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Introduction

The soil surface geometry effects energy and
water fluxes and the distribution of solar energy
reflected from the surface. Soil surfaces viewed
by gmum:i air-borne and satellite sensors show
variation in their brightness due to the direction
of irradiation and the direction from which re-
flectance is observed. Irregularities of the soil
surface, caused by their soil texture, aggregates
and a micro-relief configuration, produce shadow
areas, inside of them the solar beams do
not directly reach the surface. Wave energy leav-
Ing the areas is many orders-of-magnitude
smaller than energy reflected from sunlit soil
fragments. In the absence of strong specular be-
haviour, soil surfaces seem to be brighter from

a direction which displays a lower proportion of
shaded fragments (Cierniewski, 1987, 1989; Cier-
niewski and Courault, 1993; Graetz and Gentle,
1982; Huete, 1987; Pech et al., 1986; Ransen et al.,
1985).

The degree of soil surface shadowing de-
pends on the general and the micro-relief con-
figuration of the soil surface slopes in relation
to incident rays, and the density of the elements
which cast the shadow. Several geometrical
models have been proposed which predict soil
reflectance based on the assumption that
shadowing of soil aggregates or clods has a
greater influence than the scattering properties
of a soil material at the micro-scale. Soil aggre-
gates in the model of Norman, et al. (1985) were
simulated by cuboids. Height of soil surfaces in
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the Monte Carlo reflectance model of Cooper
and Smith (1985) varied periodically with the
cosine function in one or two directions for row
and clump 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 Verbrugghes model (1994) simulates them
by spheroids of a defined proportion of their
vertical to horizontal radii. All the models as-
sume only perfectly diffuse reflection from the
sunlit soil fragments. Next improved versions
of the models, describing bidirectional reflec-
tance from non-directional rough soil surface
with regular dispersed soil aggregates, take also
into account specular features of the soil mate-
rial (Cierniewski et al., 1996, Cierniewski and
Verbrugghe, 1997a, 1997b). Cierniewski and
Marlewski (1997) applied the new geometrical
model to discuss the influence of illumination
and observation conditions on the directive re-
flectance from cultivated soil surfaces with
roughness of directional features. The model
predicts the normalised reflectance from soil
surfaces with a specific furrowed micro-relief,
assuming that they are perfect diffuse objects
and their viewing by sensors is parallel, which
can approximate a satellite viewing.

An improved version of this model with a
conical viewing of the sensors, had become a
tool which could be tested in outdoor conditions
from the ground level. This model, giving us a
higher confidence to its generated data, was
used to the simulation of the normalised reflec-
tance of cultivated furrowed soil surfaces re-
motely sensed from the air-borne level. The
model generated data were used to predict how
the brightness of furrowed soil surface varies
when their illumination and observation condi-
tions change.

The knowledge of the directive reflectance
behaviour of furrowed soil surfaces is especially
useful for their interpretation using data ob-
tained by air-borne and satellite scanners view-
ing at wide scan angles (Barnsley, 1984; Foody,
1988; Kowalik et al., 1982; Royer et al., 1985).
The data collected in different illumination and
viewing conditions need a correction to a stand-
ardised form before classification procedures. It
can eliminate soil interpretation errors being
only the result of dissimilarity of these condi-
tHons.

Methods

The model

The model approximates distribution of elec-
tromagnetic energy reflected from cultivated bare
soil surfaces with a specific furrow micro-relief.
Their regular shape in a vertical plane perpen-
dicular to the furrowed direction is described by
a sequence of isosceles triangles of given height
h and basis 2d (Fig. 1). This geometrical structure
is illuminated by direct solar beam coming at a
zenith angle 6, and an angle ¢, measured be-
tween the Sun and the furrowed longitudinal
axis directions. The solar beam energy is de-

scribed by factor Ej, defined as:

E:'li" = cos @, cos B + sin B sin es cos @, (1)

Fig. 1. Schema of the model representation and its parameters

where f§ = arctan (h/d) is the angle of slope in-
clination. When 6, + > 90°, the backward slopes,
as the OB, are completely shaded, and the for-
ward slopes, as the OA, are only shaded partially.
The co-ordinates of the point S, describing the
shadow border on the slope OA (Fig. 2) are cal-
culated by solving the system of equations:

Y = ¥a = (Yo - ¥a)/(xo = xa) (x = x4).
Y - ¥g = ks (x - xg), (2)

where A = (x,, ya), B = (xg, yp) and O = (xq,
¥o)- The brightness of the distance AS expresses
the sum of two components related to the sunlit
soil fragments, and fragments illuminated only
by the diffuse skylight. The energy of the skylight,
illuminating the sunlit fragments, as well as the
shaded ones, is expressed by the fraction f.
The shape of the geometrical structure decides
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that less diffuse skylight reaches its lower part
than its higher one, according to the formula:

EY, = fu 6/180° 3)

where & is the angle the skylight energy comes
to a given soil slope through. For the sunlit dis-
tance AS, the § is the angle defined by the points
A, M and B, where the M is the middle point
between A and S. For the shaded segments SO
and OB, the dangles are determined by the points
A, M’ and B and the points A, M” and B, res-
pectively, where the M’ and M" are the middle
points of the fragments SO and OB.

