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

James M. StilesSenior Member, IEEEBnd Kamal Sarabandbenior Member, IEEE

Abstract—A microwave scattering formulation is presented for
grassland and other short vegetation canopies. The fact that the lll
constituent elements of these targets can be as large as the vegeta
tion layer make 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 H'
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 wnll
used to provide a solution to the multiple coherent scattering terms,
terms Wh|Ch InC|Ude the COI’I’e|atI0n Of the Sca'[tel’lng betWeen bOth F|g 1. Grass Canopy Consisting of |0ng’ thin elements. The vertical
dissimilar constituent elements and dissimilar scattering mecha- distribution of these elements (the center of each element is denoted by an “x”
nisms. is much smaller than the overall canopy height.

Finally, a major component of the grass family are cultural

rasses, such as wheat and barley. This vegetation is often planted . . P .
?n row structures, a_periodic o)r/ganizatio% that can Iike?/vise lands: The detection of drought, or the prediction of crop yields

result in significant coherent scattering effects, depending on the {0 estimate famine potential.
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frequency and illumination pattern. Therefore, a formulation is Radar remote sensing can potentially be used to estimate
also provided that accounts for the unique scattering of these these biophysical parameters, provided that the relationship
structures. between the physical parameters of grass vegetation and the
Index Terms—Coherent scattering, extinction in random media, resulting microwave scattering is well understood. However,
vegetation scattering models. 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,
ECAUSE of their fundamental importance to Earth clithus limiting the applicability of modeling grass plants as a
mate dynamics and the atmosphere’s carbon cycle, forggllection of simple canonical elements where the scattering is
vegetation has in recent years justifiably attracted the majoriell known. In addition, the relative position of the elements
of interest in the field of microwave remote sensing of vegetaften cannot be described as uniformly distributed throughout
tion targets. However, another vegetation class that must notthe canopy layer. Instead, as demonstrated by the Fig. 1, the
overlooked is the category of grassland vegetation, both natuflividual constituent elements can begin at the bottom of the
and cultural. As a significant portion of the Earth’s dry surfacecattering layer and traverse vertically to the top. The positions
is covered in grasses, a global understanding of the biophysigpthese structures are often only slightly random in the vertical
parameters which describe this vegetation is thus highly desifmension, with a variance far smaller than the canopy height.
able, parameters that include soil moisture, biomass, and lggfa result, it is difficult to model these structures as point tar-
area. Additionally, a significant amount of the cultivated land ogets within the scattering media, as the arbitrary reference used
the Earth’s surface is occupied by members of the grass famty. derive structure location will greatly affect the scattering
This fact leads to another motivation for determining globallssrmulation.
accurate and timely descriptions of the Earth’s cultural grass-This leads to the next problem associated with grassland scat-
tering, that of the nonuniform illumination of the constituent el-
Manuscript received November 14, 1997; revised November 10, 1998. ements. Since the long, thin elements of a grassland canopy ex-
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within this layer is not simply an attenuated version of the scal 2

tering in freespace. The induced scattering currents will be mo
ified, with the solution a function of the canopy within which it
resides.

Finally, perhaps the most significant problem when dealin
with grass canopies is the potential for the scattéeddsfrom
dissimilar elements to be significantly correlated. Both thi
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stature and the structure of grassland elements lead to a ¢
where field correlations can occur. The small stature of gra:

3 4
plants can result in an electrically small scattering volume i “

the microwave region. In other words, the volume wherein direct pranaiial- planl- ground-pland
single plant (and therefore its constituent elements) resides
electrically small in one or more dimensions. Additionally,
the simple structure that defines most grass plants can leagitp 2. The four first-order scattering mechanisms to be considered in this
significant physical correlations between dissimilar elementgattering formulation.
As a result, the total scattering power cannot be reduced to a
summation of the scattering power from each separate plaviiereS is an element of the scattering matrix for orthogonal
element, but the plant structure as a whole must be considefegeive/transmit polarization vectogs ¢, vectors that are de-
[1]-[6]. Likewise, the row structures in which cultural grassegendent on the incident direction vectdr = cos ¢; sin 6; +
such as wheat or barley are planted also lead to coherent effebisg; sin 6; + cos 6;.
that must be accurately represented in the scattering model. The scattered field associated with this dipole element is of
Therefore, this paper presents a microwave scattering mog@eurse proportional to the local incident field, and thus a repre-
for grassland vegetation, wherein the problems of arbitrary caggentation of the incident field at every location along the thin
stituent shape, nonuniform illumination, and phase-coheregigssland element must be determined. Since these elements
effects are accounted for. The model is therefore a departi@gide in an extinction layer (the vegetation canopy), this inci-
from many other grassland scattering models, which largely udent field is not a uniform plane wave, but one whose intensity
phase-incoherent solutions such as radiative transfer [7]-[9&ries across the grass element, diminishing as the vertical depth
model grass constituents as simple structures [3], [7]-[10fithin the layer increases. The incident field is thus dependent
and/or uniformly distribute the constituent locations througho@n the extinction exhibited by the vegetation layer, as well as

