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Electromagnetic Scattering from Grassland—
Part I: A Fully Phase-Coherent Scattering Model

James M. Stiles, Senior Member, IEEE, and Kamal Sarabandi, Senior Member, IEEE

Abstract—A microwave scattering formulation is presented for
grassland and other short vegetation canopies. The fact that the
constituent elements of these targets can be as large as the vegeta-
tion layermake this formulation problematic. For example, a grass
element may extend from the soil surface to the top of the canopy,
and thus the upper portion of the element can be illuminated with
far greater energy than the bottom. By modeling the long, thin ele-
ments of this type of vegetation as line dipole elements, this nonuni-
form illumination can be accounted for.
Additionally, the stature and structure of grass plants can result

in situations where the average inner-product or coherent terms
are significant at lower frequencies. As a result, the backscattering
coefficient cannot be modeled simply as the incoherent addition of
the power from each element and scattering mechanism. To deter-
mine these coherent terms, a coherent model that considers scat-
tered fields, and not power, is provided. This formulation is then
used to provide a solution to themultiple coherent scattering terms,
terms which include the correlation of the scattering between both
dissimilar constituent elements and dissimilar scattering mecha-
nisms.
Finally, a major component of the grass family are cultural

grasses, such as wheat and barley. This vegetation is often planted
in row structures, a periodic organization that can likewise
result in significant coherent scattering effects, depending on the
frequency and illumination pattern. Therefore, a formulation is
also provided that accounts for the unique scattering of these
structures.

Index Terms—Coherent scattering, extinction in randommedia,
vegetation scattering models.

I. INTRODUCTION

B ECAUSE of their fundamental importance to Earth cli-
mate dynamics and the atmosphere’s carbon cycle, forest

vegetation has in recent years justifiably attracted the majority
of interest in the field of microwave remote sensing of vegeta-
tion targets. However, another vegetation class that must not be
overlooked is the category of grassland vegetation, both natural
and cultural. As a significant portion of the Earth’s dry surface
is covered in grasses, a global understanding of the biophysical
parameters which describe this vegetation is thus highly desir-
able, parameters that include soil moisture, biomass, and leaf
area. Additionally, a significant amount of the cultivated land on
the Earth’s surface is occupied by members of the grass family.
This fact leads to another motivation for determining globally
accurate and timely descriptions of the Earth’s cultural grass-
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Fig. 1. Grass canopy consisting of long, thin elements. The vertical
distribution of these elements (the center of each element is denoted by an “×”)
is much smaller than the overall canopy height.

lands: The detection of drought, or the prediction of crop yields
to estimate famine potential.
Radar remote sensing can potentially be used to estimate

these biophysical parameters, provided that the relationship
between the physical parameters of grass vegetation and the
resulting microwave scattering is well understood. However,
both the structure and stature of grass vegetation lead to many
unique problems that make the application of random media
scattering techniques problematic. Grassland constituents are
often neither axially straight nor circular in cross section,
thus limiting the applicability of modeling grass plants as a
collection of simple canonical elements where the scattering is
well known. In addition, the relative position of the elements
often cannot be described as uniformly distributed throughout
the canopy layer. Instead, as demonstrated by the Fig. 1, the
individual constituent elements can begin at the bottom of the
scattering layer and traverse vertically to the top. The positions
of these structures are often only slightly random in the vertical
dimension, with a variance far smaller than the canopy height.
As a result, it is difficult to model these structures as point tar-
gets within the scattering media, as the arbitrary reference used
to derive structure location will greatly affect the scattering
formulation.
This leads to the next problem associated with grassland scat-

tering, that of the nonuniform illumination of the constituent el-
ements. Since the long, thin elements of a grassland canopy ex-
tend from the top of the vegetation to the bottom, the coherent
wave illuminating the element is nonuniform; that is, the inten-
sity of the wave illuminating the element varies over the scat-
tering element. Therefore, the scattering from a long element
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within this layer is not simply an attenuated version of the scat-
tering in freespace. The induced scattering currents will be mod-
ified, with the solution a function of the canopy within which it
resides.
Finally, perhaps the most significant problem when dealing

