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1. Introduction

In a vegetation canopy, branches and leaves occur in random clus-
ters rather than in a uniform random distribution. In this chapter , we
study the collective scattering and absorption effects of a conglomera-
tion of particles. The radiative transfer theory is modified by defining
the phase matrix and extinction coefficient as respectively, the bistatic
cross section per unit volume of space and the extinction cross section
per unit volume of space. The limit of the volume of space is taken such
that it is much larger than a wavelength and contains many particles so
that the collective scattering effects of the particles within the volume
are taken into account [1]. In this chapter, for the scatterers enclosed
within the volume of space , we solve Maxwell’s equations exactly by
using the method of moments to calculate the collective scattering and
absorption behavior. The results between this new theory and the clas-
sical radiative transfer theory will be compared.

Classical vector radiative transfer theory (RT) has been used
extensively in studying the electromagnetic scattering effects in mi-
crowave remote sensing [2–5]. However, classical radiative transfer the-
ory assumes that the particles scatter independently. This assumption
is based on the random phase of scattering by different particles and is
valid if the particle positions are independent and the randomness of
relative positions is comparable to or larger than a wavelength. Such an
assumption can be invalid for microwave scattering by terrains. For ex-
ample, in dense media with particles closely packed together as grains
in snow and ice, and for scatterers clustered together as in branches
and leaves in a vegetation canopy, the randomness of relative posi-
tions of scatterers can be less than a wavelength. In such a case, the
scatterers scatter collectively. Collective scattering effects include cor-
related scattering, taking into account the relative phase of scattered
waves from the scatterers and its neighbors. The mutual coherent wave
interaction between scatterers are also to be included [5–7].

The collective scattering behavior of branching vegetation was
first studied by Yueh et al [8]. In the coherent addition approximation
(coherent scattering) model, the internal fields of the scatterers like
branches and leaves are assumed to be the same as that of independent
scattering. Mutual interactions are ignored. The collective scattering
behavior is then taken into account by including the relative phase
shifts of the scatterered fields from different scatterers due to their rel-
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ative positions with each other. A significant difference compared to
the independent scattering model was observed [8–10]. However, the
model does not account for the coherent multiple scattering between
different scatterers. Also, since the internal field in the model is as-
sumed to be the same as that of independent scattering, the absorption
coefficients remain unchanged. When the mutual coherent interaction
is taken into account, the absorption coefficients can be significantly
different [11,12]. In this chapter, coherent interaction model (full nu-
merical model) is proposed, in which numerically exact solutions of
Maxwell’s equations are obtained within the volume of space of many
scatterers and average over many realizations is taken. Recently, Monte
Carlo simulation of solutions of Maxwell’s equations has become an
important procedure for random media problems. Such Monte Carlo
simulations have been applied to random one- dimensional and two-
dimensional random rough surface simulations [13,14] and dense media
simulations [15,16].

For uniform dense media, for example, snow and ice, the frac-
tional volume of the scatterers is more than 20% and the collective
scattering effects can be described by the dense media theory [2,7]. In
vegetation canopies, the fractional volume of particles is low, usually
between 0.1% to 0.5% . However, the scatterers occur in clusters. In
this chapter, we study the collective scattering and absorption effects
of a conglomeration of particles in clusters. In Section 2, we calculate
the numerical solution of scattering by dielectric cylindrical clusters.
Integral equations are formulated with the method of moments (MoM),
discrete dipole approximation and thin dielectric cylinder approxima-
tion. Good agreement between the model and experimental data is
obtained at X-band frequency. In Section 3, we formulate the vector
radiative transfer theory with collective scattering effects. The phase
matrix and extinction matrix are redefined by using many scatter-
ers and using the per unit volume concept. The limit of the volume
of space is taken such that it is much larger than a wavelength and
contains many particles so that the collective scattering effects within
the volume are taken into account. In Section 4, the vector radiative
transfer theory result is applied to that of active remote sensing. It is
shown that the coherent addition approximation, which accounts for
the coherent scattering effect while neglecting the multiple scattering
effect on the induced currents on the cylinder, provides a good esti-
mate for co-polarized returns. For cross-polarized returns, both the
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independent scattering and coherent addition approximation models
are shown to be less accurate. Cross-polarized returns are strongly in-
fluenced by interactions between the components of the cluster and
the approximate methods do not account for this effect. In Section 5,
it is applied to that of passive remote sensing. The radiative transfer
equations for passive remote sensing are solved numerically by the dis-
crete eigenanalysis method, which accounts for the multiple scattering
effects. The brightness temperatures of the random medium contain-
ing discrete vegetation clusters overlying the planar bottom surfaces
are calculated. Numerical results show that the coherent addition ap-
proximation gives a better estimate of the brightness temperatures
than the independent scattering model for half-space cases. Both the
independent scattering and coherent addition approximation models
underestimate the optical depth of the random medium layer.

2. Numerical Solution of Scattering by Clusters of
Thin Dielectric Cylinders

Electromagnetic scattering from dielectric scatterers have been a
subject of interest for many years because of their wide range of ap-
plications. A variety of techniques have been developed for analyzing
electromagnetic scattering by objects of different shapes and proper-
ties. In this section, we apply the volume integral equation method. In
volume integral methods, the unknowns in the problem are expressed
in terms of volume currents flowing inside the bodies. The volume
current consists of the conduction current as well as the displacement
current induced by the total field. The volume integral equation is then
approximated by a matrix equation.

We apply the volume integral method to solve thin dielectric
structures with applications in remote sensing. A thin dielectric cylin-
der structure model is used to simulate natural vegetation canopy of
bare twigs of deciduous trees and needle-shaped leaves of coniferous
trees. Averaging over orientations of different realizations is necessary
in order to obtain reliable results.

In Section 2.1, the volume integral formulation is discussed. The
discussion is then followed by the method of solution in Section 2.2
which gives details of the formation of the matrix equation. Numerical
results are presented and comparisons with experimental data is made
in Section 2.3.
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2.1 Formulation

In this section, the formulation of the volume integral equation of
the electric field is derived from Maxwell’s equations [17]. The volume
integral equation is well suited for solving scattering problems of inho-
mogeneous bodies. In Fig. 1, a scatterer of volume V, permittivity ε
and permeability µ is in region V1 bounded by the surface S1 , which
may be infinitely large.

Figure 1. Scattering problem for an inhomogeneous material body.

The scatterer can be replaced by equivalent electric and magnetic
volume currents Jeq and M eq in the following way. In the presence
of the scatterer, we have

∇×H = −iωεE + J (1)
∇× E = iωµH −M (2)

By replacing the scatterer with Jeq and M eq

∇×H = −iωεoE + Jeq + J (3)
∇× E = iωµoH −M eq −M (4)

For equations (1) and (2) to be equivalent to equations (3) and (4), we
need

Jeq = −iω(ε− εo)E (5)
M eq = −iω(µ− µo)H (6)

Equations (5) and (6) state the volume equivalence theorem which
is valid for material bodies that are inhomogeneous since ε and µ
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can be a function of position r . With the equivalent currents, the
scattered fields can be expressed in terms of Ge and Gm , which are the
electric and magnetic dyadic Green’s functions subject to the boundary
conditions [18].