DT AT
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the vegetation layer [7]-[10]. the position within that layer. Likewise, the far-field scattering
response from an elemental dipole along the long, thin grass
Il. SINGLE-ELEMENT SCATTERING element is modified by the propagation path from the dipole el-

ement back through the vegetation layer. Thus, we must first

The first step in formulating the scattering from grasslanggiermine a formulation for coherent propagation to/from an ar-
canopies is to determine the scattering response from the |°Hﬁrary point within the vegetation layer.

thin dielectric elements (stalks, blades) that are the constituenirpis tormulation will consider only first-order scattering

elements of grassland vegetation. Specifically, we seek a ffachanisms, of which there are four: a direct scattering term,
mulation for the scattered field from a long, thin element of ag,, ground bounce terms, and a double-bounce term (Fig. 2).

bitrary shape and cross section that is located in a extinCligRe ota| scatteredield is therefore thecoherentsummation
layer (vegetation) over a rough dielectric half space (soil). §f hese four terms. To determine this value correctly, each

has been shown that the scattering from long, thin dielecti¢ ho four scattering mechanisms must be referenced to

elements can pe attributed to el_ectric line-dipoles lying glor}jg single equi-phase plane. The propagation by each of the
the cylinder axis [11], [12], provided that the element diamy,,r scattering mechanisms can be modeled as a sum of two
ete_r is small compared to the field wavelength. The total S_C_‘?:Bmplex propagation paths, the direct pathand the reflected
tgrmg frqm the cylinder caq be thought of asacohere.nt addlygp image path®, (Fig. 3). Fig. 4 shows the geometry of the
(integration) of the scattering from incremental or differentigfjrect path, where the equi-phase plane is arbitrarily taken to
dipoles along the thin element, with a dipole moment descrlbﬁgSS through the origin. Using ray optics, the propagation path

asp,, d¢, whered/ is the differential distance along the oG m the equi-phase plane directly to positigris therefore
cylinder axis. It should be noted that the dipole moment of a

short element (lengthh¢ < A) cannot be determined from,, O (7) =(F1—7p) ko + (7 —71) - k1

.(i.e..,p + deA.E)._The dipole momenp,,,; is gfunction of the 1 ko+ (F —71) -k )

incident electric field along the element axis, as well as of the

two-dimensional polarizability tens@?,,. A scattering matrix where7; defines the location where the ray intersects the top

element for an incremental dipole (in free space) is thus detef-the vegetation layer ang, defines the location where the

mined from the scattering matrix element of a standard dipdlay intersects the equi-phase plane. The vekimpecifies the

[13, pp. 91-92] incident plane wave in free space, propagating in the direction
8;, ¢; and is defined as

Sypdl = 4_Xs(ki) - Paadl - i (k") 1) o = kZa + ki + kiz ©)
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Fig. 3. Propagation paths of each of the four first-order scattering mechanisfig. 5. Transmission and scattering propagation paths can be determined at
can be constructed in terms of the propagation along fathend/or®.. Since  every positior#(¢) along a thin grass element. The differential dipole moment

a coherent field solution is desired, these paths must be referenced to a siraleyery location along the thin element can therefore be computed.
equi-phase plane.