with grass canopies is the potential for the scattered fields from
dissimilar elements to be significantly correlated. Both the
stature and the structure of grassland elements lead to a case
where field correlations can occur. The small stature of grass
plants can result in an electrically small scattering volume in
the microwave region. In other words, the volume wherein a
single plant (and therefore its constituent elements) resides is
electrically small in one or more dimensions. Additionally,
the simple structure that defines most grass plants can lead to
significant physical correlations between dissimilar elements.
As a result, the total scattering power cannot be reduced to a
summation of the scattering power from each separate plant
element, but the plant structure as a whole must be considered
[1]–[6]. Likewise, the row structures in which cultural grasses
such as wheat or barley are planted also lead to coherent effects
that must be accurately represented in the scattering model.
Therefore, this paper presents a microwave scattering model

for grassland vegetation, wherein the problems of arbitrary con-
stituent shape, nonuniform illumination, and phase-coherent
effects are accounted for. The model is therefore a departure
frommany other grassland scattering models, which largely use
phase-incoherent solutions such as radiative transfer [7]–[9],
model grass constituents as simple structures [3], [7]–[10],
and/or uniformly distribute the constituent locations throughout
the vegetation layer [7]–[10].

II. SINGLE-ELEMENT SCATTERING

The first step in formulating the scattering from grassland
canopies is to determine the scattering response from the long,
thin dielectric elements (stalks, blades) that are the constituent
elements of grassland vegetation. Specifically, we seek a for-
mulation for the scattered field from a long, thin element of ar-
bitrary shape and cross section that is located in a extinction
layer (vegetation) over a rough dielectric half space (soil). It
has been shown that the scattering from long, thin dielectric
elements can be attributed to electric line-dipoles lying along
the cylinder axis [11], [12], provided that the element diam-
eter is small compared to the field wavelength. The total scat-
tering from the cylinder can be thought of as a coherent addition
(integration) of the scattering from incremental or differential
dipoles along the thin element, with a dipole moment described
as , where is the differential distance along the long
cylinder axis. It should be noted that the dipole moment of a
short element (length ) cannot be determined from
(i.e., ). The dipole moment is a function of the
incident electric field along the element axis, as well as of the
two-dimensional polarizability tensor . A scattering matrix
element for an incremental dipole (in free space) is thus deter-
mined from the scattering matrix element of a standard dipole
[13, pp. 91-92]

(1)

Fig. 2. The four first-order scattering mechanisms to be considered in this
scattering formulation.

where is an element of the scattering matrix for orthogonal
receive/transmit polarization vectors , vectors that are de-
pendent on the incident direction vector

.
The scattered field associated with this dipole element is of

course proportional to the local incident field, and thus a repre-
sentation of the incident field at every location along the thin
grassland element must be determined. Since these elements
reside in an extinction layer (the vegetation canopy), this inci-
dent field is not a uniform plane wave, but one whose intensity
varies across the grass element, diminishing as the vertical depth
within the layer increases. The incident field is thus dependent
on the extinction exhibited by the vegetation layer, as well as
the position within that layer. Likewise, the far-field scattering
response from an elemental dipole along the long, thin grass
element is modified by the propagation path from the dipole el-
ement back through the vegetation layer. Thus, we must first
determine a formulation for coherent propagation to/from an ar-
bitrary point within the vegetation layer.
This formulation will consider only first-order scattering

mechanisms, of which there are four: a direct scattering term,
two ground bounce terms, and a double-bounce term (Fig. 2).
The total scattered field is therefore the coherent summation
of these four terms. To determine this value correctly, each
of the four scattering mechanisms must be referenced to
a single equi-phase plane. The propagation by each of the
four scattering mechanisms can be modeled as a sum of two
complex propagation paths, the direct path and the reflected
or image path (Fig. 3). Fig. 4 shows the geometry of the
direct path, where the equi-phase plane is arbitrarily taken to
pass through the origin. Using ray optics, the propagation path
from the equi-phase plane directly to position is therefore

(2)

where defines the location where the ray intersects the top
of the vegetation layer and defines the location where the
ray intersects the equi-phase plane. The vector specifies the
incident plane wave in free space, propagating in the direction

and is defined as

(3)
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Fig. 3. Propagation paths of each of the four first-order scattering mechanisms
can be constructed in terms of the propagation along paths and/or . Since
a coherent field solution is desired, these paths must be referenced to a single,
equi-phase plane.

Fig. 4. Propagation along path is the propagation from the equi-phase
plane to the canopy surface in free space ( ) and the propagation
from the canopy top to the scatterer in the grass vegetation ( ).

where
;
;

.
Additionally, where is the effective propagation
constant of the sparse vegetation canopy, a complex value that
specifies both the attenuation and phase velocity of the coherent
(average) wave within the medium. Note this formulation im-
plies a diffuse boundary condition at the air/vegetation interface,
such that the direction of propagation in the grass layer is eval-
uated as that of free space.
The propagation of an electromagnetic field within the veg-

etation layer can therefore be described as where
is, after further evaluation, determined to be

(4)

where is a point within the scattering layer and
.