E
s = iωµ

∫
V
Ge · Jeq dv

′ −
∫
V
Gm ·M eq dv

′
(7)

H
s = iωε

∫
V
Ge ·M eq dv

′
+

∫
V
Gm · Jeq dv

′
(8)

The total fields E and H are equal to the sum of the incident and
the scattered fields.

E = E
i + E

s (9)

H = H
i + H

s (10)

Substituting equations (7) and (8) into equations (9) and (10), we
obtain the following volume integral equations.

E = E
i + iωµ

∫
V
Ge · Jeq dv

′ −
∫
V
Gm ·M eq dv

′
(11)

H = H
i + iωε

∫
V
Ge ·M eq dv

′
+

∫
V
Gm · Jeq dv

′
(12)

Now we let S1 recede to infinity so that the region V1 becomes un-
bounded. The Green’s functions can be expressed as

Ge(r, r′) = (I +
1
k2
∇∇)g(r, r′) (13)

Gm(r, r′) = ∇× [Ig(r, r′)] (14)

where I is the identity matrix and g(r, r′) is the scalar Green’s func-
tion given by

g(r, r′) =
eik|r−r

′|

4π|r − r′| (15)

For scattering problem of a dielectric body of permittivity ε and per-
meability µo , we have

Jeq = iω(εo − ε)E (16)
M eq = 0 (17)
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Substituting into equation (11), we obtain

Jeq
iω(εo − ε)

− iωµo

∫
V
Ge · Jeq dv′ = E

i (18)

where V is the volume of the scatterer. This is a Fredholm integral
equation of the second kind, in which the unknown Jeq is present both
inside and outside the integral.

2.2. Method of Solution

Point Matching Method.

To solve equation (18), moment method with a point matching as
testing is used. Jeq(r) is expressed in a set of basis functions, Bj(r) ,
defined as

Bj(r) =
3∑

k=1

ûkPj(r) (19)

where
Pj(r) =

{
1 for r ∈ Vj
0 otherwise

(20)

and ûk denotes unit vectors x̂ , ŷ , and ẑ in a rectangular coordinate
system. The scatterer is divided into N subvolumes, in which the
equivalent current is assumed to be constant. Thus

Jeq(r) =
N∑
j=1

3∑
k=1

αjk(Bj(r) · ûk)ûk (21)

Discretizing Jeq in terms of the basis functions, equation (18) can be
expressed in a compact form,

N∑
j=1

3∑
k=1

αjkL(Bk
j (r)) = E

i(r) (22)

where

L · J =
I · J

iω(εo − ε)
−

∫
V
iωµoGe · J dv′

and
Bk
j = (Bj(r) · ûk)ûk
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To determine 3N unknown α ’s, a delta weighting function (thus, the
term point matching) is used to form the matrix equations.

W
n
p = δ(r − rp)ûn (23)

where rp is a representative point inside the subvolume Vp .
Taking the inner product of equation (22), we get

N∑
j=1

3∑
k=1

αjkZ
pn
jk = V pn (24)

where
Zpn
jk = < W

n
p , LBjk >

V pn = < W
n
p , E

i
nûn >= Ei

n(rp)

< f, g > =
∫
V
f · g dv

Numerical Evaluation of Matrix Elements

To calculate the matrix elements Z in equation (24), the singu-
larity of the Green’s function must be handled with care. The problem
of handling the singularity of the Green’s functions has been addressed
in the literature [19, 20]. Difficulties with the numerical evaluation of
the Green’s function of an infinitesimally small volume has also been
reported [21]. For this reason, we choose to use a finite size exclusion
volume in the calculation.

Thin Cylinder Considerations

A computer code (THINC) is developed primarily for electrically
thin cylinder structures, i.e. ka� 1 , k being the free space wavenum-
ber and a the representative radius of the cylinder structure. In the
discretization process, the structure is divided into cylindrically shaped
subcells. It is then natural to use an exclusion volume of cylindrical
shape. The exclusion volume is chosen to be a cylinder of radius a and
length b , where b is the minimum of the length of the cylindrical sub-
cell and one fortieth of the wavelength [22]. The matrix elements for
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non-diagonal terms can be evaluated by discrete dipole approximation
[23], i.e.

Imn =
∫
Vn

G(r, r′) · JdV ′

≈ Gxpxq(rm, rn)∆Vn

(25)

where

Gxpxq(r, r
′) = iωµo(δpq +

1
k2

∂2

∂xp∂xq
)g(r, r′)Jq(r′) (26)

when two subcells m and n are far apart. When m and n are close
to each other, numerical integration must be carried out to evaluate
Imn .

2.3 Results and Discussion

The numerical results are first verified by comparing to results
from another method of moments code for a body of revolution based
on the surface integral formulation [24]. The observation of the optical
theorem (as known as extinction theorem) is also checked. After that,
the computer code is applied to model branching vegetation clusters.
The theoretical results are then compared with experimental data.

The backscattering cross sections of a cylinder of permittivity
ε = (3 + i0.5)εo , length l = λ , radius a = λ/10 at 3 GHz as a
function of incidence angle are shown in Figs. 2 and 3.

The results agree very well with that from the body of revolution
code. In Figs. 4 and 5, the total scattering cross section, absorption
cross section, their sum and the extinction cross section are plotted for
the same cylinder.

The extinction cross section is calculated from the optical theorem
given by [2]

σepp =
4π
ko

Im{fpp(θi, θi)}, p = v, h (27)

where ko is the free space wavenumber, fpp is the scattering function.
By energy conservation, the extinction cross section is equal to sum of
the absorption and the total scattering cross sections.
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Figure 2. Comparison of backscattering cross sections as a function of

incidence angle as computed by THINC and body of revolution code

using surface integral approach. Cylinder length l = 10cm, radius r =
0.5cm, and ε = (3 + i0.5)ε0 at 3GHz for horizontal polarization.

Figure 3. Comparison of backscattering cross sections as a function of

incidence angle as computed by THINC and body of revolution code

using surface integral approach. Cylinder length l = 10cm, radius r =
0.5cm, and ε = (3 + i0.5)ε0 at 3GHz for vertical polarization.
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Figure 4. Absorption, extinction, and total scattering cross sections as

a function of incidence angle for a cylinder of length l = 10cm, radius

r = 0.5cm, and ε = (3 + i0.5)ε0 at 3GHz for horizontal polarization.

Figure 5. Absorption, extinction, and total scattering cross sections as

a function of incidence angle for a cylinder of length l = 10cm, radius

r = 0.5cm, and ε = (3 + i0.5)ε0 at 3GHz for vertical polarization.
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Figure 6. Experiment setup for microwave coherent propagation in cylin-

drically shaped forest components [25].