Using the same procedure as for, the image, or ground
bounce termbd, is found to be
r k2(2 +2d)  ky(2 +2d)

O (7)) = K2z + k3 — 5
2(7) 0%+ Koy + ko cos 0 cos @ ()

with the propagation in the vegetation described as
R exp [#®2(7)]. The value R is the appropriate coherent
— =l 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-
=d 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-

Fig. 4. Propagation along path; is the propagation from the equi-phase™ ) ] g .
plane to the canopy surface in free spa@a (— 7,) - ko) and the propagation Sition of an incremental dipole element, as shown in Fig. 5. The

from the canopy top to the scatterer in the grass vegetaion{(71) - k1). scattering from an entire thin dielectric element is thus deter-
mined by integrating the scattering from a differential dipole
where element (1) over the contodr of the element axis
k§ = ko cos ¢; sin 6;; 12 N
k‘g = ko sin d)z sin 6;; S;ZEC}L = / )A(mech(kz) ' PQd(T(E))
ki = kg cos 6;. 472 c N
Additionally, &, = k, ko Wherek; is the effective propagation pmeen (k) LK 7(0)) db (6)

constant of the sparse vegetation canopy, a complex value that
specifies both the attenuation and phase velocity of the coher\gﬁte
(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 evaI-T(g)
uated as that of free space.

The propagation of an electromagnetic field within the veg-
etation layer can therefore be describedsgs[:®; (7')] where
®,(7") is, after further evaluation, determined to be

mech one of the four first-order scattering mech-

anisms fnech € {1, 2, 3, 4});

a position vector that denotes the location

on the element using the parametric vari-

able/;

@Zﬁjc"(l%iﬁ(ﬂ)) specifies the propagation from the
equi-phase plane to location(/) and
back again, using the proper combinations

BY ke of (4) and (5).

(4)  For the specific expressions ét;j‘:h pertaining to each of the

four scattering mechanisms, refer to the Appendix of this paper.
wherer’ is a point within the scattering layer ahﬁ = (k&) + Again, the scattering from the long, thin dielectric elements

(k§)2. found in grassland canopies can be evaluated in this manner

(P —/ :kT / ky /_
1) 0% + KoY ko cos 9i+cos a;
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because the scattering from these structures is attributed to line ~— grain
dipoles along the contour of the element. These incremental

dipoles couple very weakly with each other, so that (6) is an stalk\
asymptotically valid expression regardless of the electrical

length of the long dielectric element [12]. As a result, the A
above expression is also used to approximate the scattering \

from cylinders with moderate axial curvature (the coupling _\ leaves
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

4
Swp= D Sut )

mech=1

Several points should be emphasized about this formulatigfy 6. The three grass plant constituent elements considered in this model: A
The first is that this solution provides the coherent addition efalk, the grain element, and multiple leaf elements. The leaf and stalk elements
the scatteredields for each of the four first-order scatteringare long, thin dielectric structures that can exhibit axial curvature and arbitrary
. Cross sections.

mechanisms, rather than the scattepeaver, the parameter
most often evaluated. Additionally, the solution allows for thin
elements of moderate curvature and can accurately evaluaaeameter of interest is not the scattered field of a fixed element,
arbitrarily shaped cross sections if the corresponding polarktinstead can be specified in general as the avaagaiance
ability tensorP,, is known. of the scattered fields from an element or elements whose pa-

Another important point about this solution is its complete-ameters are defined by a set of random variables, including po-
ness. This is not a solution for the scattering of a thin dielectréition, orientation, size, and shape. This parameter is denoted as
element, butinstead of a dielectric element in an extinction layé&¥, .. Sx,,) wherex and A\n denote arbitrary receive/transmit
over a dielectric half space. The effect of the extinction layer aflarizations (e.g{pv, hv, vh, hh}), * denotes complex con-
the reflection from the half space are comprehended in the gggate, and{) denotes the expected value operation over all
lution. As a result, the formulation is not only dependent on tirandom variables describing the element. A complete average
usual elemental parameters such as size, shape, orientation caveriance matrix can be constructed [14, p. 31] by calculating
dielectric properties, but on ifositionwithin the layer as well. a set of these values for all possible polarization combinations,
This is true for its vertical position denoted bybut also for the which completely characterizes the average scattering from a
relative phase associated with its lateral position, denote*d byandom media. The diagonal terms of the covariance matrix are
andy. real valued and represent the average scattered power for each

