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A Model for Soil Surface Roughness
Influence on the Spectral Response of
Bare Soils in the Visible and Near-Infrared Range

JERZY CIERNIEWSKI

Agricultural University in Pocnan, Department of Ameliovative Pedology, ul Wojika Polskiego 71 E,
B35 Pocnan, Poland

A mathematical model dealing with the influence of soil surface roughness on sodl reflectance in the visible and
near-infrared range is discussed. The mode] is based on the assumption that the reflectance from anisotropic rough soil
surfaces is strongly correlated with the area of shadeawed soil Fragments, and therefore depends on the degree of sail
roughness a3 well as on the llumination and the viewing geometry. A rough soil surface is simulated by equal-sized
spheres arranged such that their centers form a square grid on a freely sloping plane. This model converts the bare soil
reflectance data obtained for smooth samples into data relating to any natural rough surface states under conditions of
unlimited Hllumnination, which are defined by the solar altitude, the angle of a slope, and the sloping of the soil surface
relating to the sunbeams direction. A simple parameter of the state of soil rosghness expeessing a peoportion of the
aggregates and clods area in top view in a given soil surface area is used bere. The comrectness of this model was
evaluated on spectral data from 12 air-dried undisturbed 0il samples obtained by means of a feld spectrophotometer
in cutdoor conditions at solar altitudes from 31° to 59°. The measurements were taken for soil surfaces sloping &t
angles of 0%, 10%, 20°, and 30* forward and backward to the direction of sunbeams. Linear regression analysis
indicates that for the studied spectral range the comelation coefficient of the relationship between all the 368 data
poitit measured and caleulated using this model reaches values of approxmately 0,99, It has been found that relation

between measused and predicted reflectance cosfficient is umilar for all the bested soils

Introduction

The roughness of soil surface is one of
the most important factors influencing
the reflectance characteristics of bare soils
in the visible and near-infrared range.
Yet the conclusion about the influence
of roughness on soil reflectance, as deter-
mined by laboratory studies on disturbed
samples (Belonogova and Tolchelnikov,
1959; Bowers and Hanks, 1965; Gerber-
mann and Weher, 197%; Kondratyev and
Fedchenko, 1980; Mikhaylova and Orlov,
1985; Obukhov and Orlov, 1964: Piech
and Walker, 1974) may not be compared
directly with the same relationships de-
fined under field conditions. This is due
not only to the more complicated rough-
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ness of natural soil surfaces, but also to
the dissimilarity of soils illumination con-
ditions. Because of these outside condi-
tions during soil spectral measurements,
one can assume that anisotropic rough
soil surfaces are not perfect diffusing
matter, and thus their spectral char-
acteristics also depend on sun-soil
surface—sensor geometries (Egbert and
Ulaby, 1972; Guyot, 1984; Epiphanio and
Vitorello, 1984; King, 1984).

The aim of this paper is presentation
and evaluation of the accuracy of a
mathematical model which converts the
spectral data for reflectance of bare soils
obtained on smooth samples into data
valid for any soil roughness state under
unlimited llumination conditions, as de-
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termined by the solar altitude, the angle
of slopes, and the sloping towards the
sunbeams direction.

Methods

The model

The model assumes that the amount of
reflected direct beam energy in the wisi-
ble and near-infrared range from aniso-
tropic soil surfaces is strongly correlated
with the shadowed area per unit area of
soil fragments. This proportion, called the
shadowing coefficient of soil surface
(5C.), besides the degree of soil surface
roughness, also depends on the direction
of illumination, direction of view, and the
slope aspect of the soil surface. In the
first stage, the model calculates as a fune-
tion of these variables the SC wvalue in
relation to a nadirlooking sensor. A natu-
ral rough soil surface is simulated by equal
sized spheres arranged so their centers
form a square grid on a freely sloping
plane (Fig. 1). The roughness factor of

this structure (RF,) is defined as:
E'F‘I'I'I-AJ."IAHF A;-:'mf"zfr41
A =d%os7, (1)

where A, =area of a sphere from top
view, A = unit of area, ¢ = diameter of
the spheres, d = distance between
spheres, and y = angle of slope. The rela-
tionship between d and RF, is then given
by the formula:

= y LA
i=f(mesr) . @
This structure, forward or backward slop-

ing to the sunbeams direction, is il-
luminated by the sunbeams lying in planes
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FICURE 1

Creametry of siemalated
surface shadow for caloulation of the
ronighiness factor (RF_ ) and the shadow-
ing coslficient (3C_ )

parallel to the net quarter sides. For the
determination of the shadowing coeffi-
cient of the modelled surface (SC_), simi-
larly as for natural rough surfaces (SC,),
we must know the total shadowed area of
this structure in a given area unit of the
horizontal projection. Sphere 5, cast this
total shadowed area which includes two
components. One component ( A(_,) in-
cludes the shadowed areas both on the
sphere 5; and on the planar surface. The
other component ( A_,) includes an area
on the nearby sphere S5, that is shaded
by sphere 5,. The 5C_ may be written as

A'.'-‘F + ﬂﬂ!
SC, =t

(3}

The values of shadow components were
found analytical by solving trigonometric
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equations describing the position of the
respective shadow elements in a coordi-
nate system having its origin in the center
of the sphere §, or 5.

When the roughness factor of the mod-
elled surface is so low under the given
illumination conditions that the adjoining
sphere 5;; does not overlap its shadow on
the planar slope, that is, dcosy 2 d_+a,
+¢,/2, the first component (A_,) is
calculated as follows (Fig. 2). The dis-
tance of the shadow ellipse center from
the given sphere center (d,) and the
major axis of the shadow ellipse (a_) in
top view are defined as follows.

Forward slope

a5 O T

For the forward slope as:
d, - %cmv[tnn{ﬂﬂ—a—ﬂ+tan‘r]-,
(4a)
P €08 .
ﬂf-ﬁ-mitm_ﬂ:_?]. {-:Iﬁ}

For the backward slope as:

& 1

dt'g‘ﬂ“ﬂ‘-""f' T tany |, (4b)
i COs Y

ﬂt E_ ﬁnEﬂ_T}: {E-b}

Backward slope

Seoal g = 0p - 87

WERTICAL X =SECTHGH

FICURE 2. Ceometry of an ownsphere shadow and a shadow on a slope plame cast by a given sphere.



where « = solar altitude. Solving the sys-
tem of equations

‘;.:3

IE+5,'E'"- T-ﬂ,

(x—d, ) 4 4y
ag ¢

=10,

describing a circle of the sphere §; and
the shadowed ellipse by the d_ and
a,, the distance of the intersection point
of the sphere and the shadow ellipse from
the given sphere center in the horizontal
projection (X ., Y,;.) is defined as

d,
Iﬂ,"f#rm-. (6)
e 1%

Yoo ($-20) . @

We can then calculate the total area of
the first shadow component (A_,,) as the

algebraic sum of the following figure

Areas:

A;ﬂlr.l. - ":"r+ A:h T A‘th: + "-'!'-r'l
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where
A =mgi-,
- X
ﬂrlr-%ﬂtmdﬂ a Ale

g [d:" x.m-:'rd;.n

DX
;I _xd'lr?dttr

2
AEE‘ = %H.Tli‘tﬁs

A

Af-w%{l-sinﬂ}. (8)

If the surface roughness factor is high
encugh so that under the given condi-
tions the shadow on the slope plane is
overlapped by the adjoining sphere Sy,
that is, if dcosy<d_+a, + ¢/2, this
first shadow component (A ,.) is corre-
spondingly reduced (Fig. 3). The distance
of the intersection point of sphere 5, and
the shadow ellipse from the assumed
origin of the coordinates at the horizontal
projection { X ;.. Y p.) was solved from
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FIGURE 3  Ceometry of shadow reduction on 2 slope plane chie 1o an adjoning sphere
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the system of equations