The geometrical structure can be observed by
a sensor along any vertical plane defined by the
angle ¢, related to the Sun position. The structure
is viewed in the plane at the zenith angle 6,
varying within the interval (-90°, +90°). The
sensor viewing is conical, defined by its field-of-
view (FOV) angle. In Figure 1 this angle is marked
by a.

The mode! assumes that the energy leaving
the sunlit fragments of the simulated surface is
perfectly diffused, and it is proportional to the
energy reaching the surface. The model calculates
the factor of energy reflected from the sunlit and
shaded soil fragments and their areas inside of
the sensor FOV, viewed at a given direction de-
fined by the horizontal angle ¢, and the zenith
angle 8,. The directional distribution of the soil
surface radiance is finally expressed by the nor-
malised reflectance NR{W_ 6oy defined as the pro-
portion of the total soil radiance viewed from an
off-nadir to the nadir direction.

Test of the model

The model was tested using bidirectional re-
flectance data acquired on an artificial furrowed
soil surface. The surface was made of air dry (to
equilibrium with atmosphere) loamy soil mate-
rials dispersed on sequence of parallel carton
trinedrons horizontally situated. The height of
the furrows was 8.7 cm, and the distance between
adjoining summits was 10 cm. The surface of
90 x 60 cm size was observed by the six-channel
field luminancemeter CIMEL 313-21. The instru-
ment was fixed on a goniometric support, which
enables us to observe the target from a constant
distance. The distance in the analysed measure-
ment experiment was 105 cm. The instrument

with a 10° field of view simulates the Landsat
TM and the SPOT (HRV) bands of the following
wavelengths: 450 nm, 550 nm, 650 nm, 850 nm
and 1650 nm. The band of 850 nm is doubled
by the silicon and the germanium detector. The
surface radiance data were collected along the
solar principal plane ¢, =0 and three other
planes, situated in relation to the Sun at angles
¢, 30° 60° and 90°. In each of the plane, the
data were measured at 15 view zenith angles
from 70° towards the Sun through the nadir to
70° away from the Sun at 10° increments.
Azimuth position of the furrow axis related to
the Sun, expressed by the ¢, angle, varied during
the experiment. The measurements were collected
for the ¢, angle equals 0° 30°, 60° and 90°. They
were acquired in Poznarn, Poland (52.03°N,
16.94°E) on 12 and 13 August 1997, under clear
sky, at 28 solar zenith angles 6, and illumination
¢, and view ¢, angles arranged as specified in
table 1.

TasLe 1. SOLAR ZENITH ANGLES d,, HORIZONTAL AMGLES OF THE
FURROWED SOIL ILLUMINATION @, AND HORIZONTAL ANGLES OF ITS
OBSERVATION ¢, CHARACTERISING TS ILLUMINATION AND OBSER-
VATION CONDITIONS DURING THE SPECTRAL MEASUREMENTS COLLEC-
TING. COMPLETED TO ROOT MEAN SQUARE RMS ERROR FOR MEASURED
AND PREDICTED DIRECTTVE REFLECTANCE DATA

No. 8 | & o | RMS
1 703 1 0 | 60 | 0037
2 693 o | 30 0.046
3 68.9 o | 0o | o007
4 67.1 30 90 0.030
5 66.9 0 90 0.007
6 66.1 60 50 0.062
7 62.1 0 | 60 0.049
8 61.2 0 30 | 002
9 61.5 0 90 (L.011

10 59.9 0 0 0.006
11 86 | 60 90 0.078
12 57.6 30 90 0.096
13 56.8 0 90 0.019
14 53.1 0 60 0.042
15 523 0 30 0.045
16 0.7 90 90 0.006
17 494 60 90 0.036
18 487 30 90 0.007
19 474 0 90 0.021

20 44.1 0 60 | 0017

21 436 0 30 0.029

2 424 9% 0 0.009

23 418 60 90 0.010

24 41.1 30 90 0.051

25 405 0 90 0.049

26 38.3 0 60 0.047

27 38.0 0 30 0.042

28 37.8 0 0 0.006
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Results and discussion