Finally, perhaps the most significant aspect of this model ¢ the four polarization states. From (7), this is given as
that it accurately represents the illumination of the element by
the coherent wave. Since the propagation both to and from each 4 4
arb_|tra_ry point on the scatterer is determlne_zd, the effect of the (|Syul?) = Z Z <5;;;ch5;gwch ). (8)
extinction layer on the scattering element is accurately repre- mech=l medch/ =1
sented. This is particularly true for thin elements that extend
from the top of the extinction layer, where it is intensely illumiThere are thus 16 terms required to determine the total power,
nated, to the bottom of the layer, where it may be barely illumfour of which (nech = mech’) represent the incoherent power,
nated by the incident wave. This effect can be profound, as ¢ scattered power from each scattering mechanism being con-
result is a scatteringattern which is significantly different than sidered independently. The remaining 12 inner product terms
that produced by a uniform illumination. That is, the scatteringgh either add to, or detract from, the incoherent power value
formulation is not simply an attenuated (by the vegetation) veknd represent the correlation between the scattered fields of dis-
sion of the free-space scattering, but instead results in a solutfdmilar scattering mechanisms. For many cases, the correlation

where the direction, as well as intensity, of the scattered enetg§ysmall and the 12 inner product terms are insignificant when
is modified by the canopy extinction. compared to the incoherent power. However, this is true only

under specific conditions, and thus for this formulation these
terms will be maintained.

. AVERAGE SCATTERED POWER The structure of the grass plant to be modeled will consist of,

completely or partially, three basic elements; namely leaf, stalk,

The previous section provides a solution for computing thend grain elements (Fig. 6). The leaf and stalk will be modeled
scattered electric field (in the far field) for a constituent elemeas line-dipole elements, whereas the grain model is evaluated as

in an extinction layer over a dielectric half space. However, far point target. Using first-order discrete scattering theory (i.e.,

applications involving the remote sensing of random media, the constituent coupling), the scattered field from a grass plant
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can be expressed as the coherent sum of the scattering fromwitéch further increases the correlation of their resulting scat-

constituent elements tered fields. Essentially, these relatively small and simple plants
N at times must be evaluated as individual scattering elements;
gplant _ ggrain  gstalk Z gleaf n. ) they capnot bg segmented into gmaller cons_tltuent elements for

xXw xw xw = evaluation by incoherent scattering formulations.

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

IV. CONSTITUENT MODELS

In several previous cases [7]-[10], the leaf elements of grass-
<S§i;1nt5:zlant> = (S)ﬂcg‘”" Sj\‘Z”“i"> + (S5iptk ggetatk land constituents have been modeled as straight elements and/or
N as elements with circular or elliptical cross sections. However,
+ Z { S,Ié(;f n S;l:af ™ 4 Siﬁfm S;ff“”“) the effect of the approximation on model accuracy is uncertain
as the leaf or blade structures of grass plants are curved ele-
N ments with decidedly noncircular cross sections. As one goal
+ <S;§3”“S§ff“i"> + Z (Si;‘msf\if“f ™y of this study has been to produce accurate constituent scattering
n=1 models in both the electromagnetic and plant fidelity senses, we

n=1

N . seek to find a solution that better represents this observed struc-
+ Z (S;ff”“sjlf“f"> ture. Both the leaf and stalk constituents are essentially long,
n=1 thin dielectric elements. It will be assumed that the radius of
N . " these structures is small with respect to a wavelength, their cur-
+ <S eﬁzf nS*g1azn> . . . . .
Z X Ap vature moderate, and their axial ratio (length to radius) is large
n=1 such that the scattering formulations presented in this paper can

N zj\: (gtead n grstatiy be @mplem(.anFed. These assun_1ptions are not considered to bg a
— X Ap major restriction when evaluating most grassland vegetation in
"; N the microwave frequency region.
L Z Z <Sie£f nS:iLeaf my (10) 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 elemef,, that accounts for

wherext and ;. again represent an arbitrary element of sélPe dielectric and cross section of the element, while the other