Fig. 5. Transmission and scattering propagation paths can be determined at
every position along a thin grass element. The differential dipole moment
at every location along the thin element can therefore be computed.

Using the same procedure as for , the image, or ground
bounce term is found to be

(5)

with the propagation in the vegetation described as
. The value is the appropriate coherent

reflection coefficient for the rough soil, an artifact of the
spicular ground reflection encountered by this image path.
These two propagation expressions can be used in combina-

tion to determine the relative propagation of the coherent elec-
tric field from the equi-phase plane, to an arbitrary location
within the canopy, and back to the equi-phase plane for any of
the four first-order scattering mechanisms shown in Fig. 2. The
arbitrary location, for example, could be a location on a thin
dielectric (i.e., grassland) structure, specifying therefore the po-
sition of an incremental dipole element, as shown in Fig. 5. The
scattering from an entire thin dielectric element is thus deter-
mined by integrating the scattering from a differential dipole
element (1) over the contour of the element axis

(6)

where
one of the four first-order scattering mech-
anisms ( );
a position vector that denotes the location
on the element using the parametric vari-
able ;
specifies the propagation from the
equi-phase plane to location and
back again, using the proper combinations
of (4) and (5).

For the specific expressions of pertaining to each of the
four scattering mechanisms, refer to the Appendix of this paper.
Again, the scattering from the long, thin dielectric elements

found in grassland canopies can be evaluated in this manner
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because the scattering from these structures is attributed to line
dipoles along the contour of the element. These incremental
dipoles couple very weakly with each other, so that (6) is an
asymptotically valid expression regardless of the electrical
length of the long dielectric element [12]. As a result, the
above expression is also used to approximate the scattering
from cylinders with moderate axial curvature (the coupling
effects are still slight), a form exhibited by many constituents
of grassland canopies.
The total first-order scattering from this grassland element

is therefore the coherent sum of the four first-order scattering
terms

(7)

Several points should be emphasized about this formulation.
The first is that this solution provides the coherent addition of
the scattered fields for each of the four first-order scattering
mechanisms, rather than the scattered power, the parameter
most often evaluated. Additionally, the solution allows for thin
elements of moderate curvature and can accurately evaluate
arbitrarily shaped cross sections if the corresponding polariz-
ability tensor is known.
Another important point about this solution is its complete-

ness. This is not a solution for the scattering of a thin dielectric
element, but instead of a dielectric element in an extinction layer
over a dielectric half space. The effect of the extinction layer and
the reflection from the half space are comprehended in the so-
lution. As a result, the formulation is not only dependent on the
usual elemental parameters such as size, shape, orientation, and
dielectric properties, but on its position within the layer as well.
This is true for its vertical position denoted by , but also for the
relative phase associated with its lateral position, denote*d by
and .
Finally, perhaps the most significant aspect of this model is

that it accurately represents the illumination of the element by
the coherent wave. Since the propagation both to and from each
arbitrary point on the scatterer is determined, the effect of the
extinction layer on the scattering element is accurately repre-
sented. This is particularly true for thin elements that extend
from the top of the extinction layer, where it is intensely illumi-
nated, to the bottom of the layer, where it may be barely illumi-
nated by the incident wave. This effect can be profound, as the
result is a scattering pattern, which is significantly different than
that produced by a uniform illumination. That is, the scattering
formulation is not simply an attenuated (by the vegetation) ver-
sion of the free-space scattering, but instead results in a solution
where the direction, as well as intensity, of the scattered energy
is modified by the canopy extinction.