The theory is then applied to model vegetation clusters. The the-
oretical results are compared with X-band experiments on cylindrically
shaped forest components [25]. The experiment was carried out under
laboratory conditions in which the parameters of the vegetation com-
ponents can be measured and controlled. Transmission measurements
were performed on simulated canopies composed of bare deciduous
twigs and leafy coniferous branches at 9 GHz. The system consisted
of a transmitting and a receiving antenna. The antennas were linearly
polarized. The vertically oriented vegetation samples were placed on
a Styrofoam frame in one or several rows between the two antennas
(Fig. 6). Parameters for the samples are given in Table 1.

Table 1. Characteristics of the Norway spruce needles [25].
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Measurements were performed with vegetative targets and the
transmitted powers were recorded. Different samples were used and
averaged to give the received power P1 . After removing the targets,
the reference power Po was then recorded. The loss factor, L(θi, p) , is
defined as the one way transmission loss of the vegetation canopy for
the incidence angle θi with a polarization angle p , such that

L(θi, p) = 10 log
Po
P1

(28)

For the theoretical calculation, Foldy’s approximation [2,26,27] is
employed to account for the attenuation introduced by the medium.
The propagation of the coherent wave with Eh and Ev as the hori-
zontal and the vertical components of the electric field is governed by
the following equations:

dEv
ds

= (iko + Mvv)Ev + MvhEh (29)

dEh
ds

= MhvEv + (iko + Mhh)Eh (30)

where s is the distance along the direction of propagation, and

Mjl =
i2πno
ko

< fjl(θ, φ; θ, φ) > j, l = v, h (31)

with (θ, φ) as the direction of propagation, no the number density of
the scatterers, and <> denotes ensemble average over the orientation
and size distribution of the scatterers. For vegetation canopy that ex-
hibits azimuthal symmetry, there is no coupling between the horizontal
and vertical components of the coherent field. Hence the cross-polarized
components Mhv and Mvh are zero. The effective propagation con-
stants are given by

kp = ko − iMpp p = v, h (32)

The effective propagation constants are then used to calculate the loss
factor [28]. The received power for a linearly polarized wave transmit-
ted through the medium with the effective propagation given in (32)
at the incidence angle of θi is given by
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Pr = Cr| cosψi cosψre−iδvd/ cos θi + sinψi sinψre
−iδhd/ cos θi |2

where

Cr =
1
ηo

Gr
λ2
o

4π
(34)

δp = iMpp p = v, h (35)

and Gr is the gain, ηo is the intrinsic wave impedance, λo is the
wavelength, d is the depth of the medium, and ψi and ψr are respec-
tively the polarization angles for the incident wave and the receiving
antenna. The reference received power is measured with the vegetative
target removed, i.e. δp are zero. The loss factor for the co-polarized
transmitted field is measured with ψi = ψr and is given as

L(θi, ψi) = | cos2 ψie−κevd/2 cos θi + sin2 ψie
−κehd/2 cos θiei∆βd/ cos θi |−2

(36)
where

κep(θi) =
4π
ko

no Im(< fpp(θ; θ) >) (37)

and

∆β = (2π/ko)no[Re(< fhh(θ; θ) >)−Re(< fvv(θ; θ) >)] (38)

The dielectric constant of the leaves is determined using the Ulaby
and El Rayes’ model [29] according to the water content of the leaves
reported in reference [25]. The method of moments code is used to cal-
culate the scattering function of the vegetation samples. Realizations
of the vegetation sample are made according to the parameters given
in Table 1.

Averaging over different realizations is taken to obtain average
scattering amplitudes. In Fig. 7, we show the comparison of the theoret-
ical calculation and experimental data for the attenuation of vertically
oriented bare twigs as a function of incidence angle. Good agreement
is observed. In Fig. 8 we compare the theoretical loss factors with the
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measurements as a function of the polarization angles at an incidence
angle of 90o for Norway spruce leaves.

For the calculation, the needles are assumed to be entirely respon-
sible for the measured attenuation. Hence only the needle character-
istics are incorporated in the model and the central twig is neglected.
The needles are assumed to have the same circular cross section with
radius a . The needle orientation was estimated [25] and the probability
density function is used to generate a vegetation sample. The cluster-
ing effect is accounted for. The position and the orientation of each
component are generated by Monte Carlo method and self-avoidance
of each component is checked. Only the center one third portion of
the structure is used in the calculation due to the limitation of com-
puter resource. The number of twigs used in the vegetative target is not
reported, therefore only a qualitative study is carried out. The theoret-
ical curve is adjusted to the experimental curve by choosing a suitable
number of scatterers, no , in equation (36). The comparison between
the model and experimental data shows that the attenuation behav-
ior of vegetation components at X-band microwaves can be predicted
reasonably well by scattering functions obtained from the method of
moments calculation.

Figure 7. Comparison of the theoretical extinction cross section of bare

twigs and experimental data as a function of the incidence angle θi for

a cylinder of length 10 cm, radius 1.5 mm, at 9GHz. ε is chosen to be

(11 + i4)ε0.
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Figure 8. Comparison of the theoretical loss factor and measurements

as a function of the polarization angle ψi, (θ = 90◦) for Norway spruce

twigs.

3. Vector Radiative Transfer Theory with Collective
Scattering Behavior of Particles

In this section, we define the radiative transfer theory that in-
cludes the collective scattering behavior of particles. This distinguishes
the new definition from the conventional definition of single particle
scattering behavior.

In radiative transfer theory [2], we consider a specific intensity
incident upon an elemental volume with cross sectional area A and
length ds (Fig. 9).

Figure 9. Elemental volume for radiative transfer equation.
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The cross sectional shape is arbitrary. It is an elemental volume
in the development of the radiative transfer equation. It is not small
in the sense of the wave equation. Let the volume V = Ads obey the
following criteria

(i) V >> λ3 where λ is the wavelength.

(ii) There is a large number of particles N, contained in V. The par-
ticles are randomly positioned.

Criteria (i) and (ii) are necessary so that coherent multiple scattering
in volume V will have phase fluctuations such that the energy trans-
fers in and out of volume V will become incoherent. Furthermore, if
the particles are of different sizes, shapes, and permittivities in volume
V, average particle scattering behavior will also be included in the ra-
diative energy transfer within volume V. Criteria (i) and (ii) establish
a lower limit of volume V.

Let E
i be the incident field in direction k̂i = (θi, φi) and E

s be
the scattered field from volume V of N particles.

E
i = E exp (iki · r) (39)

The scattered field can be decomposed into coherent and incoherent
fields.

E
s = 〈Es〉+ Es (40)

The scattered field E
s is a statistical field that contains the coherent

multiple scattering within volume V and the statistics of E
s will be

studied.
Inside volume V, coherent wave interactions among the particles

take place. Such coherent wave interaction takes into account near field,
intermediate field, and far field ranges. The ensemble averaged results
yield extinction coefficients and phase matrices for radiative transfer
theory which thus include collective scattering effects. It should be
noted that both extinction coefficients and phase matrices are defined
as quantities pertaining to scattering per unit volume. Thus, they are
not single particle quantities. Nor are they defined as scattering from
one particle to another single particle. The extinction coefficients and
phase matrices are also defined in the limit of large V. Since a limit
needs to exist for these quantities to be well defined, radiative transfer
theory is interpreted as incoherent interaction among large volumes V.
The volume V is arbitrary in shape, and edge effects of the volume for
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particles at the edges of volume V are not important. Otherwise, the
large V limit for extinction coefficients and phase matrices do not ex-
ist. Radiative transfer theory is regarded as incoherent wave interaction
among volume elements. Near field between different volume elements
are not important otherwise the edge effects of volume elements become
important and hence the extinction coefficient and the phase matrix
would not exist (Note that near field effects are important within the
volume element, the effects of which have to be included in coherent
wave interaction with the volume element as noted previously). Alter-
natively, one has to make the volume element large enough until near
field interaction between volume elements are not important.