{wv, vh, hv, hh}. Equation (10) represents a startiing numbé? the vectorr .4, Which defines the axial contour of the thin

of terms, as the correlation between dissimilar constituent eFeC-a“e“F‘Q ele_ment. A St‘r?‘lk elgment is modeled as a s_tral_ght ele-
ments is considered. b — Az, then the covariance elementdNent originating at location-d#, so the contour vector is given

represent real scattered powgsr'@"t|?), with the first three as

terms of (10) providing the incoherent scattering power and the

remaining terms providing the inner product or coherent scaistaik = €08 Pstarna(z + d)

tering power. If the plant contains four leaves, then the number +sin gsrana(z +d)g+ 22 —d<z<z2. (11)
of incoherent terms totals 24 (six elements, and four mecha-

nisms). This is contrasted to the coherent formulation of (1OASShown by Fig. 7, the element s tilted at an arfyte tan—" «

2 _ g i i i
where24® = 576 terms_, including the 24 incoherent termsm the azimuthal directiorb,.x, and thus the length of the el-
are represented. These incoherent values are generally the rﬁﬂ%s

n=1 mz#n

L S . . ént isv'1 + a2(z9 + d), wherez is the vertical position of
significant individual terms of (10), and this fact is often use + (70 + ) 0 b

A : e top of the stalk. Additionally, the diameter of the stalk is
to jusjufy neglectmg the cohe.rent terms of (10). However, ﬂ}?ot necessarily constant, but instead can taper with height. The
q_uesnon is not whether the mcohgr_ent terms are the greatc"?r%tss—sectional area is thus a functiorzpfvhich again can be
_smgle_t_erms, but whether_ the remaining 552 coherent terms &ounted for completely with a polarizability tensor function
insignificant when taken in total.

. . Pgd(z).
For electrically large and very random vegetation, the co- For leaf elements of many grasses such as wheat, the cross

herent terms, even when taken in total, will likely be small anl o can be described, generally, as blade shaped, a cross sec-
thus the coherent power can be discarded. However, the smgll tor which polarizability tensoré., have been computed
stature and simple structure of a grass plant can result in sqak) The contour vector representation for a leaf element is
tering scenarios where these coherent effects cannot be digigte complex than for the stalk. Two vectors must be defined,
garded. The effective scattering volume of a single plant may Bge that locates the leaf element on the stalk/), and another
sufficiently small such that the relative phase variation acrofifat specifies the leaf contour’}. Because the implemented
the volume is less tha@r (particularly for low frequencies). scattering model is coherent, with the correlation between dis-
Therefore, random scatterers within the volume may still prgimilar elements computed, the relative position of plant ele-
duce scattered fields that are generally aligned in phase anénts must be accurately represented. For example, a leaf ele-
thus significantly correlated. Additionally, the constituent scatent will always emanate from the stalk, and therefore the leaf
terers of a simple grass plant are often physically well correlatedntour must reflect this fact. As shown in Fig. 8, veatory

(e.g., leaves located along the stalk, grain at the stalk apex, etgpgcifies 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
¢stalk .

the vertical position of the leaf element is specified by (random) |
variablez,.s, then from (11)
F1‘e,f = COs ¢5talka(d + Zref)-/i'

+ sin (/)Sialka(d + Zref)f/ + Zref%- (12)
To provide a more accurate representation of the curvature ¢
the leaf, the second-order polynomiak= c;p — (c2p)? (0 <
p < po) was chosen as an approximation of naturally occurring
elements (Fig. 9). Note the base of the element originates fror
the origin p = 0, z = 0), therefore defining a new (primed)
coordinate system at location. ;. If the leaf azimuthal orien-
tation is defined a®;.. ¢, the contour vector for a leaf element _,
can be described as the sunvof; and7

Tieaf =Tref + ' €08 Plegs@ +p' sin Pleq, ¥

+ (crp —(e20)?) 2 0<p < po. 13 3

The grain element is modeled as a circular dielectric cylinder

=4_:|-|'.|:L..I-|_|-

Fig. 8. Geometry of leaf model, demonstrating veatoand variables... r,
Preas, €1, C2, andpg.

ca=05
c2=0.353
po=3.0

c=20
c2=1.0
Po= 3.0

of length/vy,.q:n, and radiuseg,.qin. Again, the position of this Fig. 9. Demonstration of leaf curvature model for three sets of curvature

element relative to the plant must be determined. Since the gre@fgmeterd e, cz. po}.

element is located at the apex of the stalk element (Fig. 10),
the vertical position of the center of a grain element is=
20 + 0.5h4rain cos 3. The angle3 is generally small, such that

cos 3 =~ 1, and thus the position vector describing the grain The parameters that appear in the above constituent model

location is found from (11)
Tgrain = COS Pstaik(20 + hgrain/2 + d)&
+ 8in Pataina(20 + Pgrain/2 + d)7
+ (20 + hgrain/2)%.