III. AVERAGE SCATTERED POWER

The previous section provides a solution for computing the
scattered electric field (in the far field) for a constituent element
in an extinction layer over a dielectric half space. However, for
applications involving the remote sensing of random media, the

Fig. 6. The three grass plant constituent elements considered in this model: A
stalk, the grain element, and multiple leaf elements. The leaf and stalk elements
are long, thin dielectric structures that can exhibit axial curvature and arbitrary
cross sections.

parameter of interest is not the scattered field of a fixed element,
but instead can be specified in general as the average covariance
of the scattered fields from an element or elements whose pa-
rameters are defined by a set of random variables, including po-
sition, orientation, size, and shape. This parameter is denoted as

where and denote arbitrary receive/transmit
polarizations (e.g., ), denotes complex con-
jugate, and denotes the expected value operation over all
random variables describing the element. A complete average
covariance matrix can be constructed [14, p. 31] by calculating
a set of these values for all possible polarization combinations,
which completely characterizes the average scattering from a
random media. The diagonal terms of the covariance matrix are
real valued and represent the average scattered power for each
of the four polarization states. From (7), this is given as

(8)

There are thus 16 terms required to determine the total power,
four of which ( ) represent the incoherent power,
the scattered power from each scattering mechanism being con-
sidered independently. The remaining 12 inner product terms
can either add to, or detract from, the incoherent power value
and represent the correlation between the scattered fields of dis-
similar scattering mechanisms. For many cases, the correlation
is small and the 12 inner product terms are insignificant when
compared to the incoherent power. However, this is true only
under specific conditions, and thus for this formulation these
terms will be maintained.
The structure of the grass plant to be modeled will consist of,

completely or partially, three basic elements; namely leaf, stalk,
and grain elements (Fig. 6). The leaf and stalk will be modeled
as line-dipole elements, whereas the grain model is evaluated as
a point target. Using first-order discrete scattering theory (i.e.,
no constituent coupling), the scattered field from a grass plant
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can be expressed as the coherent sum of the scattering from its
constituent elements

(9)

A general element of the covariance matrix for the scattering
from an entire plant can thus be written as

(10)

where and again represent an arbitrary element of set
. Equation (10) represents a startling number

of terms, as the correlation between dissimilar constituent ele-
ments is considered. If , then the covariance elements
represent real scattered power , with the first three
terms of (10) providing the incoherent scattering power and the
remaining terms providing the inner product or coherent scat-
tering power. If the plant contains four leaves, then the number
of incoherent terms totals 24 (six elements, and four mecha-
nisms). This is contrasted to the coherent formulation of (10),
where terms, including the 24 incoherent terms,
are represented. These incoherent values are generally the most
significant individual terms of (10), and this fact is often used
to justify neglecting the coherent terms of (10). However, the
question is not whether the incoherent terms are the greatest
single terms, but whether the remaining 552 coherent terms are
insignificant when taken in total.
For electrically large and very random vegetation, the co-

herent terms, even when taken in total, will likely be small and
thus the coherent power can be discarded. However, the small
stature and simple structure of a grass plant can result in scat-
tering scenarios where these coherent effects cannot be disre-
garded. The effective scattering volume of a single plant may be
sufficiently small such that the relative phase variation across
the volume is less than (particularly for low frequencies).
Therefore, random scatterers within the volume may still pro-
duce scattered fields that are generally aligned in phase and
thus significantly correlated. Additionally, the constituent scat-
terers of a simple grass plant are often physically well correlated
(e.g., leaves located along the stalk, grain at the stalk apex, etc.),

which further increases the correlation of their resulting scat-
tered fields. Essentially, these relatively small and simple plants
at times must be evaluated as individual scattering elements;
they cannot be segmented into smaller constituent elements for
evaluation by incoherent scattering formulations.

IV. CONSTITUENT MODELS

In several previous cases [7]–[10], the leaf elements of grass-
land constituents have been modeled as straight elements and/or
as elements with circular or elliptical cross sections. However,
the effect of the approximation on model accuracy is uncertain
as the leaf or blade structures of grass plants are curved ele-
ments with decidedly noncircular cross sections. As one goal
of this study has been to produce accurate constituent scattering
models in both the electromagnetic and plant fidelity senses, we
seek to find a solution that better represents this observed struc-
ture. Both the leaf and stalk constituents are essentially long,
thin dielectric elements. It will be assumed that the radius of
these structures is small with respect to a wavelength, their cur-
vature moderate, and their axial ratio (length to radius) is large
such that the scattering formulations presented in this paper can
be implemented. These assumptions are not considered to be a
major restriction when evaluating most grassland vegetation in
the microwave frequency region.
To implement the scattering solution of a thin dielectric ele-

ment such as a stalk, essentially two items must be defined. The
first is the polarizability tensor element that accounts for
the dielectric and cross section of the element, while the other
is the vector , which defines the axial contour of the thin
scattering element. A stalk element is modeled as a straight ele-
ment originating at location , so the contour vector is given
as

(11)