From one elemental volume V to other elemental volumes, the
far field of E

s can be taken. We have

E
s = F (k̂s, k̂i)

exp (ikr)
r

(41)

where k̂s = (θs, φs) is the scattered direction. In (41), F (k̂s, k̂i) repre-
sents the N particles collective scattering amplitude and includes all
the coherent near field interactions among the N particles. It can be
decomposed into coherent and incoherent components.

F (k̂s, k̂i) = 〈F (k̂s, k̂i)〉+ F(k̂s, k̂i) (42)

The optical theorem can be applied to N scatterers which can be
viewed as a unit. Thus, for the case of non-absorptive scatterers, we
have,

4π
k

Im{F (k̂i, k̂i)} =
∫

4π
dΩs|F (k̂s, k̂i)|2 (43)

The phase function P (k̂s, k̂i) and the scattering coefficient κs are
defined as follows to take into account the collective scattering behavior
of N particles.

P (k̂s, k̂i) = lim
V→large

〈| F(k̂s, k̂i) |2〉
V

(44)

κs =
∫

4π
dΩsP (k̂s, k̂i) (45)

The limit in equation (44) is taken for a fixed no where no = N/V
is the number of particles per unit volume. The results of (44) and
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(45) should also be independent on the shape of volume V . Thus, the
phase function and the scattering coefficient are defined as per unit
volume quantities in the limit of large volume instead of single particle
quantities. Note that the limit with large N and large V is taken
for convergence. For the special case of independent scattering, the
definitions of (44) and (45) agree with the conventional theory. The
absorption coefficient is then

κa =
Wa

Qi
(46)

where Wa is the power absorbed by the N particles in volume V
and Qi is the incident flux. Thus, the absorption coefficient is the
absorption cross section per unit volume in the limit of large V . The
extinction coefficient is

κe = κa + κs (47)

Once the phase matrix and the extinction coefficients are calculated,
the radiative transfer equation assumes the following standard form

d

ds
I(r, ŝ) = −κeI(r, ŝ) +

∫
4π

dΩ′P (ŝ, ŝ′)I(r, ŝ′) (48)

where I(r, ŝ) denotes the specific intensity.
To establish the upper limit of V for the definition of the phase

function and the scattering coefficient, we note that if V is too large,
then the definition of (44) will include the effects described in (48),
and is actually the bistatic cross section of the overall medium (rather
than the differential volume V in the radiative transfer equation) with
multiple coherent and incoherent scattering included. Thus, the upper
limit of V is that multiple scattering of incoherent waves will be ex-
cluded. Multiple scattering of incoherent waves will take place in the
length scale of the mean free path lmfp

lmfp =
1
κe

(49)

The third criterion of V is an upper limit and it is given as
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(iii) V << ( 1
κe

)3

The volume V can simultaneously satisfy criteria (i) and (iii) if the
mean free path is much larger than the wavelength or the wavenumber
is much larger than the extinction coefficient.

lmfp � λ (50)
k � κe (51)

The conditions as exhibited in (50) and (51) are actually the conditions
for transport-type equations to be valid. When the condition is violated
so that lmfp � λ (known as the Ioffe-Regel criterion), strong photon
localization may take place and radiative transfer type equations will
fail. For remote sensing of geophysical media, conditions of (50) and
(51) are usually obeyed. For the case of independent scattering of N

scatterers, 〈| F(k̂s, k̂i) |2〉 = N | f |2 so that P (k̂s, k̂i) = no | f |2 ,
where no = N/V is the number of particles per unit volume and f is
the single particle scattering amplitude. Thus, (44) and (45) reduce to
the result of conventional radiative transfer theory.

3.1 Phase Matrix and Extinction Matrix

The vector radiative transfer equation is of the following form,

cos θ
dI(θ, φ, z)

dz
= −κe(θ, φ) · I(θ, φ, z)

+
∫ 2π

0
dφ′

∫ π

0
dθ′ sin θ′P (θ, φ; θ′, φ′) · I(θ′, φ′, z)

(52)

where I(θ, φ, z) is the 4× 1 Stokes vector, κe(θ, φ) is the extinction
matrix, and P (θ, φ; θ′, φ′) is the phase matrix. The phase matrix ele-
ments are now defined as covariance of the elements of the incoherent
scattering dyad of N scatterers in the limit of large V . For example,

P11(θ, φ; θ′, φ′) = lim
V→large

1
V
〈Fvv(k̂, k̂′)Fvv∗(k̂, k̂′)〉 (53)

P12(θ, φ; θ′, φ′) = lim
V→large

1
V
〈Fvh(k̂, k̂′)Fvh∗(k̂, k̂′)〉 (54)

P13(θ, φ; θ′, φ′) = lim
V→large

1
V

Re{〈Fvv(k̂, k̂′)Fvh∗(k̂, k̂′)〉} (55)
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with similar definitions for other phase matrix elements with one to one
correspondence with that of conventional independent scattering [1]. In
(53) through (55), k̂′ = (θ′, φ′) and k̂ = (θ, φ) represent, respectively,
the incident and scattered directions. The absorption coefficient is

κaβ(θ, φ) =
Wαβ

Qiβ
(56)

where β = v, h . The extinction coefficients for vertically and horizon-
tally polarized waves are, respectively,

κev(θ, φ) = κav(θ, φ) +
∫ 2π

0
dφ′

∫ π

0
dθ′ sin θ′(P11(θ, φ; θ′, φ′)

+ P21(θ, φ; θ′, φ′))
(57)

κeh(θ, φ) = κah(θ, φ) +
∫ 2π

0
dφ′

∫ π

0
dθ′ sin θ′(P12(θ, φ; θ′, φ′)

+ P22(θ, φ; θ′, φ′))
(58)

3.2 Simplification Based on Primary Scatterer Concepts

Because of the large number of scatterers in volume V , very
often it is difficult to perform Monte Carlo simulations of such a large
volume. A simplification can be made by using the primary scatterer
concept. Considering a volume containing many clusters of scatterers,
one can propose to use such a cluster as a primary scatterer. A primary
scatterer needs only to obey one of the following two conditions.

(a) Each primary scatterer is randomly placed. The separation is a
random quantity with a standard deviation larger than a wave-
length.

(b) The primary scatterer is large compared with wavelength, which
also facilitates (a).

