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Calculations ot the Soil Hot-Spot Effect Using
the Coherent Backscattering Theory

Shunlin Liang® and Michael 1. Mishchenkot

]-;w shadowing theory has been widely used to account
for the hot-spot effect for the canopy and soil. Howeuver,
it is not valid for soils that are composed of fine particles
and do not have well-defined shadows. The coherent
backscattering theory is used in this study to calculate
both the magnitude and the angular width of the hot-
spot peak for clay and silt soils. The soil hot-spot magni-
tude is calculated by solving the vector radiative transfer
equation. The dense nature of the soil medium is taken
into account in the calculations of the hot-spot angular
width. The results are also linked with the Hapke hot-
spot empirical function. The effects of the wavelength de-
pendence and of particle size and shape also are exa-
mined. ©EFElsevier Science Inc., 1997

INTRODUCTION

There has been increasing interest in investigating sur-
tface bidirectional reflectance for terrestrial remote-sens-
ing applications in recent years. One of the pronounced
phenomena is the hot-spot effect—sometimes also called
the opposition effect, heiligenschein, bright shadow, and
so forth, in ditferent disciplines—which is characterized
by a strong reflectance peak in the solar ilumination di-
rection. The ground radiometers such as the portable ap-
paratus for rapid acquisition of bidirectional observations
of the land and atmosphere (PARABOLA) (Deering et
al., 1994) and airborne sensors such as the advanced
solid state array spectroradiometer (ASAS) (Irons et al.,
1991; Ranson et al., 1994) and the polarization and direc-
tionality of the earth reflectances (POLDER) (Breon et
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al., 1996) have provided us with a lot of hot-spot data
for different surface cover types. The hot-spot effect for
leaf canopies has been mostly accounted for by using the
shadowing theory (Kuusk, 1985; Jupp et al., 1986; Gerstl
et al., 1986; Verstraete et al., 1990; Jupp and Strahler,
1991; Qin and Xiang, 1994).

Soil radiative transfer has been poorly investigated,
compared with canopy radiative transfer modeling (Hapke,
1981; Lumme et al, 1990; Jacquemoud et al., 1992;
Liang and Townshend, 1996a,b). The Hapke semiempiri-
cal hot-spot function simplified from the derivation based
on the shadowing theory (Hapke, 1986) has been widely
used for soils. According to the shadowing theory, parti-
cles that are large, compared with the wavelength, and
opaque cast shadows on neighboring particles. When the
viewing direction matches the illumination direction, all
shadows are hidden by the particles that cast them and
thus the local brightness reaches its maximum. When the
viewing direction moves away from the illumination di-
rection, shadows can be seen and the detected brightness
sharply decreases.

However, the shadowing theory is not valid for soils
composed of fine particles that do not have well-defined
shadows. A different mechanism for the hot-spot effect
from discrete random media has been suggested, which
is usually known as coherent backscattering or weak pho-
ton localization. A comprehensive review of this mecha-
nism was recently given by Barabanenkov et al. (1991).
Experimental results for canopies and soils have recently
been reported by Hapke et al. (1996). To explain this
mechanism, let us examine Figure 1. The discrete ran-
dom medium is illuminated by a scalar plane wave in the
direction €. Two partial waves associated with the same
incident wave travel through the same group of N scat-
ters, denoted by x, x;, . . . xy but in opposite directions.
If a is relatively large, the average effect of interference
will approach zero. However, coherence is completely
preserved at the backscattering direction, which results
in an enhanced backscattering peak. At the backscatter-
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Figure 1. Schematic illustration of coherent backscattering.

ing direction (zero phase), the magnitudes of the electric
fields associated with the two light paths are equal
(A1=A,), and the reflected intensity is 1A, +A,P=4IA; 1%
In contrast, the combined intensity would be (A,I*+
IA;’=2IA,)? in the absence of coherence. The enhance-
ment factor is obviously 2. However, if a path involves
only one particle, there is no reversed path. In other
words, single scattering does not contribute to coherent
enhancement. Thus, it is easy to write the enhancement
factor, which is defined as the ratio of the total backscat-
tering radiance to the incoherent (diffuse) radiance I:

I

111 ? (l)

I

where the coherent radiance I is equal to the total inco-
herent radiance minus single-scattering radiance I' (Bar-
abanenkov ct al., 1991). Thus,
Il
-

(2)
Therefore, the enhancement factor is always smaller than
2. Note that this formula is valid only in the exact back-
scattering direction.