(14)

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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[ L

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
z=[1
N
canopy oxcanop] lant oxplant
{5\ pySM ") = Z <S§w’ SAZ In
7 n=1
\\ N M
lant wplant
- +Z Z <S£u’;n><s)\2nl >
Fgrain=g) + n=1 m#n
elbs {O(Pptant) O (Pptans))
+ (SRS (16)
where(Siij’;t> is the average scattered field from a single plant.
For similar polarization pairsxy = Au), (16) again is inter-
P preted as the incoherent scattered power; that is, the summa-
tion of the scattered power from each plant, plus the coherent
g 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(537:15%:°") appears at the end of the above equation. This
Fig. 10. Geometry of grain model demonstrating grain variablead3. 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
to be evaluated, joint probability density functions involving‘i”md _barley, are agricultural crops that grow not_ln a ran_do_m
d%§h|0n but instead are planted in relatively straight, periodic

parameters from dissimilar constituent elements must be rows. The coherent scattering term can be greatly influenced by

scribed, along .W'th the corresppndlng parameter covarianc S's structure [16], [17], and the coherent solution for this dis-
For example, since leaf and grain elements must be attache riftc))

the center stalk element, the positions of leaves and grain areUtlon will be presented here. To begin, we first consider the

dependent on the random variables describing the stalk. Tﬁ?atter!ng from a section of a single row, Iocated_:at 0 and
- . extending fromy,in < ¥ < ¥max. The plant locations are as-
dependence must be explicitly stated in order to calculate co- ; L L . o
. " L .. _sumed to be uniformly distributed i with a Gaussian distri-
herent scattering terms. Additionally, the statistical descriptiops

S : . 5 i )
of plant locations within a row-structured canopy must be spef:l—Jtlon Inz (defined by variancer;). The scattering covariance

ified, so that the coherent effects of row structure can be eva [;om this row section can be expressed as

ated. TOoW QRTOW lant c+plant
<qu"} S)\u > :NP<S£w fS)\]:L f>
lan *plan
V. SCATTERING FROMCULTURAL GRASS CANOPIES + Np(Np — 1)<5§¢ t><5xﬁ t>
The preceding sections have provided a solution for the av- -(exp[2kok, - (P, — Pp)nm  (17)

erage scattering from a single plant residing in the vegetation

layer. However, the desired solution is the average scatteriifjere the two terms can again be interpreted as incoherent and
from an entire grassland canopy, a random collection of indioherent scattering. Since the scattering from a single plant is
vidual plants. Similar to plant scattering, the scattering fromiadependent of its location, the row structure will numerically
canopy can be modeled as the coherent sum of the scatte@ffgct only the phase functiofexp [12kok,, - (5,, — D)) nstm-

from individual plants. Consider planar arelacontaining’ . Again assuming that the andyg components of are indepen-
grass plants, the location of each denoted by vegigy,,. The dent, and that the plant locations are independent of each other,

scattered electric field can be represented in the far field as this phase term is evaluated as

N <eXp[Z2kOEP . (pn - prn)]>n5é"l
canopy lant —n X X
qu’; "= 2 : Sgu‘? n @(pplam) (15) 2 (el?k;y“‘ax — eﬂk;ymiﬂ) ’

; 2
n=l - |~ [Vacm20e" (1)
k; (ymin - yma.x)

whereSQi;,”;’: is likewise the coherent sum of all four scattering

mechanisms an®(p,,;,,.;) = exp [z2kol%j, “ Ppiant] 1S the rela- This function, and thus the total scattering expressed by (17),
tive phase of the plant. 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 distanceThis illumination area is defined by the
illumination pattern and/or the ambiguity function of the radar.