As shown by Fig. 7, the element is tilted at an angle
in the azimuthal direction , and thus the length of the el-
ement is , where is the vertical position of
the top of the stalk. Additionally, the diameter of the stalk is
not necessarily constant, but instead can taper with height. The
cross-sectional area is thus a function of , which again can be
accounted for completely with a polarizability tensor function

.
For leaf elements of many grasses such as wheat, the cross

section can be described, generally, as blade shaped, a cross sec-
tion for which polarizability tensors have been computed
[15]. The contour vector representation for a leaf element is
more complex than for the stalk. Two vectors must be defined,
one that locates the leaf element on the stalk ( ), and another
that specifies the leaf contour ( ). Because the implemented
scattering model is coherent, with the correlation between dis-
similar elements computed, the relative position of plant ele-
ments must be accurately represented. For example, a leaf ele-
ment will always emanate from the stalk, and therefore the leaf
contour must reflect this fact. As shown in Fig. 8, vector
specifies the point where a leaf element attaches to the stalk. If
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Fig. 7. Geometry of the stalk model demonstrating the variables , , and
.

the vertical position of the leaf element is specified by (random)
variable , then from (11)

(12)
To provide a more accurate representation of the curvature of
the leaf, the second-order polynomial (

) was chosen as an approximation of naturally occurring
elements (Fig. 9). Note the base of the element originates from
the origin ( ), therefore defining a new (primed)
coordinate system at location . If the leaf azimuthal orien-
tation is defined as , the contour vector for a leaf element
can be described as the sum of and

(13)
The grain element is modeled as a circular dielectric cylinder

of length and radius . Again, the position of this
element relative to the plant must be determined. Since the grain
element is located at the apex of the stalk element (Fig. 10),
the vertical position of the center of a grain element is

. The angle is generally small, such that
, and thus the position vector describing the grain

location is found from (11)

(14)

Fig. 8. Geometry of leaf model, demonstrating vector and variables ,
, , , and .

Fig. 9. Demonstration of leaf curvature model for three sets of curvature
parameters .

The parameters that appear in the above constituent model
equations are of course random variables when considering an
entire wheat or other grassland canopy. Therefore, the statis-
tical moments and covariances describing this set of random
variables must be defined before the scattering covariance el-
ements can be computed. Because coherent scattering terms are
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Fig. 10. Geometry of grain model demonstrating grain variables and .

to be evaluated, joint probability density functions involving
parameters from dissimilar constituent elements must be de-
scribed, along with the corresponding parameter covariances.
For example, since leaf and grain elements must be attached to
the center stalk element, the positions of leaves and grain are
dependent on the random variables describing the stalk. This
dependence must be explicitly stated in order to calculate co-
herent scattering terms. Additionally, the statistical descriptions
of plant locations within a row-structured canopy must be spec-
ified, so that the coherent effects of row structure can be evalu-
ated.

V. SCATTERING FROM CULTURAL GRASS CANOPIES

The preceding sections have provided a solution for the av-
erage scattering from a single plant residing in the vegetation
layer. However, the desired solution is the average scattering
from an entire grassland canopy, a random collection of indi-
vidual plants. Similar to plant scattering, the scattering from a
canopy can be modeled as the coherent sum of the scattering
from individual plants. Consider planar area containing
grass plants, the location of each denoted by vector . The
scattered electric field can be represented in the far field as

(15)

where is likewise the coherent sum of all four scattering
mechanisms and is the rela-
tive phase of the plant.

If the plant scattering is assumed independent of both its lo-
cation and the other plants, the covariance matrix elements rep-
resenting the scattering from this area is

(16)

where is the average scattered field from a single plant.
For similar polarization pairs ( ), (16) again is inter-
preted as the incoherent scattered power; that is, the summa-
tion of the scattered power from each plant, plus the coherent
power terms due to the correlation of scattered fields from dis-
similar plants. Although generally ignored, the coherent term
can be a significant portion of the total scattered power, de-
pending on the specific scattering scenario. Note the additional
term appears at the end of the above equation. This
term accounts for the direct backscattered energy from the rough
soil surface, with the propagation through the vegetation layer
properly considered.
Many of the plants comprising the grass family, such as wheat

and barley, are agricultural crops that grow not in a random
fashion but instead are planted in relatively straight, periodic
rows. The coherent scattering term can be greatly influenced by
this structure [16], [17], and the coherent solution for this dis-
tribution will be presented here. To begin, we first consider the
scattering from a section of a single row, located at and
extending from . The plant locations are as-
sumed to be uniformly distributed in , with a Gaussian distri-
bution in (defined by variance ). The scattering covariance
from this row section can be expressed as