Although the scalar theory of enhanced backscatter-
ing outlined above is basically well understood and gives
reasonably good results, it does not take into account the
vector character of light and thus provides only a simpli-
fied understanding of coherent backscattering. In partic-
ular, the scalar approximation completely fails in calculat-
ing the reflected intensity in the practically important
case of unpolarized incident light (Mishchenko, 1992a).
Fortunately, developments of the corresponding vector
theory are very encouraging. Peters (1992) proposed a
vector theory of coherent backscattering for absorbing
and nonabsorbing particles of a size comparable to a
wavelength. A general formulation was put forward by
Mishchenko (1992a), and it was found (Mishchenko and
Dlugach, 1992a, 1993) in good quantitative agreement

Figure 2. Enhancement factor of the hot-spot magnitude for clay soils with different solar zenith angles at

two wavelengths (0.533 pm and 0.817 gm).
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Figure 3. Angular width of the clay soil hot-spot with different filling factor values at green (0.533 um,
solid line) and near IR (0.817 um, dotted line) wavelengths.

with controlled laboratory measurements (Wolf et al.,
1988; van Albada et al., 1988). The theory is briefly sum-
marized in the next section.

The angular width of the hot-spot peak depends on
the ratio of the wavelength to the transport mean free
path of photons in the medium. The half-width at half-
maximum (HWHM) will be used to characterize the an-
gular width of the coherent backscattering enhancement.
The details of the computation taking into account the
dense nature of the medium (Mishchenko, 1992b) are
presented in the third section.

In the next two sections, the theoretical background
for calculating both the magnitude and the angular width
of the soil hot-spot effects is outlined. In the fourth sec-
tion, the linkage with the Hapke empirical hot-spot func-
tion is discussed. Numerical experiments and data analy-
ses are described in the fifth section. A brief discussion
and conclusion are given in the final section.

CALCULATIONS OF THE
HOT-SPOT MAGNITUDE

The original vector algorithm has been well described
elsewhere (Mishchenko, 1992a). For ease of reference,
the major formulas are summarized here.

Assume that the soil surface is illuminated by a par-

allel beam of light in the incident direction €y(6,, p,=0)
and let R be the Stokes reflection matrix for exactly the
backscattering direction (n—6, ) and defined as

cosG,RI'=nl

where I° and I are the incident and reflected Stokes vec-
tors, respectively. As discussed earlier, radiance in the
backscattering direction is the sum of the single-scatter-
ing, incoherent multiple-scattering, and coherent compo-
nents. Thus, the reflectance matrix can be written as

R=R'+R"+R° .

It is very easy for us to calculate the single-scattering
component R%

R! =cuP( 180°)
8cost,

where w is the single-scattering albedo and P(180°) is
the single-scattering phase matrix of soil particles at the
scattering angle 180°. For the incoherent multiple-scat-
tering component R™, the conventional vector radiative
transfer equation has to be solved. Different algorithms
are available; the invariant imbedding algorithm (de Rooij,
1985; Mishchenko, 1990) is used in this study. No details
are presented in this paper; the interested reader is re-
ferred to the original publications. After the calculation of
R' and R”, the coherent component can be calculated ac-
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cording to the following relation (Mishchenko, 1992a):

i R0 0
reo| B Rn 0 0
10 0 R, G
0 O —RY -—Ry
where
1
R ;<Bm +Rm m +Rm) ,
1
B(22:§<Bm +Rm +Rm Ru) .
A}) %( n|+Rm+R|n+Hm) s
1
R 2<R Rm |n+Rn|> ,

and Ry are the elements of the matrix R". In this study,
the enhancement factor ¢ is considered only for unpolar-

ized incident light with I'=(1,0,0,0)' where “t” stands for

transpose. For more general definitions for the vector
light, the reader is referred to the original paper (Mish-
chenko, 1992a). Similar to Eq. (1), the enhancement fac-
tor for the vector light can be defined as

R} +RU+R;,

é:
BI]+ m

(3)

CALCULATION OF THE HOT-SPOT
ANGULAR WIDTH

For a sparsely distributed medium with absorbing scat-
ters, the half-width at half maximum (HWHM) of the
soil hot-spot peak is defined as (Mishchenko, 1992b)
HWHM=_4 (4)
2m Ay,

where
e 1=NC (1 —wlcosd))