As a result of (a) and (b), the scattering from different primary
scatterers will be uncorrelated. Let Fp(k̂s, k̂i) be the scattering ampli-
tude of a primary scatterer. Then the phase function is

P (k̂s, k̂i) = no〈|Fp(k̂s, k̂i)|2〉 (59)



202 Au et al.

where no is the number of primary scatterers per unit volume. The
extinction coefficient is

κe(k̂i) = no
4π
k

Im〈Fp(k̂i, k̂i)〉 (60)

where Fp must be calculated accurately. Based on (a) and (b), the
choice of primary scatterer is frequency dependent.

Considering scattering from a tree at high frequency, each branch
is a primary scatterer. At lower frequency, each cluster is a primary
scatterer. At even lower frequency, each tree is a primary scatterer.

4. Applications to Active Remote Sensing

4.1 Collective Radiative Transfer Theory.

In collective radiative transfer theory, we shall assume that each
cluster as illustrated in Fig. 10 as a primary scatterer. A primary scat-
terer is a scatterer whose scattering is uncorrelated with other scatter-
ers.

Figure 10. Configuration of the cluster. Center cylinder: length = 10

cm, radius = 0.3 cm; branching cylinder: length = 2cm, radius = 0.15

cm, branching angle β = 45◦; permittivity of the cluster = (11 + i4)ε0;
frequency is 5.3 GHz; incidence angle = θi.
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We shall compare the results for three different models. The first
model is the independent scattering model. It is assumed that each
branch scatters independently so that the phase matrix is the summa-
tion of the bistatic cross section for each branch. Thus

P (k̂s, k̂i) = no < |fb(k̂s, k̂i)|2 > (61)

where no is the number of branches per unit volume and fb is the
scattering amplitude of a branch and <> represents averaging over
sizes and orientations. The second model is the coherent interaction
model (with mutual coherent interaction included). The phase function
is given as

P (k̂s, k̂i) = no < |Fp(k̂s, k̂i)|2 > (62)

where Fp is the scattering amplitude of a primary scatterer which
is a cluster as shown in Fig. 10, no is the number of clusters per
unit volume. In calculating Fp , the MoM code is used so that the
Maxwell’s equations are solved exactly to include all the coherent wave
interactions among the branches of a cluster. <> represents averaging
over clusters. In this model, the single branch scatterer fb is not used.
The third model is the coherent addition approximation. In this model
the primary scatter amplitude Fp is a coherent superposition of the
single scatter amplitude fb from each branch. The relative phase shift
between different scatterers is included in this model.

Fp =
N∑
j

fbje
iθj (63)

where θj is the phase factor that accounts for the additional phase
delay due to the relative position of the branch element and it is given
as

θj = (ki − ks) · rj (64)

where rj represents the branch element location in the cluster.

4.2 Results and Discussion

In this section, theoretical results of the backscattering coefficients
of the two-layer medium are presented. We consider a layer of clusters
overlying a homogeneous flat dielectric surface (Fig. 11). We use first
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order vector RT theory [2] to calculate the backscattering coefficients.
The geometric configuration of the cylinder cluster is shown in Fig. 10.
The cluster consists of a vertical center cylinder of radius 0.3 cm and
of length 10 cm. There are five layers of branches distributed uniformly
along the center cylinder. All the branches make an angle of 45o with
the center cylinder. The radius of the branch is 0.15 cm and the length
is 2 cm. Two branches are arranged in the opposite direction to each
other within a layer to form a pair. This pair of branches is attached to
the center cylinder at a random azimuthal position. The permittivity
of the cluster is (11 + i4)εo . The frequency is 5.3 GHz. The scatterer
is vertically oriented.

Figures 12 and 13 show, respectively, the absorption cross section
and the total scattering cross section as the function of incidence angle
of a single cluster for vertical polarization.

Since the coherent addition approximation model assumes the
same internal field as the independent scattering model, it has the
same absorption cross section as the independent scattering model.
The enhancement of the absorption is due to mutual interaction and it
will be discussed in Section 5.2. For the total scattering cross section, it
is observed that coherent interfence increases the scattering loss (3dB
at nadir) and mutual interaction also increases the scattering loss at
nadir.

With the assumption that each scatterer is far apart compared
with a wavelength, the radiative transfer theory is employed to calcu-
late the backscattering coefficients for a two-layer medium containing
the scatterers. The backscattering coefficients for HH, VV and HV
polarizations as a function of incidence angle are shown in Figs. 14
through 16. The scatterers are vertically oriented and the ensemble
average is taken over the orientation angle ( γ ) of the scatterers. It
is observed that the coherent addition approximation gives good esti-
mates of the co-polarized returns (HH and VV). The difference between
the approximate methods and the coherent interaction model is larger
for the case of cross-polarized returns. This is because the interactions
between branches and the center cylinder give rise to cross-polarized
returns which cannot be captured in the approximate methods.
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Figure 11. Configuration of two layer medium with planar interfaces

containing discrete scatterers.

Figure 12. Absorption cross section as a function of incidence angle for

vertical polarization. Number of branches is 10. Curves are normalized

by (σah(90◦))ind with the numerical value of -39.5 dBsm. Frequency is

5.3 GHz.
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Figure 13. Scattering coefficient as a function of incidence angle for ver-

tical polarization. Number of branches is 10. Curves are normalized by

(σsh(90◦))ind with the numerical value of -43.2 dBsm. Frequency is 5.3

GHz.

Figure 14. Backscattering coefficients for a two-layer medium – σhh, frac-

tional volume f = 0.5%, εs = (11+ i4)ε0. The scattering layer has a thick-

ness d = 0.25 m and underlying half-space is flat and has permittivity

εsoil = (10 + i2)ε0. Frequency is 5.3 GHz. Number of branches for the

scatterers is 10.
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Figure 15. Backscattering coefficients for a two-layer medium – σvv, frac-

tional volume f = 0.5%, εs = (11+ i4)ε0. The scattering layer has a thick-

ness d = 0.25 m and underlying half-space is flat and has permittivity

εsoil = (10 + i2)ε0. Frequency is 5.3 GHz. Number of branches for the

scatterers is 10.

Figure 16. Backscattering coefficients for a two-layer medium – σhv, frac-

tional volume f = 0.5%, εs = (11+ i4)ε0. The scattering layer has a thick-

ness d = 0.25 m and underlying half-space is flat and has permittivity

εsoil = (10 + i2)ε0. Frequency is 5.3 GHz. Number of branches for the

scatterers is 10.
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To study the cross-polarized returns for the branching cluster, the
branching angle of the scatterer is varied from 10 degrees to 90 degrees.
The special case of 0 degree branching angle required a slight modifi-
cation of the specification of the input file to define the cluster because
using the center line to define the positions of the center cylinder and
branches results in overlapping the branches and the center cylinder. A
slight offset of branches is needed. The cross-polarized return at nadir
is zero in this case. The cross-polarized returns at nadir as a function
of the branching angle is shown in Fig. 17.

With small branching angles, the depolarization effect is small.
The general trend is that the cross-polarized return increases with the
branching angle. It is observed that there is larger discrepancy between
the coherent interaction model results and the approximate results for
smaller branching angles. This is because mutual interaction is im-
portant for cross-polarized returns, which is not accounted for by the
approximate methods.