4yt~ =

{IidﬁMTidJ2+ !

a3 &

The position of this point is finally ex-

pressed by the formula:

od_ +2da cosy
¢ +2a,

x‘d"r= ,ﬁdm&?}df

(9a)
od, — 2da cosy
¢—2a,

Jifdeosy<d_,

(9b)

] o] 12
Edﬁ"m'r'_x.mfj ,

Xine™

Yin.™ 4
(10)

which make it possible to caleulate the
first shadow component’s reduction as the
sum of two values (A, + A ), the first
of which is calculated as

A, = (¢/4)arccos(2/9)
X(decosy— X p,)]
(11)

while the second (A,,) depends on the

position of the point (X,;,, Y.y,) in

relation to the center of adjoining sphere

Sy and is caleulated as follows:
Ifdcosy=d, as

— (dcosy— xd[[r]]':.fi]r'

df[r_dr
ﬂ-i.'
= {Hﬂ'lh —d )Y (12a)
Ifdeosy =d,_ as

&

P
A g =mgd,— [Eﬂ,am

Agm= %ﬂ{.amms

d.- b x.:'r:;
a

Ld

= (d,— xnlllr]]"dtlir,' (12b)

Thus the total area of the first shadow
component (A _ ) may be expressed by
the formula:

'H'D-:'E-"'Ii‘nll_ ':"'q'rl+"':ir$:|' {131
On sphere S, the additional shadowed
area (A, ) cast by sphere §;, can be
viewed only by a nadirlocking sensor
when A_, is situated above the §,
sphere’s “equator,” ie., if the condition
that r_, < ¢ /2 is satisfied (Fig. 4). The
Foin formula was found from an equation
describing a sunbeam tangential to the
sphere S, passing at a distance r from
the 5; sphere center,

r
y=+lanox 4+ e
+ d| +tanacosy +siny)

with assumption that y=0 and x=r.
This formula for the forward slope is

tanaxcosy +5iny

ot = A0S a—T———==L (1da)
and for the backward slope,
rﬁn_dmﬂtanaﬁmf-sm?. {14b)

l+sina

Half of the A, shadow’s width (1) is
expressed by the equation

62 1}1;:. (15)

The intersection of the sunbeams (which
are tangential to the 5; sphere and pro-
ject the outline of the A, shadow on the
Sy sphere) with the S, sphere was ob-
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YERTICAL X=SECTROMN

FIGURE 4. Ceometry of a shadow on a sphere cast by an adioining sphere

tained by solving the equations system

y=xtanax + rcosa
+d(ttanacosy +siny),
xi4y—ri=0,
Position of this point ( X ), as determined
by the sunbeams passing at a distance of

r, from the center of sphere S, is defined
for the forward slope as

rtan o
COS i

[ 2rdM
COS O

X, = —cos®a

— dM tan o

- d*.u‘i}m

where

M=giny +tanacosy, (l8a)

and for the backward slope as

. | Rtana -
X, = —oos u! — tdNtana
- 2rdN S
_[ C0S O - d°N j ;
where

N=siny—tanacosy. (16h)

The no shadow area on the 5;; sphere in
top view [ A ) defined as

A =3 f{_‘“‘*ﬂ.'-:,.m (17)

can be solved by the Simpson’s ap-
proximation, using Eq. (16a) or (16b) and
expressing the r, parameter by the [
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variable as

12

(51

/ (1)

Finally, the shadow area (A_.) is given
by

'ﬂ'f-u -'ﬂ'l _"ﬂ"'ru_- "ﬂ":

F ol

where

i -
A, e TamT . o B SR

ﬂl-i.' s i 'ﬁzmcﬂﬂgd.:;i?

— dcos y(¢* — d3eos®y)"*| (19)

with the limitation that the A, element
refers only to the backward slope when
& > o cos .

In the second step after calculation of
the shadowing coefficient of soil surface
(SC_) by the above formulas, we assume
that there is an exponential relationship
betwen the SC_ and the reduction of the
soil reflectance level in relation to data
for the same soil but smooth and dry

{ﬁ;:.}:

B, = aexp(bSC_ ).