The test of the model

The accuracy of the discussed model function
was tested by a linear regression analysis of the
normalised reflectance of the artificial furrowed
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soil surface NR,, g, measured and predicted
by the model for the wavelength of 650 nm. Its
results can ascribe to the remaining applied
wavelengths, because the NR values for opaque

objects, such as soil surfaces, are independent
of the wavelength in the analysed visible, near-
and-middle infrared range. The NR values of
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Fig. 2. Relation between the normalised reflectance NR of the furrowed soil surface predicted by the model (solid line) and

that measured (dashed line} versus the view zenith angle 8, for the wavelength of 650 nm for chosen illumination and obser-

vation conditions, defined by the solar zenith angles 8,, the illumination angle of the surface ¢, and the angle of its observation
@, Negative values of the 6, correspond to forward scattering directions and positive values to backscattering directions
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TaBLE 2. SKYLIGHT FRACTION f,, VALUES USED FOR THE FURROWED SCIL

SURFACE REFLECTANCE MODELLING
g, (7
f

di
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70 |

(]

0.35] 0.3

65 | 60

0.25

45 | 40
0.15| 0.1

the furrowed soil surface were predicted by the
model, substituting the following values of the
skylight fraction f; assuming that they are
correlated with the solar zenith angle 8, values
as in table 2. The analysis was performed sep-
arately for each of the 28 series of data related
to curves of the surface normalised reflectance
NR distribution in the view zenith angle &,
function. The pairs of data, representing
measured reflectance values collected in condi-
tions when the luminancemeter looked at its
shadow cast on the viewed surface, were elim-
inated from calculating of the root mean square

1r

RMS error. The error yielded for these curves
values between 0.006 and 0.096 (tab. 1). The
lowest RMS characterises the NR curves col-
lected along the solar principal plane when the
solar beams coming parallel to the furrow longi-
tudinal axis ¢, = 0°, ¢, = 0°), while the highest
RMS, when the solar beams run perpendicular
to the furrows ¢, = 90°) and the observation
plane is oriented at the ¢, equals 60°. The curves,
predicted and measured, representative for the
analysed variation of the illumination and ob-
servation conditions, are presented in Figure 2.
Results of the regression analysis, relating to all
the measured reflectance data (represented by
409 pairs of the data), expressed by the coeffi-
cient of determination %, show that the precision
of the fit of the measured NR data to the pre-
dicted ones is 88%. The RMS error reaches 0.032
for this population (Fig. 3).
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Fig. 3. Relation between measured (M) and predicted (P) normalised reflectance of the furrowed soil surface for the
wavelength of 650 nm. The 95% confidence interval (dashed lines) and the eilipse of the 95% confidence area (solid line} are
plotted, too i
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Simulation of the brighiness variation of furrowed
soil surfaces

Strong enough correlation between measured
and predicted directive reflectance data of the
furrowed soil surface enable us to use the model
for simulation of the bidirectional reflectance of
similar surfaces for other illumination and view-
ing condition. The model was applied to predict
the brightness variation of a ploughed soil surface
and a soil surface put under potato cultivation
of a relative shallow and a dip furrow micro-re-
lief, respectively. Their brightness was simulated
for a sensor viewing from an air-borne level on
the surfaces. We assumed that the furrow basis
2d of the ploughed soil surface and the soil put
under potato cultivation is identical, 0.6 m.
whereas the furrow height h is different, 0.18 m
and 0.3 m., respectively. Both surfaces are
illuminated and viewed in the same conditions.
They are illuminated at the chosen solar zenith
angle 6, values: 30%, 50° and 70° relating to their
maximum variation in Poland in the second part
of June. Their illumination also describes the
horizontal @, angle of the following values: 10°,
30°, 50°, 70° and 90°. The reflectance values of
the furrowed soil surface were calculated taking
into account the same principles of the skylight
fraction @; assumption as for the model test
(tab. 2). The model generating the synthetic NR
data of the furrowed soil surfaces uses the fol-
lowing assumptions for their observation: the
air-borne sensor of the field of view angle o
equals 0.34°, the distance of the sensor to the
target is 100 m., the surfaces are observed along
the solar principal plane ¢, = 0°) and 5 other
planes, oriented at the ¢, angles: —60°, ~30°, 30°,
60° and 90°. The interpretation of the positive
values of the ¢, and ¢, angles are marked by the
arrows in Figure 1.

These synthetic data of the ploughed soil sur-
faces and the surfaces put under potato cultiva-
tion, presented in Figures 4 and 5, respectively,
enable us to quantitatively describe how the
brightness of those cultivated surfaces can vary
when their illumination and viewing conditions
change.

The plots of the NR distribution of the ana-
lysed surfaces show that variation of their bright-
ness closely depends on the shape of their fur-
rows. It is clearly higher for the deeper furrows
(of the higher proportion l/d) relating to the

surface prepared under potato cultivation than
for the shallow ones simulating the ploughed
soil surface. Probably, soil surfaces with dipper
furrow in the micro-relief scale similarly behave
as soil surfaces with higher irregularities of their
surface caused by soil aggregates and clods.