At larger branching angles, a single component can give a signifi-
cant cross-polarized return and the mutual interaction is less important
in this case. To investigate the mechanism which accounts for the large
different in cross-polarized returns, a calculation is carried out with the
center cylinders of different radii. The results of the cross-polarized re-
turns at nadir are shown in Fig. 18.

The branching angle is chosen to be 10 degrees. The coherent ad-
dition approximation and the independent scattering model give lower
cross-polarized returns than the coherent interaction solution. The dif-
ference becomes larger for larger center cylinder. Both approximate
methods have a lower cross-polarized return with larger center cylin-
der. This is due to the increase in attenuation with cylinder size and
little cross-polarized contribution from the center cylinder. The results
also show that the presence of the center cylinder is important for high
cross-polarized returns. Since the center cylinder itself cannot give rise
to high cross-polarized returns, the mechanism responsible for the high
cross-polarized returns is the branch-center cylinder interaction. The
wave bounces from branch to center cylinder back to other branches
and gives high cross-polarized returns.
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Figure 17. Backscattering coefficients for a two-layer medium – σhv at

nadir, as a function of branching angle β. Fractional volume f = 0.5%,

εs = (11 + i4)ε0. The scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has permittivity εsoil = (10 + i2)ε0. Fre-

quency is 5.3 GHz. Number of branches for the scatterers is 10.

Figure 18. Backscattering coefficients for a two-layer medium – σhv as

a function of the center cylinder diameter. Fractional volume f = 0.5%,

εs = (11 + i4)ε0. The scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has permittivity εsoil = (10 + i2)ε0. Fre-

quency is 5.3 GHz. Number of branches for the scatterers is 10.
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Figure 19. Backscattering coefficients for a two-layer medium – σvv at

nadir as a function of branching angle β. Fractional volume f = 0.5%,

εs = (11 + i4)ε0. The scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has permittivity εsoil = (10 + i2)ε0. Fre-

quency is 5.3 GHz. Number of branches for the scatterers is 10.

Figure 20. Backscattering coefficients for a two-layer medium – σvv as

a function of the center cylinder diameter. Fractional volume f = 0.5%,

εs = (11 + i4)ε0. The scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has permittivity εsoil = (10 + i2)ε0. Fre-

quency is 5.3 GHz. Number of branches for the scatterers is 10.
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The co-polarized returns at nadir for the same set of scatterers are
shown in Fig. 19. The difference between the exact solution from the
coherent interaction model and the two other approximate solutions is
smaller than that of the cross-polarized returns. The coherent addition
approximation model gives a better estimate than the independent
scattering model. The mutual interaction is small because of the small
number of branches, and it is a weak function of the branching angle.
When repeating the same calculation for various center cylinders, the
results (Fig. 20) confirm that the mutual interaction is less important
for co-polarized returns.

The difference between the coherent interaction solution and the
coherent addition approximation becomes larger for a larger center
cylinder. However, it is less significant for the co-polarized case than
the cross-polarized case.

The coherent interaction solution for a single branching scatterer
has been used to evaluate the scattering functions for the phase ma-
trix and extinction matrix in the radiative transfer equations. The
backscattering coefficients are then calculated from the iterative solu-
tion. The solution accounts for the multiple scattering effects within
the cluster and single scattering between the clusters. It is well suited
for the calculation of locally dense media such as vegetation canopies.
The numerical solutions are then compared with the solutions obtained
with different approximations. The results show that the coherent ad-
dition approximation gives a good estimate for co-polarized returns.
For cross-polarized cases, both the independent and the coherent addi-
tion approximation models underestimate the backscattering returns.
Cross-polarized returns are mainly due to the interaction between the
components of the cluster and the two approximate methods do not ac-
count for this effect. By varying the branching angle of the cluster, it is
shown that the mutual interaction is stronger for the smaller branching
angle. The center cylinder in the cluster plays an important role in the
cross-polarized returns. The triple bounce scattering mechanism, i.e.
from branch to center cylinder back to branch, contributes to the high
cross-polarized returns. It should be noted that in the cases studied,
we want to isolate the contribution from mutual interaction for cross-
polarized return, so only vertically oriented center cylinder is used. If
some random orientation distribution for the clusters is introduced, the
center cylinder, being larger than the branches, will contribute a sig-
nificant cross-polarized return and the difference between the coherent
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interaction model and the other two approximate methods may not be
as markedly as reported here.

5. Applications to Passive Remote Sensing

5.1 Vector Radiative Transfer Theory

In the area of remote sensing of geophysical terrains such as snow,
ice and vegetation canopies, different theoretical models have been de-
veloped to model the electromagnetic response and to interpret experi-
mental data. For the discrete scatterer model, the medium is considered
to be a collection of discrete scatterers embedded in a homogeneous
background. In the radiative transfer approach, independent scattering
assumption has been used to evaluate the phase functions, the scatter-
ing coefficients and the absorption coefficients. The classical relations
are that for N particles, the scattering cross section and absorption
cross section of N particles are given by

(σs)ind =
N∑
i=1

σsi (65)

(σa)ind =
N∑
i=1

σai (66)

where ind stands for independent, and σsi and σai are respectively
the scattering and absorption cross sections of the i th particle as it
exists alone. For a medium with a high concentration of particles, inde-
pendent scattering is not valid. Such high particle concentration media
can be divided in two categories; uniformly dense media and locally
dense media. For uniformly dense media, for example snow and ice,
the fractional volume of the scatterers is high and the collective scat-
tering effects can be described by the dense media theory [2, 7]. In
vegetation canopies, the fractional volume of particles is low, usually
between 0.1% to 0.5% . However, scatterers like branches and leaves
can occur in clusters. They are regarded as locally dense media. In
media that exhibit locally dense properties, collective scattering and
absorption effects are important.

In this section, we focus on the effect of mutual interaction on the
collective scattering and absorption in locally dense media. The ab-
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sorption of the cluster can be several times greater than the incoherent
sum of its components as predicted by equation (66).

The vector radiative transfer theory for passive remote sensing ia
documented in the literature. We also use a cluster of branches as the
primary scatterer. The vector radiative transfer equation that governs
the propagation of the specific intensity I is given by

cos θ
dI(θ, φ, z)

dz
= −κe(θ, φ) · I(θ, φ, z)

+ κa(θ, φ)CT +
∫

4π
dΩ ′P (θ, φ, θ′, φ′) · I(θ′φ′, z)

(67)

where κe is the extinction matrix for the Stokes vector due to the scat-
terer that accounts for losses from scattering and absorption, κa is the
absorption coefficient vector, P (θ, φ, θ′, φ′) is the phase matrix which
relates the scattered intensities in the direction of (θ, φ) to the incident
intensities in the direction of (θ′, φ′) , T is the physical temperature,
and C is a constant given by

C =
K

λ2
(68)

with K as the Boltzmann’s constant ( 1.38 × 10−23 J/K) and λ the
free space wavelength. The absorption vector can be expressed in terms
of the number density of the scatterers and the absorption cross sec-
tions as follows

κa(θ, φ) = no




σa1(θ, φ)
σa2(θ, φ)
σa3(θ, φ)
σa4(θ, φ)


 (69)

5.2 Absorption Enhancement

The geometrical configuration of the cylinder cluster is shown in
Fig. 10. The cluster has the same parameters as described in Section
4.2. All the quantities of the absorption cross section are normalized by
dividing by the independent scattering absorption cross section (σa)ind
as given by equation (66) for the horizontal polarization at incidence
angle of 90o . The frequency is 5.3 GHz.
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In the first case, we consider such a cluster with 10 branches. The
variation of absorption cross section with incidence angle θ for two
polarizations is shown in Figs. 21 and 22.