The constants @ and b (Table 1) are

TABLE | Constants of Eq. (25)
WavELESSCTHS &
{aim} -] 1]

) 576 - 1.462
540 (G50 -~ 1.324
A0 (ETH - 1.281
T40 0978 - 1.074
&6 09Ty = 10680

derived from laboratory spectrophoto-
metric studies of soils (Cierniewski, 19588).

Soil analysis

The accuracy of this model was eval-
uated using typical soils of the Koscian
diluvial platean in Wielkopolska Lowland
situated in western Poland. Twelve air-
dried undisturbed soil samples char-
actenizing natural rough surface horizons
of these soils after ploughing and 12 sam-
ples of the same soils having artificially
smooth surfaces were used for this
evaluation. These samples were photo-
graphed by a 58-mm small format camera
to record the samples’ (RF,) roughness
state. Once enlarged, the photographs en-
abled us to separate the natural soil ag-
gregate and clod contours and to measure
their area in the top view by means of
Cambridge Quantimet 720 image analysis
computer made by Imanco.

These samples were classified in the
field according to the standard seil profile
description. In the laboratory their me-
chanical composition was determined by
the areometric method, and organic
matter content by loss-on-ignition when
burned at temperature of 460°C.

Spectral measurements

Soil samples were placed in 65 X 65 cm
dishes of 5 cm depth, and viewed by a
SPZ-02 field spectrophotometer under
outdoor conditions. This spectrophotome-
ter, constructed at the Space Research
Centre in Warsaw, is a 24-channel cir-
cular-variable filter instrument. It mea-
sures the amount of energy at wave-
lengths from 0.4 to 1.06 pm which enters
the instrument as the filters are rotated
through the two optical paths. The first
of these looks at the measured obiject,
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TABLE 2 Solar Altihades (a) at Which Soil Spectral Data Were Collected and Number of Measarements

Corresponding to Them®

SOLAR ALTITUDES FOR

Nusmen or

SAMPLE Fomxwazn Bacewarn MEASUREMENTS FOR T

No. Svore (k) Svoex (ba) (s} (bs) s} Numper
| 4558 36445158 b 1% T 5
2 40454555158 35544 15 & 7 8
B AT A9 585 Fh A4 55 12 12 5 3
4 41 4T 57 5585 SR 555 12 ] T a8
5 41.5,46,45,58 345455558 12 12 ] 32
(i} 41.544,49.58 3.5,45,55.58 12 £ B 32
7 42464055858 4555 15 ) 5 1
8 42.545.5,50.55 33485458 12 12 ] a2
] 43 .45.5.50 58 J25 465458 12 2 B a2
1] 42,4850 58 A5 58 12 12 .4 a2
1 4354550558 JL5A6.558 12 9 T 23
12 4345505 58 2485458 12 12 i X2
Total 147 125 2 0 H55

At each solar altitude for both forward and backwand slopes, spectral measurements were taken at slope of 0%,
107, and 30*. For a horizontal position of soil (hs), data were collected at identical solar altitudes. as for

forward and backward slopes.

and the second is a comparative path
equipped with a diffusing plate situated
at the top of the spectrophotometer. The
light energy passing through these paths
leads to a semiconductor diode sensor.
The hemispherical-directional reflectance
coefficient for each wavelength is de-
termined by comparing the amount of
energy reflected from the analyzed object
with the amount of energy incident on
the diffusing plate. Barium sulfate stan-
dard plate was used for calibration of this
instrument. The output signals of the
spectrophotometer are recorded on a
magnetic tape, allowing data processing
by a microcomputer. All spectra were
obtained vertically at a distance of 2.14 m
from the sample. The 15° field of view of
this instrument integrates energy from a
horizontally situated area of 0.25 m®, hav-
ing a 36.4 cm diameter.