row section. Ifkgo,, andk;(ymi][1 — Ymax) are small (occurring Because of this periodicity, the rows generate a Bragg scattering

wheng, < X andg; is small), then the above expression angdhenomenon [18, pp. 515-525], with the average scattered field

thus the coherent scattering term can be significant. from each row constructively adding in phase at a set of specific
The scattering from an arekencompassing a section of row-incidence angles. Note only a finite number of nonzero modes

structured plants can therefore be modeled as the scattering fian occur betweeé;, = n/2 and8, = «, and if ko X, 0w < 7

a collection of row sections located@t,,, = X, ..Z, Wwhere then no nonzero modes occur. From (19), it is apparent that the

Xrow 1S the spacing between adjacent rows ansl an integer effect of this Bragg scattering on the total scattering depends on

value (Fig. 11) the relative magnitude dfsy7*). If the average scattered field
of a single rowis small, then no Bragg effects will be observable.
Nrow /2 Likewise, periodicity of the soil will result in Bragg scat-
(Syp ISy = Z (Sya" S e tering modes from the underlying surface, resulting in a more
r=—N, 00, /2 complex coherent wave than described by the spicular response
Neow/2 Neow/2 of Fig. 3. For periodic soils, the complex reflection coefficient
+ Z Z R, describing the spicular reflection at the soil, would corre-
r=—Nyow/2 $=—Nrow/2,r#s 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.

S (S3 ) pe Ko =) (29)
where(S7).- is the average scattered field of the row

row T lan 7. =
<qu'; >7‘ = lants <S£w t><exp [7’2k0k/7 : pplant]>7" (20) VI. CONCLUSIONS

The phase term in (20) is not written as an expected value, a®\ formulation describing the microwave scattering from a
the rows are modeled as a periodic array with spacihg,. grassland canopy has been presented; itis an improvement over



STILES AND SARABANDI: ELECTROMAGNETIC SCATTERING FROM GRASSLAND—PART | 347

earlier grass scattering models in two ways. The first improvalong the thin element axis. Therefod%z, k(2 dy = ko —
ment is the improved electromagnetic accuracy of the formuler (=), wherer, (z) is

tion. The model accounts for the coherent scattering effects that

can result from a single plant, including the correlation in the = p
scattered fields from dissimilar scattering mechanisms and dis- (2 = /0 Myulz)dz"
similar plant elements. The model also accounts for the nonuni-

form illumination of the long plant elements and determines Inserting this formulation into (4) and (5), the propagation
the scattering for the overall canopy structure, including the cpaths associated with each of the four scattering mechanisms
herent effects of cultural grasses planted in periodic rows. AFig. 2) can be expressed in terms of the arbitrary polarization
though the incoherent scattering terms are likely dominant whpair x> = {vv, hv, vh, hh}

compared to anindividual 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

(23)

@;w = exp {22 (k;a:é + k;yé + kizé)

power. (20 4 1 (2
The other improvement provided by this model is the ability %} (24)
to consider the physical structure of grassland elements and _
canopies accurately. Both the curvature and the cross section 2 =y exp |12 (k;xé By yf)
of the long, thin elements that constitute a grass canopy can be X L Y
accurately reflected in the model, and the spatial distribution of 7 (2) — T (2) i 275(—d) ]
Lo 42 2k'd+ ———=| (25)
these elements can likewise be accurately modeled (as opposed cos 0 o cos 0
to assuming a uniform distribution). A key to these improve- 5 r . y
ments is the ability to model the thin constituents elements as =~ Py, =7y exp |22 (kyz° + kyy°)
line dipoles, as the polarizability of these dipoles has been eval- . ‘ 5 D
uated for blade-shaped cross sections. +M — 2k d+ 2ry(=d) (26)
cos 6 o os 0
(I)iw’ =7, Ty exp |12 (k;a:é + k’yy[ — kiz[)
APPENDIX . .
4 5 (2 4 274 (—d
TX(7 )+Tw(7 ) —Z2]ﬂ/;d+ Tw( ) (27)

The propagation as given in (4) and (5) is defined in terms of N cos 0 cos @
k1z or ki (z + 2d). However, the propagation valug is likely
a function of vertical dimension in a real grassland canopy,wherer, , r,, are the complex Fresnel reflection coefficients as-
where the shape, size, and structure of the constituent plagdsiated with the proper polarization state.
change as a function of height. As a result, the propagation term
k1z, for example, is more generally described as
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