¢ is a constant close to 0.5 (Mishchenko and Dlugach,
1992b), and 4 is the wavelength. In the preceding equa-
tion, N is the number of particles per unit volume, w is

the single scattering albedo, (cost)) is the mean cosine of

the scattering angle, and C.,, is the extinction cross section:
(]L‘\t = (js(':l + (juhs 5

where C,., and C,, are the scattering and absorbing cross
sections, respectively. In this study, we modity the scat-

tering cross section by considering the dense nature of

the soil medium. The traditional definitions of C., and
C..{cosf)are (van de Hulst, 1981)

(lCS('n
dQ ’

(1('“‘

Coa =J dQ
4

cosf (5)

C..{cosBy= J dQ

in

where dC.,/dQ is the differential scattering cross sec-
tion and @ is the scattering angle. Notice that Eq. (4) is
valid only for the normal incidence. For oblique inci-
dence, HWHM increases as 1/cos8,, where 8, is the inci-
dence zenith angle (Gorodnichev et al., 1990).

Unlike acrosols in the atmosphere, particles in the
soil medium are densely packed, and therefore spatial
correlation among scattering particles should be taken
into account. By introducing the structure factor S(6),
these two variables can be modified as follows:

(]Cs( 1

Cu=| da s
“4n
dC.. .
C.. <C()SH>:J’ Q cosfS(6) . (6)
4n

The structure factor has been widely used in the micro-
wave remote sensing for dense-medium radiative transfer
(Tsang et al., 1985; Kong, 1990). There are several dif-
ferent approaches for calculating the structure factor,
S(0); the Percus-Yevick approximation (Percus and Ye-
vick, 1958) is used in this study:

1

S@)=———
(©) [1-NC(p)]
where
+ P
NC(p)=24f (a ﬁ 0) cosu — a2 ﬁj:é()- sinu
w

_2,(/3f§‘?,2 o+ 242

240
+— sinu+—— (cosu—1)
u I u®

u=2pr,, ry is the average radius of the particles, and
p=I[4nsin(0/2)]1/A. For the special case of p=0 (Mish-
chenko, 1992h),

NC(0)=24f (—a/3—/4—0/6)
where f is the filling factor:
4 .
f=§nNr;‘, .
Other parameters are defined as:
_(1+2f )
(I=f7
2)
f=—6 f (1+£72)

(1)
o=af/2

CALCULATION OF SOIL
OPTICAL PROPERTIES

To calculate the hot-spot magnitude and angular width,
we need to know the single-scattering albedo, scattering
matrix, and differential-scattering cross section of the soil
medium. The soil particle distribution can be repre-
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Figure 4. Effects of soil particle shapes on the enhancement factor of the hot-spot effect; (a) coarse clay,
{b) fine clay. Soil particle shapes are assumed to be ellipsoidal with different shape ratios.
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Figure 5. Effects of soil particle shapes on the angular width of the hot-spot effect: (a) coarse clay; and
(b) fine clay.
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Figure 6. Wavelength dependence of the hot spot enhancement factor for (a) clay and (b) fine
silt soils.

sented by different functions, such as lognormal (Bu- where the particle radius lies in the range (r,, 1. This
chan, 1989) and Rosin (Dapples, 1975) distributions. For distribution is often characterized by the effective equal-
simplicity, the soil particle size distribution in this study

volume-sphere radius r4 and the effective variance v
is assumed to follow the power law (Hansen and Travis,
~A\. Trnax ™ Pmin
1974): Fo= e Tmin
ln(rmux/rmin)
zr%li]l r%l'lx t, ,+r :
_ ax | —3 _ max min
n(r)_ 9 2 1 > U= ll’l (rmax/rmin>_ 1
rmz\x - rmin

2 < Foax ™ Tiin
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Figure 7. Wavelength dependence of the hot-spot angular width for (a) clay and (b) fine silt soils.



Individual soil particles are assumed to be randomly
oriented ellipsoids. The equation of an ellipsoidal surface
can be expressed in the spherical coordinate system as

T( 0’(p> =da (Sin20+d2(;0520)7 172 ,

where d=b/a the ratio of the semiaxes of the ellipsoid.
We can describe the particle shapes ranging from nee-
dles (d<<1) to disks (d>>1) by varying the shape pa-
rameter, d. If d=1, the particle is spherical, and thus
Mie theory can be used for calculating those optical
properties. For ellipsoidal particles, the T-matrix ap-
proach (Mishchenko, 1991, 1993, Mishchenko et al.,
1996) is used in this study. No details are given in this
paper; interested readers are referred to the original ar-
ticles.