The reflectance data for the natural
rough samples ( R,) were collected on 24
July 1985 between 7:18 am and 3:08 pm
GMT, and for the smooth samples (R,)

on the next day between 1:54 pm and
2:08 pm GMT. When the sky was clear
and the solar altitude varied from 41° to
43°. While the smooth soil samples were
always horizontal during measurement,
the samples of natural rough soils were at
various angles, both horizontal and ob-
lique. The illumination data of the rough
samples during measurement is presented
in Table 2.

Results

The model

The shadowing coefficient of soil
surface (SC ) is caleulated for those slope
angles which were examined experimen-
tally, i.e., 0°, 10°, 20°, and 30° (Fig. 5).
The SC_ was assumed to reach a value of
1 for the backward slope, because com-
plete shadowing of a soil slope occurs
when the solar altitude is lower than the
angle of a given slope. Under all remain-
ing situations on the backward and for-
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ward slopes and also in the horizontal
position, soil surface shadowing decreases
when scil roughness decreases. The 5C
decreases with an increase of the solar
altitude over the full range from 0° to
807 only for the soil on forward slopes
more sloping than 20°. An opposite rela-
tionship may occur for a specified range
of solar altitude when the surface rough-
ness factor (RF, ) is lower than 0.5. This
interval, where the soil shadowing in-
creases with the sun's rising, decreases
with an increase of the sloping angle. For
backward slopes it moves in the direction
of higher solar altitudes, nearing the
numerical values of the slope angles.

The function used in the second step of
this modeling described the relationship
between the soil surface shadowing coef-
ficient (SC_) and the reduction of the
soil reflectance level ( 8,). The relation is
similar for the five analyzed wavelengths
(Fig. 6). The B, approaches 1 for an

JERZY CIERNIEWSKI

absence of soil surface shadowing (when
SC,, = 0), while for full shadowing of a
soil surface (when SC_ = 1) it is between
1/4 and 1/3. As a result, this model
predicts that the shapes of the rough soil
curves and the smooth soil curves will be
similar, but their levels will be different.

Studied soils

In the Polish system of classifying soils,
the soils used to evaluate the model be-
long to initial loose denudative soils, typic
brown podsolic soils, eroded (with Bt
horizon on the surface) brown podsolic
soils, typic black earths, and degraded
black earths. The descriptions of these
soils, together with their approximate
equivalents under the American soil clas-
sification system, are listed in Table 3.

Aggregates and clods of the studied soil
surface samples are shown in Fig. 7. The
initial loose denudative soils formed the

FIORE R " mélafionstup between the shadowing coeHidlent of
soll surface (SC_ ) and the reduction of the soil rellectance level

8 ).
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TABLE 3 Description of the Studied Soils”

CONTENT OF

Dy
Saxp ST Cray  OM Mossure

SNo S5 SartL Cepen TeExTURE (%) %) Cowor RF,

1 Id Initial locse Entisal  sand i 10 1 068 IYRET/3 008
denudative soil

2 Id Initial loose Entisal sand 91 R L a8 WYRES 008
denudakive soil

3 Bt Typic brown Alfisol  loamysand T8 21 | LI WYRT2 035
podsolic soil

4 Bt Typic brown Alfisol leamysand T8 20 Z L& I0YRE/S 087
poisoic soil

3 Be Eroded beown Alfissl  sandyloam 66 023 11 16 IOYRE/A4 051
podsolic soil

 Be Eroded brown Alfisol  sandyleam 69 18 13 17 I0YRE/4 051
pedsolic sail

T Db Degraded Mollisol loamvszand 74 23 4 285 1OYR3/Z 039
black earth

8 Dd Degraded Mollisol sandyloam 58 40 4 31 10YRI2 046
black earth

9 Dd Degraded Mollisl  sandy loam 62 31 T 38 WYRI2 045
black earth

Id Im Typec Modlisal sandy loam 63 2 30 I 42 IOYR3/1 050
black earth

Il Im Typic Mollisol sandvloam 58 37 4 43 IOYRIS1 050
black earth

12 Dx Type Modlisol sandy loam &4 31 5 47 I0YR2/3 043
black earth

“5No = sample number; 33 = symbol of seil; RF, = soil surface roughness factor; OM = organic

matter content.