Figure 21. Absorption cross section as a function of incidence angle for

horizontal polarization. Number of branches is 10. Curves are normalized

by (σah(90◦))ind with the numerical value of -39.5 dBsm.

Figure 22. Absorption cross section as a function of incidence angle for

vertical polarization. Number of branches is 10. Curves are normalized

by (σah(90◦))ind with the numerical value of -39.5 dBsm.
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At nadir, there is a difference between two polarizations. The clus-
ter exhibits azimuthal asymmetry due to a few number of branches.
It should be noted that the center cylinder is much larger than the
branching ones and the effect of the center cylinder is dominant in
this case. The absorption cross section for the horizontal polarization
obtained from independent scattering model is not sensitive to the
changes in the incidence angle. This is because the absorption is pro-
portional to the square of the magnitude of the internal field and the
incident electric field vector does not change with incidence angle for
horizontal polarization.

The small variation with incidence angle is due to the contribu-
tion from the branches. If there are enough branches to exhibit az-
imuthal symmetry, such variations will diminish. The variation with
incidence angle is much larger for the vertical polarization case because
the incident electric field vector changes with the incidence angle. The
difference between the present model and the independent scattering
model is due to the mutual interactions between the components of
the cluster. The vertical polarization case has a large enhancement at
nadir. The internal field from the independent scattering model can
be regarded as the first order internal field. The incident electric field
has a small tangential component on the center cylinder and hence
a small first order internal field. However, the induced fields on the
branches can generate a larger tangential component on the center
cylinder which facilitates the penetration of the electric field into the
center cylinder. This mutual interaction creates a significant change
in the internal field and the absorption is several times larger than
that of the independent scattering case. At 90o incidence angle, the
first order internal field for the center cylinder is already high and the
enhancement is not significant.

The second case we consider is a cluster with 48 branches. The
number of branching layers has been increased to 12. Within each
layer, four branches are arranged at right angles to each other. They
are then attached to the center cylinder at random azimuthal locations.
The results are shown in Figs. 23 and 24.
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Figure 23. Absorption cross section as a function of incidence angle for

horizontal polarization. Number of branches is 48. Curves are normalized

by (σah(90◦))ind with the numerical value of -30.7 dBsm.

Figure 24. Absorption cross section as a function of incidence angle for

vertical polarization. Number of branches is 48. Curves are normalized

by (σah(90◦))ind with the numerical value of -30.7 dBsm.
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We observe that the cluster exhibits azimuthal symmetry due to
the large number of branches. The results at nadir for the two polariza-
tions are approximately the same. In Fig. 23, as predicted previously,
the independent scattering curve for the horizontal polarization does
not change with incidence angle. Significant enhancements are observed
for both polarizations at nadir. However, for the vertical polarization,
the absorption with mutual interaction is less than that from indepen-
dent scattering at large incidence angles. This is due to the blocking
of the center cylinder and the branches which results in lower internal
fields. The horizontal polarization only excites a small internal field
for the center cylinder, so that the near field interaction always en-
hances the absorption. Without considering the structure of cluster,
the independent scattering predicts a symmetric absorption cross sec-
tion with 90o incidence angle. It should be noted that even though the
absorption cross section does not obey inversion symmetry, the extinc-
tion cross section does. The explanation is that, by combining optical
theorem and reciprocity, we obtain

σe(θ) =
4π
k

Im(fpp(θ; θ)) =
4π
k

Im(fpp(π − θ;π − θ))

= σe(π − θ)
(70)

where k is the wavenumber, σe is the extinction cross section, fpp
is the forward scattering function and p = v, h . The extinction cross
sections show the inversion symmetry in Figs. 25 and 26.

The extinction cross sections are calculated from the optical the-
orem. Energy conservation is observed in the calculation to 99% accu-
racy.

To study the relative importance of the absorption enhancement
and blocking, we repeat the case 2 with the center cylinder removed.
The results are shown in Figs. 27 and 28.

Blocking lowers the internal fields of all the branches, and without
the center cylinder, no significant enhancement is made for the hori-
zontal polarization to counter the effect of blocking. Therefore at large
incidence angles, the absorption from the numerical model is lower
than that of the independent scattering model for both polarizations.
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Figure 25. Cross sections as a function of incidence angle for horizontal

polarization. Number of branches is 48.

Figure 26. Cross sections as a function of incidence angle for vertical

polarization. Number of branches is 48.
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Figure 27. Absorption cross section as a function of incidence angle for

horizontal polarization. Number of branches is 48. Center cylinder is

removed from the cluster. Curves are normalized by (σah(90◦))ind with

the numerical value of -30.9 dBsm.

Figure 28. Absorption cross section as a function of incidence angle for

vertical polarization. Number of branches is 48. Center cylinder is re-

moved from the cluster. Curves are normalized by (σah(90◦))ind with the

numerical value of -30.9 dBsm.
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5.3 Brightness Temperature Calculation

In this section, theoretical results based on the MoM calculation
of the scattering function of the scatterer are presented and compared
with results obtained from approximate methods. The brightness tem-
perature is calculated for a two-layer medium embedded with vertically
oriented clusters with a flat bottom surface. The configuration of the
problem is similar to that of (Fig. 11) with the incidence angle replaced
by the observation angle. The phase matrix is evaluated in three dif-
ferent ways. First, it is calculated by the MoM for the cluster, in which
the interactions between all components are fully accounted for (co-
herent interaction model). It is then compared with the independent
scattering model in which the incoherent sum of its components is used
to evaluate the phase matrix and the extinction matrix (independent
scattering model). The third method is the coherent addition approx-
imation [8]. The phase matrix is evaluated using this model and the
extinction matrix is calculated by the addition of the absorption cross
section and the total scattering cross section.

In the first case, the brightness temperature for a half-space con-
figuration with vertically oriented scatterers is calculated. The 10-
branch scatterer described in the previous section is used. Ten real-
izations are generated for the branching scatterers to obtain the av-
erage brightness temperature. The radiometer frequency is 5.3 GHz.
The canopy has a fractional volume f = 0.5% and a permittivity
εs = (11+i4)εo . The physical temperature of the canopy is 300 K. The
results for vertical and horizontal polarizations are shown in Figs. 29
and 30.