The gamma size distribution for soil particles also is
used in this study:

n (T) =C / 1=3veffe off exp[ — 'l"/(rg[fv(ffﬂ 5

where C is a normalization constant.

LINKAGE WITH THE HAPKE
EMPIRICAL FORMULA

Hapke (1986) derived a rigorous equation based on the
shadowing theory and then gave a semiempirical func-
tion as an approximation for describing the hot spot,
which is quite popular in the environmental remote-sens-
ing community:

B()

B -
= ean(@ayh

where a is the phase angle between the illumination di-
rection €, and the viewing direction Q, and Byand h are
two parameters for the height and the angular width of
the hot-spot peak. Although it was derived from the
shadowing theory, its final form essentially is a statistical
formula. A straightforward linkage between this formula
and the hot-spot magnitude and angular width discussed
in the preceding sections can be given:

B\=¢, (M
h=tan(HWHM/2) .

Similar efforts have been independently reported (Hel-
fenstein et al., 1996). Caution has to be taken when cal-
culating the real reflectance in the hot-spot region. The
reflectance in the backscattering direction is equal to
[1+B(0)]R’ according to the shadowing theory, whereas
it should be [1+B(0)]R according to coherent backscat-
tering theory, where R' and R are the single-scattering
reflectance and the total incoherent reflectance (single
plus incoherent multiple scattering). This emphasizes
one of the major differences between the shadowing the-
ory and the coherent backscattering theory in that the
former depends mainly on single scattering, whereas the
latter is based on multiple scattering.
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NUMERICAL EXPERIMENTS
AND DATA ANALYSIS

Coherent backscattering is a universal interference phe-
nomenon and occurs for particles of any size (Baraba-
nenkov et al., 1991). However, in some cases, the hot-
spot peak can have a very small amplitude or angular
width, which can make it unobservable (Mishchenko,
1992b; Hapke and Blewett, 1991). Therefore, various
questions remain when it is applied to soils regarding its
validity range, wavelength dependence, soil particle
shape effect, and so on. To answer these questions, a se-
ries of numerical experiments have been designed and
carried out with the use of the measured refractive indi-
ces of the particles. The calculated results and evalua-
tions are as follows.

The first case is designed to examine how the hot-
spot parameters of a clay soil vary at different solar illu-
mination angles and different filling factor values at two
wavelengths (green, 0.553 um, and near infrared (IR),
0.817 um). The soil refractive indices are 1.524+i0.01265
for the green and 1.527+i0.02044 for the near IR, which
were measured for montmorillonite particles at Clay
Spur, Wyoming (Egan and Hilgeman, 1979). Particles
are assumed to be spherical with the size distribution of
the gamma law. Let ry=0.5 gm and vx=0.2; the pro-
gram samples particles with diameters ranging from 0.4
um to 2 um. Figure 2 illustrates the hot-spot magnitude
enhancement factor, &, calculated from formula (3). Al-
though the enhancement factors at different wavelengths
have different magnitudes, both are insensitive to the so-
lar zenith angle up to 70°. When the solar zenith angle
is larger than 70°, the enhancement factor decreases dra-
matically because the multiply scattered component de-
creases for large incident angles. Figure 3 presents the
HWHM for the same type of soils at different filling fac-
tor values. The angular width of the hot-spot peak be-
comes larger when the soil medium becomes denser.
HWHM at the near-IR wavelength is obviously much
larger than that at the green wavelength. This observa-
tion is somewhat different from the shadowing theory
prediction that the angular width of the hot-spot peak is
very insensitive to the wavelength. It also is independent
of the illumination angle.