least rough surfaces. These surfaces had
no clods larger than 20 mm in diameter
and had natural rough soil surface factors
(RE, ) lower than (.1. The largest clods of
typic brown podsolic soil surfaces do not
exceed 50 mm diameter. The RF, values
of these are between approximately 0.25
and 0.35. The surfaces of the remaining
soils, also containing clods of from 30 to
1) mm diameter, are characterized by
the RF, values from approximately 0.4 to
0.5.

Soil spectral features

Representative reflectance curves for
the analyzed soils in selected illumination
conditions are shown in Fig. 8. The natu-
ral roughness state is compared with

curves determined for the same soils but
for smoothed surfaces. These curves have
very different reflectance levels. The re-
flectance level of bright soils having low
organic matter content, such as initial
denudative and the typic brown podsolic
soils, is approximately twice as large as
for dark soils having a high organie matter
content, i.e, black earths. The shape of
the curves of the black earths is concave.
The curve shape for the remaining test
soils is convex, with a characteristic
change of curvature in the range of
750-850 nm. The curves of the studied
soils, regardless of whether they were for
smoothed surfaces or natural rough
surfaces under various illumination condi-
tions, have an identical shape. The dif-
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FIGURE 8. Representative reflectance curves of distinguished soils for o selocted solar altiade (a), anghe of plane shope (1), and soping of the slope towands the

sunlwam disection, compared with smooth surface sample curves (3). Bemaining symbols and numbers as in Table 3.



ference between them only concerns the
reflectance level and is higher for light
soils than for dark ones. This is particu-
larly visible for eroded brown podsolic
soils samples of high spectral brightness,
All the measured samples in their natural
roughness state, for both the forward and
backward slopes, show reflectance drop-
ping with the decrease of solar altitude.
For forward slope, the reflectance in-
creases with increasing slope angle, but
for the backward slope it declines as this
angle increases.

The accuracy of the model

The accuracy of the shadow model was
tested by a linear regression analysis of

JERZY CIERNIEWSKI

coefficients measured ( R,) and predicted
by the model (R_) of the 12 rough soil
surfaces. This analysis was performed at
five wavelengths of 440, 540, 640, 740,
and 860 nm, using 368 spectra repre-
senting these soil surfaces under different
illumination conditions (as specified in
Table 2). The analysis vielded an average
(for these wavelengths) correlation coeffi-
cient (r) value near 0.99 (Fig. 9). The
limit of 95% confidence interval indicates
that the R for average tested wave-
lengths, i.e., for 644 nm, may be calcu-
lated with the mean deviation of about
+ 3% from the R,.

The measured rough soil reflectance
coefficients related to the same soil re-

the hemispherical-directional reflectance flectance coefficients, but smooth

Ren
B
38

Ry ® L0ES Ry = 0752
sob M358 ez00@7
a5 |
20
15
1
5

5 10 5 20 5 30 15 Roi%l

FIGUHE 5. Relabonship between rough soal hemisphenical -directional reflectance
coefficient predicted by the model (R} and measured by the field spectrophotome -
ter (A.k & =number of data points; (=) limit of 95% confidence interval:

remaining symbols as in Table 3.
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FIGURE 10 Relationship between measured rough
sodl reflectance coelficient related to the same but
smooth soll reflectance coefficient (R, /R, ) and predic-
ted the soil surface shadowing coefficient (SC_ ) N =
number of data points; remaining symbols as in Table 3.

(R, /R,) analyred wvs. the predicted
shadowing coefficients of these soil
surfaces (SC, ) demonstrates the similar-
ity of the relation between measured and
predicted spectral data among all the five
tested soils (Fig. 10). The average (for the
five wavelengths) differentiation of the
slope and intercept are negligible for these
five soils.

