shape

Pebble P:=105.2°; 8,=48.3 @=114.8" 8,=41.2° Ps=135.2" 8,=31.6" $4=264.8"; 8,=57.32°
nao. xanla bia Xshict Xsh/ia ba Xsh/d b
1 1.92 0.64 1.67 0.57 1.40 0.60 1.92 0.47
2 , . . . 1.40 0.60 1.83 0.42
3 - - 1.71 0.62 1.50 0.67 1.88 0.47
4 2.00 0.60 1.67 0.57 1.60 0.76 - -
5 1.80 0.56 1.60 0.56 1.50 0.70 - -
6 1.80 0.56 - - - 1.43 0.25
7 1.67 0.40 1.50 0.47 1.60 0.72 1.80 0.45
8 1.60 0.42 1.71 0.60 1.44 0.60 . .
9 1.71 0.45 - - - - 1.89 0.45
10 1.71 0.45 1.71 0.60 1.43 0.60 - .
11 1.60 0.43 1.80 0.75 1.50 0.67 1.67 0.34
12 - - 1.71 0.60 1.50 0.70 - .
13 1.86 0.60 - 1.57 0.75 1.86 0.46
14 - - 1.67 0.57 - - 2.00 0.47
15 - - = 1.50 0.67 1.57 0.30
16 - - - 1.56 0.75 1.40 0.22
17 1.60 0.43 - . - 1.0 0.45
18 B - 1.67 0.57 1.44 0.60 1.62 0.32
19 1.67 0.47 - 1.50 0.67 1.83 0.42
20 1.60 0.43 1.60 0.50 1.50 0.67 - -
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¢s = 135.2°

Fig. 4. Length of selected pebbles shadows inside of the radiometer field of view, viewed the tested soil surface at the
nadir (8, = 0), illuminated at four the Sun position, defined by the solar zenith 8, and azimuth ¢, angles.
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Fig. 5. See next page.
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Fig. 5. Relative reflectance curves along the solar
principle plane for the channel XS52 simulated by
the model (bold ling) and the measured one (simple
line) for given solar zenith (6)) and azimuth (¢,)
angles. a and b are horizontal and vertical radii of
the simulated pebbles, respectively, and d is the
distance between them. MNegative angle wvalues
comrespond to forwardscattering directions, but
positive values, to backscattering directions.
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Fig. 6. Relationship between measured and simulated soil
relative reflectance factor (RRF) of analysed soil surface
for XS1, XS2 and XS3 channels of the radiometer. r° is
the coefficient of determination, and rms is the root mean
square error of the analysed pairs of data.

(Fig. 6). The r2 and rms, computed separately
for each of the analysed illumination con-
ditions, presented in Table 1, indicate
that the goodness-off-fit is between 90 and 98 %.

The relative root mean square error between
model generated and the measured data is not
higher than 0.11 and not lower than 0.04.

CONCLUSIONS

The example of the application of the soil
bidirectional reflectance model, presented in
this paper, shows that inferring about soil sur-
face roughness from soil reflectance data is quite
correct when reconstructed soil surfaces are
formed of simple dense particles of rounded
edges not creating secondary aggregates.
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