No brightness variation of the analysed fur-
rowed surfaces in the view zenith angle 6, func-
tion is predicted for their observation along the
plane parallel to the furrow longitudinal axis,
whereas their maximum brightness variation,
along the plane perpendicularly oriented to their
furrows. The higher the maximum variation, the
more perpendicular illumination of furrows, de-
fined by the horizontal ¢, angle. Comparison of
the maximum normalised brightmess of the
ploughed soil surface with the surface put under
potato cultivation in the backscattering range of
the plane mentioned illuminated at the solar
zenith angle 8,=70° and the ¢,=90° shows that
this surface can be 1.7 and 2.4 times brighter in
relation to their nadir viewing, respectively. In
the analogous illumination conditions, both sur-
faces observed from the opposite forward scat-
tering range, can be 2 times darker.

These values characterising viewing the sur-
faces from the backscattering (bd), as well as the
forward scattering (fd) directions, are weakly
modified by the ¢, angle. Only its values lower
than 30° change them clearly. The model predicts
that the ploughed surface and the surface pre-
pared under potato cultivation illuminated at the
#, angle equals 30° and viewed in the backscat-
tering range will be 1.6 and 2.2 times brighter,
and viewed in the forward scattering range both
will be about 1.7 times darker, respectively. For
the @, equals 10° these values are predicted as
1.5 and 1.8 (bd) and 1.4 and 1.3 (fd), respectively.

The solar zenith angle &, much stronger in-
fluences the normalised brightness variation. The
lower the 8,, the smoother plot of the normalised
reflectance (NR) distribution, which manifests the
lower brightness variation. When the 6,=30° the
ploughed soil surface almost shows no brightness
variation for lower horizontal illumination @,
angles than 70°. For the ¢, equals 70° and 90°
the ploughed soil surface observed along the
plane perpendicularly oriented to its furrows will
be about 1.2 and 1.3 times brighter in relation to
its nadir viewing in the backscattering range, and
1.4 and 1.5 darker in the forward scattering range,
respectively. The modelling data suggest that the



BRIGHTNESS VARIATION OF FURROWED S0IL SURFACES REMOTELY SENSED

98=3ﬂ¢ Ea=5{:|-

8,=70°

Fig. 4. Distributions of the normalised reflectance NR of the ploughed soil surtace, predicted by the model for chosen illumi-
nation conditions defined by the solar zenith angle 8, and the horizontal illumination angle @, remotely viewed from air-
bomn level at changing view zenith angles 8, and horizontal angles of its observation ®,
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Fig. 5. Distributions of the normalised reflectance NR of the furrowed soil surface put under potato cultivation, predicted by
the model for chosen illumination conditions defined by the solar zenith angle 6, and the horizontal illumination angle ¢, re-
motely viewed from air-borme level at changing view zenith angles 8, and horizontal angles of its observation @,
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surface prepared under potato cultivation in the
analogous illumination and observation condi-
tions will be 1.5 and 1.6 times brighter in the
backscattering range and 2 and 2.2 times darker
in the forward scattering range.

The data were generated by the model, as-
suming that the furrowed soil surfaces are ideal
Lambertian objects, and their roughness is only
caused by the micro-relief configuration. The
model does not take into account effects of soil
surface roughness caused by soil texture, aggre-
gates and clods. This kind of the soil surface
roughness is the reason of the non-Lambertian
behaviour of soil surfaces, too. Therefore the
brightness variation of the simulated soil surfaces
predicted by the model can be higher for soil
materials creating aggregates and clods on its
surface.

Conclusions

The conical viewing of the model presented
in the paper, enabled us to test it in outdoor
conditions. Strong enough correlation between
measured and predicted directive reflectance data
of the artificially formed furrowed soil surface
enables us to use the model for simulation of the
bidirectional reflectance of cultivated soil sur-
faces. The model was applied to predict the
brightness variation of a ploughed soil surface
and a soil surface put under potato cultivation.

The results of the model simulation show the
brightness variation of the analysed soil surfaces
closely depend on the shape of their furrows. It
is clearly higher for the deeper furrows relating
to the surface prepared under potato cultivation
than for the shallow ones simulating the
ploughed soil surface.

No brightness variation of these surfaces in
the view zenith angle function was predicted for
their observation along the plane parailel to the
furrow longitudinal axis, whereas their maximum
brightness variation, along the plane perpendic-
ularly oriented to their furrows. The horizontal
angle of the furrow illumination weakly modified
the soil surface brightness, whereas the solar
zenith angle much stronger influences the bright-
ness.

The results of the work show the importance
of the knowledge of the directive reflectance be-
haviour of furrowed soil surfaces which is espe-

cially useful for their interpretation, using data
obtained by air-borne and satellite scanners view-
ing at wide scan angles.
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