Discussion

A reflectance of disturbed soil samples
under laboratory conditions increases with
a decrease of soil particle size. Bowers
and Hanks (1965) tested the reflectance
of soil materials ranging from coarse clay
to sand found the character of this rela-
tionship to be exponential. Piech and
Walker (1974) confirmed greater reflec-
tance with decreasing particle size for the
case of seventh sieve sizings of clay rang-
ing from 2 to less than 0.062 mm for a
range of 0.5-0.9 pm spectre.

The influence of the particle size on
the spectral reflectance of undisturbed
soils measured in the field is clearly lower
than the influence of roughness due to
soil aggregates and clods. Generally,
heavy soils have a higher matter content
and a great roughness, both of which
produce of low reflectance. Al-Abbas
et al. (1972), in discussing the use of
scanner data to estimate clay content in
soils, have shown a negative linear rela-
tion between clay content and soil reflec-
tance. The aggregation and lightness of
soils decreases as sand content increases.
Gerbermann and Weher (1974), in in-
vestigating reflectance of different mix-
tures of clay and sand, found a positive
linear relation between reflectance and
sand content.

Studies of disturbed soil under labora-
tory conditions prove that the decrease of
soil aggregate and clod size results in an
increase of soil spectral reflectance. Orlov
(from Mikhaylova and Orlov, 1986) has
explained that the smaller aggregates and
clods have a more spherical shape, but
the larger ones have an irregular shape
with a large number of interaggregate
spaces and cracks where the incident light
is trapped. He has shown that aggregates
having a diameter greater than about 2
mm exhibit constant reflectance. This size
i5 the minimum for aggregates, which are
taken into the discussed model.

Soil roughness is one of the most unsta-
ble soil proporties. It is highest after
tillage treatments and progressively de-
creases with rainfall. The soils with non-
saturated cation exchange capacity by
calcium are susceptible to very intensive
slaking phenomena (Bialousz, 1978).
Van der Heide and Koolen (1950) found
that the degree of soil slaking has an
influence on the soil spectral level, but



not much effect on the spectral curve
shape. Obukhov and Orlov (1964) have
maintained that structureless soils reflect
from 15 to 20% more light than soils
having a well-developed structure.
sequential wetting and drying of aggre-
gates may create a crust around them,
reducing the soil roughness level. Cipra et
al. (1971) have analyzed field spectrora-
diometrical characteristics of an Alfisol,
which showed clearly higher reflectance
for crusted soil than for soil with broken
crust. Kondratyev and Fedchenko ( 1950)
found that this crust developed on soil
clods of diameter from 5 to 15 em, result-
ing in an increase of soil reflectance of
about 10-15%. They have explained that
this soil brightness increase may be due
to the weathering process which creates
the crusted surfaces. This process pro-
gressively washes away the clay and
humus, thereby revealing a greater num-
ber of light quartz particles.

The model of Cruse et al. (1980),
worked out to predict a tillage effects on
soil temperature, assumes that incoming
direct beam energy striking the whole soil
rough surface undergoes the diffuse re-
flection. The scattered energy which fell
below the peak of adjacent soil element is
reflected the second time, dropping the
amount of the whole reflected radiation
from the soil. It depends only on the soil
roughness described by a soil random
roughness parameter. This reflectance de-
creases as the soil roughness increases.
The discussed model also takes into
account illumination conditions of rough
soil surface which determine the degree
of soil shadowing. The shadowed soil areas
which are only illuminated by scattered
solar radiation decrease the amount of
direct solar beam energy fallen on the soil
surface. According to Reyleigh's criteria,
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a natural clod as well as an artificial
smooth soil characterizes the same kind
of reflectance. The surface height varia-
tion of the both soils is many times higher
than wavelength determining division be-
tween truly smooth and rough surfaces
which give specular and diffuse reflection
(Ulaby et al., 1982). Taking into consider-
ation the reflectance conformity of the
smoothed and natural rough soil in rela-
tion to the direct beam radiation, the soil
shadowing coefficient (SC, ) may appear
to be the simplest for the mathematical
description parameter of natural soils in
various illumination conditions. It is
calculated by the soil surface roughness
parameter (RF, ) which can be evaluated
by using special diagrams. The other
surface parameters, as the standard devi-
ation of surface height or the surface
correlation length (Ulaby et al., 1952), are
more difficult in evaluation and are use-
less to predict the SC_. Generally, the
hemispherical-directional reflectance
coefficient of rough soils predicted by
this model increases while the sun is ris-
ing. Coulson and Reynolds (1971) have
found that maximum hemispheric reflec-
tance coefficient of natural rough clay
and loamy soils occurs at a sun elevation
of 10-20°. The incompatibility of those
results may be explained by the fact that
a down-looking receptor measuring the
double hemispheric reflectance senses also
the diffuse skylight. Its energy in upward
radiant flux at the low sun elevations is
greater than the incident direct beam
racdiation loss caused by the self-shadow-
ing.