The second case is designed to evaluate the effect
of the soil particle shapes. In accord with the European
soil classification system, the clay is further divided into
coarse clay (diameters ranging from 0.0006 to 0.002
mm), medium clay (diameters ranging from 0.0002 to
0.0006 mm), and fine clay (diameters<<0.0002 mm). Par-
ticle sizes are assumed to follow the power law. Figure
4 presents the calculated enhancement factor for both
the coarse clay (rg=0.65 um and v.4=0.1) and the fine
clay (r4=0.05 ym and v.7=0.2) at three shape ratios of
b/a, where a is the length of the semiaxis of rotational
symmetry for the ellipsoids and b is the length of the
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Table 1. Soil Refractive Indices (n,+i n,)
Wavelength

(um) n, n;

0.500 1.415 0.05029
0.600 1.411 0.042589
0.700 1.399 0.05393
0.817 1.395 0.05448
0.907 1.391 0.05393
1.000 1.387 0.05448
1.105 1.387 0.05340)

other semiaxis. Figure 4a shows that the enhancement
factor of the coarse clay is sensitive to the particle shape,
and nonspherical particles have a larger enhancement
factor. The difference is as large as 6%. However, the
fine clay soils with different shapes do not produce any
significant differences (Fig. 4b). Figure 5 reveals a very
interesting result: nonspherical particles of the coarse
clay generate smaller angular widths than do spherical
particles, but nonspherical particles of the fine clay pro-
duce larger angular widths.

The third case is designed to examine the wave-
length dependence. The refractive indices are listed in
Table 1. They were measured for illite particles from
Fithian, Ilinois (Egan and Hilgeman, 1979). The param-
eters of the gamma distribution are ry=0.5 gm and
ver=0.2 for clay soils and r;=0.75 gm and v4=0.1 for
fine silt soils. The calculated enhancement factor is dis-
played in Figure 6. The enhancement factor remains al-
most constant in the visible and near-1IR spectrum. The
wavelength dependence of the angular width for the clay
soils (Fig. 7), however, is stronger than that of the en-
hancement factor. The effect of the refractive index is
evident when the filling factor is large. For fine silt soils,
the wavelength dependence of both angular width and
magnitude is much stronger than for the clay soils. We
have actually demonstrated the very important fact that
the angular width is very sensitive to the ratio of the par-
ticle radius to the wavelength (Mishchenko, 1992b). If
the ratio is too small or too large, the angular width of
the hot spot is not significant.

DISCUSSION AND CONCLUSIONS

The coherent backscattering theory is used to calculate the
magnitude and angular width of the soil hot-spot effect.
The soil particle size is assumed to follow the power law
and gamma distributions, and individual particles are as-
sumed to be spheres and ellipsoids. The T-matrix ap-
proach is used to calculate the optical properties (i.e.,
single-scattering albedo, scattering matrix, differential
scattering cross section, etc.) of the nonspherical parti-
cles. The soil structure is characterized by the filling fac-
tor (i.e., the percentage of the particle occupancy). The
vector radiative transfer equation is solved by the fast in-

variant imbedding method. The variables are also linked
to the coefficients of the Hapke hot-spot semiempirical
function simplified from the derivation based on the
shadowing theory.

Because the optical mechanisms of the coherent
backscattering theory and the shadowing theory are com-
pletely different, the calculated results reveal several
important differences. First, the predicted soil hot-spot
effect based on the coherent backscattering theory pri-
marily depends on multiple scattering; therefore the
magnitude of the soil hot-spot peak increases as the re-
flectance increases, which is a strong function of the
wavelength. Conversely, the predicted magnitude of the
soil hot-spot peak based on the shadowing theory de-
creases as the reflectance increases because shadow hid-
ing is important only for singly scattered light. Second,
the angular width of the coherent backscattering peak is
a function of the wavelength (more specifically, the ratio
of the particle radius to the wavelength), whereas the
shadow hiding peak is independent of the wavelength,
provided that the wavelength is much simaller than the
particle size.

The numerical calculations in this study show that
the magnitude of the soil hot-spot effect is insensitive to
the solar zenith angle, 6y, up to 6,=70°. It is demon-
strated that the soil hot spot is sensitive to the particle
shape and the filling factor. Theoretically, those important
soil properties may be retrieved from hot-spot observa-
tions. Practically, the current radiometers used tor envi-
ronmental remote sensing have much larger fields of view,
which may largely change the observed angular shape and
magnitude of the soil hot spot. The soil refractive index is
another parameter controlling the hot-spot shape. The
Sh'dp(‘ is much more sensitive to the imaginary part. More
investigations on this subject are needed. Another prob-
lem is that the hot spot may be caused by other factors—
for example, the surface roughness. Therefore, further
theoretical and experimental studies are highly required
to understand similarities and differences in the hot-spot
phenomena produced by different optical mechanisms.

The authors are grateful to Drs. Bruce Hapke and Andres
Kuusk for reviewing a preliminary version of the manuscript.
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