The brightness temperature for the half-space medium is closely
related to the ratio of the absorption coefficient κa and the extinction
coefficient κe . These two quantities are functions of the observation
angle. The extinction coefficient κe is equal to the sum of the scatter-
ing coefficient κs and the absorption coefficient κa . As mentioned in
the previous section, for the 10-branch case, absorption enhancement is
observed. The independent scattering model gives the highest bright-
ness temperature because it ignores the coherent effect and yields the
lowest scattering coefficient. Although it gives a low κa , it does not
completely compensate for the underestimation of κs . As a result, the
ratio of the κa/κe is highest among the three methods. When the
scattering coefficient is calculated by the coherent addition approxi-
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mation, it has a higher value than the independent scattering model.
With κa obtained from the independent scattering model, it has a
lower ratio of κa/κe , and hence lower brightness temperature [22].
The coherent addition approximation model provides a good estimate
of the brightness temperature for the vertical polarization. It underes-
timates the brightness temperature for the horizontal polarization at
low observation angles because it does not account for the absorption
enhancement, which is particularly high at that range.

The thermal emission from the two-layer configuration modeling
a vegetation canopy overlying on a flat ground surface is also calculated
(case 2). The permittivity of the ground is εsoil = (16+ i4)εo while the
ground and the canopy temperatures are both 300 K. The thickness
( d ) of the vegetation canopy is 25 cm. The optical depth κed/ cos θ
varies for different models. The coherent interaction model gives the
highest optical depth while the independent scattering model gives
the lowest. The optical depth indicates how well the overlying layer
shields the half-space underneath. Figs. 31 and 32 show the brightness
temperatures for the two polarizations.

With the interaction between surface and volume scattering, the
brightness temperatures obtained from the coherent interaction model
can be higher than the other two approximate methods, depending on
the properties of the ground surface and the canopy thickness. The
brightness temperature of the horizontal polarization decreases with
increasing observation angle at that range. As the observation angle
increases, the optical depth increases and the half-space limit is ap-
proached. This explains why the brightness temperature for the hori-
zontal polarization rises at large observation angles.

The effect of canopy thickness is studied by varying it from 10 cm
and 100 cm. The brightness temperatures observed at 8.4o are shown
in Figs. 33 and 34.
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Figure 29. Brightness temperature of a half-space medium embedded

with vertically oriented scatterers – TBh, f = 0.5%, εs = (11 + i4)ε0. Fre-

quency is 5.3 GHz. Number of branches is 10.

Figure 30. Brightness temperature of a half-space medium embedded

with vertically oriented scatterers – TBv, f = 0.5%, εs = (11 + i4)ε0. Fre-

quency is 5.3 GHz. Number of branches is 10.
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Figure 31. Brightness temperature of a two-layer medium – TBh, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 10.

Figure 32. Brightness temperature of a two-layer medium – TBv, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d = 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 10.
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Figure 33. Brightness temperature of a two-layer medium – TBh at ob-

servation angle = 8.4◦, f = 0.5%, εs = (11 + i4)ε0. Underlying half-space

is flat and has a permittivity εsoil = (16 + i4)ε0. Frequency is 5.3 GHz.

Number of branches is 10.

Figure 34. Brightness temperature of a two-layer medium – TBv at ob-

servation angle = 8.4◦, f = 0.5%, εs = (11 + i4)ε0. Underlying half-space

is flat and has a permittivity εsoil = (16 + i4)ε0. Frequency is 5.3 GHz.

Number of branches is 10.
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The brightness temperatures from the coherent interaction model
in this case are higher than the two approximate methods when the
canopy thickness is small because it shields the bottom half-layer more
effectively. The difference decreases as the thickness of the canopy in-
creases. As the half-space limit is approached, the brightness tempera-
tures from coherent interaction model fall between that of independent
scattering model and the coherent addition approximation model.

A 48-branch scatterer described in the previous section is used in
the brightness temperature calculation (case 3). The same parameters
as the previous case are used. The scatterer has a more complicated
structure, and both blocking and absorption enhancement occur. The
brightness temperatures for a canopy thickness of 25cm are shown in
Figs. 35 and 36.

In general, the coherent addition approximation in these cases
gives a good estimate of the brightness temperatures. The difference
between the coherent interaction model and the coherent addition ap-
proximation for vertical polarization at large observation angles in the
two-layer medium is larger due to the inaccuracy in the optical depth.

As mentioned in the previous section, when the branching angle is
small, the mutual interactions will be strong and the coherent interac-
tion model will give the most accurate results. To illustrate the point,
the 48 branch-clusters with branching angles of 15o and 75o are used
in the calculation. All other parameters remain the same as the pre-
vious cases. The brightness temperatures of the vertical polarization
with 15o and 75o branching angle clusters for a two-layer medium of
thickness 25 cm are shown in Figs. 37 and 38, respectively. The dif-
ference between models can be as large as 30K for some observation
angles.
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Figure 35. Brightness temperature of a two-layer medium – TBh, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d= 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 48.

Figure 36. Brightness temperature of a two-layer medium – TBv, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d= 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 48.
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Figure 37. Brightness temperature of a two-layer medium – TBv, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d= 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 48. Branching angle β is

15◦.

Figure 38. Brightness temperature of a two-layer medium – TBv, f =
0.5%, εs = (11 + i4)ε0. Scattering layer has a thickness d= 0.25 m and

underlying half-space is flat and has a permittivity εsoil = (16 + i4)ε0.
Frequency is 5.3 GHz. Number of branches is 48. Branching angle β is

75◦.
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6. Conclusion

In this paper, we studied the effect of mutual interaction in the
scattering behavior of locally dense vegetation. The radiative transfer
theory is modified by defining the phase matrix and extinction coef-
ficient as, respectively, the bistatic cross section per unit volume of
space and the extinction cross section per unit volume of space. The
limit of the volume of space is taken such that the collective scatter-
ing effects of the particles within the volume are taken into account.
The scattering functions of the scatterers within the volume of space
are obtained from the numerical solution of Maxwell’s equations, and
hence all the interactions between different components of the cluster
are retained. Because of low fractional volume, the interaction between
two remotely separated primary scatterers is small, thus the use of ra-
diative transfer theory is justified. Analytical iterative solution method
is used in the active case to calculate backscattering coefficients and
Gaussian quadrature method is used in the passive case to calculate
brightness temperatures.

A better understanding of the clustering effects is obtained
through the numerical investigation. For scatterers with large num-
ber of branches, the independent model is shown to be inadequate.
The coherent addition approximation for branching structure improves
the estimate of the scattering characteristics. However, since the inter-
nal field in the model is assumed to be the same as the independent
scattering model, mutual interaction is not included. Using the MoM
approach, it is shown that both the absorption and the scattering losses
are enhanced by mutual interaction.

In this paper, we have shown that the coherent interaction model
provides accurate solutions when mutual interaction is strong, which
cannot be handled with existing approximate methods. Suggestions for
future work are to improve modeling of locally dense medium with both
analytical and numerical approaches. Coherent addition approximation
model provided reasonable results in some cases. It may be possible to
improve the model by incorporating high order terms to account for
mutual interaction. Only thin cylinder structures have been studied
for the clustering effects in this chapter. A possible extension is to
study scatterers with different structures, for example, discs and thick
cylinders.
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