Idso et al. (1975), when discussing vari-
ations of albedo measurements of smooth
and raked wet and dry bare loam soils,
have explained that the self-shadowing of
the rough soils effects these differences.
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TABLE 4 Two-Side Coalidence Interval of the Modelled (AR ) and the
Measared Smooth (3K, ) Soil Spectral Data for Mean Vadues of the Measured
Rough Spectral Data (K, ) (the Data Concerns All the Studied Soil Population)

S WAVELENCTIHS {nin)
% 440 540 640 740 250
R, 58 111 16.4 0.9 24.1
AR_ 1% 47 E5 88 8.4
AR, 75 10,0 136 155 16,5

On the basis of field studies, Cierniewski
(1984) found an exponential equation de-
termining the contribution of shadowed
soil fragments for soils having a specified
clod parameter at the given solar altitude.
Results of these studies have proved an
importance of sun-soil surface—sensor
geometries in soil spectral measurements.
This has also been emphasized by Cuyot
(1984) and Epiphanio and Vitorello
{1984). This model therefore includes the
slope and aspect of the soil surface rela-
tive to the direction of solar llumination
and the viewing direction. The limiting of
the sensor view direction only to nadir
corresponds to the center of vertical aerial
photographs and other imagery.

The proposed model utilizes spectral
data from smooth samples to caleulate
the reflectance of natural rough soil
surfaces under given illumination condi-
tions. Thus it determines simultaneously
the quantitative relation between the
spectral data obtained under laboratory
and field condition, respectively. It should
allow researchers to better understand the
relationship between the spectral and
physical properties of bare soils under
different illumination conditions, as well
as soil background influence on spectral
response from crops. The correctness of
this model, tested by feld spectrophoto-
metric measurements, demonstrates the
ability to extend laboratory measured soil
spectra data to field conditions. Stoner

et al. (1980) emphasize that this ability
should have important implications in
applying remote sensing to soil surveys,

Conclusions

The presented model for all tested il-
lumination conditions, including the
situation when the backward slope rela-
tive to the solar altitude is lower than the
angle of a given slope, demonstrates that
the shadowing coefficient of soil surface
(SC,,) decreases with the decrease of soil
roughness. SC_ also decreases when the
solar altitude increases in full interval of
the altitude from 0° to 90° when the soil
is on forward slopes more sloping than
20°. The model indicates that this rela-
tionship for soil slopes having a surface
roughness lower than 0.5 for a specified
range of solar altitude may be the oppo-
site.

This model reduces the spectral level of
rough soils under full shadowing condi-
tions to be 1/3-1/4, the value of the
maximum for soils, but the shape of soil
spectral curves does not significantly
change.

Linear regression analysis, used to de-
termine the average accuracy of this
model for five chosen wavelengths, indi-
cates that the correlation coefficient of
the relationship between all 368 data
points measured and calculated using this
model reaches a value of approximately



0.99. It has been found that the relation
between measured and predicted reflec-
tance coefficient is similar for all the five
tested soils,

This work was supported by the In-
stitute of Land-Surceying and Cartogra-
phy in Warsaw,
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