(17)

where the two terms can again be interpreted as incoherent and
coherent scattering. Since the scattering from a single plant is
independent of its location, the row structure will numerically
affect only the phase function .
Again assuming that the and components of are indepen-
dent, and that the plant locations are independent of each other,
this phase term is evaluated as

(18)

This function, and thus the total scattering expressed by (17),
is highly dependent on incidence angle and the statistics of the
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Fig. 11. Simple illumination pattern over a field of grass plants planted in rows at periodic intervals of distance . This illumination area is defined by the
illumination pattern and/or the ambiguity function of the radar.

row section. If and are small (occurring
when and is small), then the above expression and
thus the coherent scattering term can be significant.
The scattering from an area encompassing a section of row-

structured plants can therefore bemodeled as the scattering from
a collection of row sections located at , where

is the spacing between adjacent rows and is an integer
value (Fig. 11)

(19)

where is the average scattered field of the row

(20)

The phase term in (20) is not written as an expected value, as
the rows are modeled as a periodic array with spacing .

Because of this periodicity, the rows generate a Bragg scattering
phenomenon [18, pp. 515–525], with the average scattered field
from each row constructively adding in phase at a set of specific
incidence angles. Note only a finite number of nonzero modes
can occur between and , and if
then no nonzero modes occur. From (19), it is apparent that the
effect of this Bragg scattering on the total scattering depends on
the relative magnitude of . If the average scattered field
of a single row is small, then noBragg effects will be observable.
Likewise, periodicity of the soil will result in Bragg scat-

tering modes from the underlying surface, resulting in a more
complex coherent wave than described by the spicular response
of Fig. 3. For periodic soils, the complex reflection coefficient
, describing the spicular reflection at the soil, would corre-

spond to the zeroth-order Bragg scattering mode. The higher
order Bragg scattering terms are therefore not included in the
formulation, which could result in significant error if the mag-
nitude of the periodicity is not electrically small.

VI. CONCLUSIONS

A formulation describing the microwave scattering from a
grassland canopy has been presented; it is an improvement over
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earlier grass scattering models in two ways. The first improve-
ment is the improved electromagnetic accuracy of the formula-
tion. The model accounts for the coherent scattering effects that
can result from a single plant, including the correlation in the
scattered fields from dissimilar scattering mechanisms and dis-
similar plant elements. The model also accounts for the nonuni-
form illumination of the long plant elements and determines
the scattering for the overall canopy structure, including the co-
herent effects of cultural grasses planted in periodic rows. Al-
though the incoherent scattering terms are likely dominant when
compared to any individual coherent scattering term, the collec-
tion of coherent terms, due to their great numbers, may in certain
circumstances be a significant portion of the overall scattered
power.
The other improvement provided by this model is the ability

to consider the physical structure of grassland elements and
canopies accurately. Both the curvature and the cross section
of the long, thin elements that constitute a grass canopy can be
accurately reflected in the model, and the spatial distribution of
these elements can likewise be accurately modeled (as opposed
to assuming a uniform distribution). A key to these improve-
ments is the ability to model the thin constituents elements as
line dipoles, as the polarizability of these dipoles has been eval-
uated for blade-shaped cross sections.

APPENDIX

The propagation as given in (4) and (5) is defined in terms of
or . However, the propagation value is likely

a function of vertical dimension in a real grassland canopy,
where the shape, size, and structure of the constituent plants
change as a function of height. As a result, the propagation term

, for example, is more generally described as

(21)

Since grassland vegetation is a sparse scattering medium,
Foldy’s approximation [19, pp. 458–461] is applicable. Like-
wise, grass plants are assumed azimuthally symmetric about
the axis. Therefore using the orthogonal polarization vectors
and ( ), the complex propagation constant

within the vegetation for polarization can be
described as , where is related
to the average forward scattering of the constituent elements
( ). For the long, thin elements found in
grassland vegetation, we again use the concept of a differential
line dipole to find

(22)

where is the average number of elements intersecting a
unit area of the vegetation layer a height , and is the distance

along the thin element axis. Therefore,
, where is

(23)

Inserting this formulation into (4) and (5), the propagation
paths associated with each of the four scattering mechanisms
(Fig. 2) can be expressed in terms of the arbitrary polarization
pair

(24)

(25)

(26)

(27)

where are the complex Fresnel reflection coefficients as-
sociated with the proper polarization state.
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