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Electromagnetic Scattering from Short Branching
Vegetation

Tsenchieh Chiu and Kamal Sarabariekllow, IEEE

Abstract—A polarimetric coherent electromagnetic scattering medium, and the single scattering theory was applied to ac-
model for short branching vegetation is developed in this paper. count for the scattering and propagation in the random medium
With the realistic structures that reasonably describe the relative [1]-[3]. For example, in [1], a forest stand is represented

positions of the particles, this model is able to consider the coherent . t f a two-l d di includi
effect due to the phase difference between the scattered fields from'N €IMS O a two-layer random medium, including a crown

different particles, and account for the second-order, near-field in- layer corr_1posed of randomly oriented cylinders and di§k_5
teraction between particles, to which the relative positions and ori- representing branches and leaves and a trunk layer containing

entation of the particles are essential. The model validation with nearly vertical cylinders representing tree trunks below the
measurements is also presented, and excellent agreement is Obi:rown layer. Although these models are capable of predicting

tained. The polarimetric radar backscatter measurements for soy- th ttering behavi f tati litativelv. th
bean plants using truck-mounted scatterometers were conducted € Scatiering benavior o vegetation qualiiatively, ey are

at L-band and C-band under different soil-moisture conditions. incapable of predicting the scattering behavior quantitatively
Through an extensive ground truth, the important plantand rough ~ due to their simplifying assumptions. An important feature of

surface parameters such as the soil moisture and surface rough- g high fidelity scattering model is to preserve the structure of
ness, vegetation dielectric constant, and geometry of the Soybeanvegetation as different species of vegetation have their own

plants, were characterized for model verification. It is found that ; truct hich ted t hibit thei
the second-order near-field scattering is significant at C-band for unique structures, which are expected to exnibi éir own

fully grown soybeans due to the high vegetation particle density, Scattering behaviors. An important effect of the vegetation
and at L-band, the contribution from the second-order near fieldis  structure is the coherence effect caused by the relative position
negligible. The coherence effectis shown to be importantatL-band of the vegetation particles that produce certain interference
and to a much lesser extent at C-band. This model is then used {0 o erps. |t is shown that the coherence effects caused by the
demonstrate its ability for estimating the physical parameters of vegetation structure become more significant at lower frequen-
a soybean field, including soil moisture from a polarimetric set of *: 9 . 9 - que
AIRSAR images. cies [4]. In the remote sensing of vegetation-covered terrain,
where the underlying soil surface is the target of interest , low
I. INTRODUCTION microwave frequencies are recommended and therefore, the
] ) ) coherence effects must be carefully accounted for. The model
M ICROWAVE remote sensing has evolved into an impoigeveloped by Yuekt al.[5] may be among the first to address
tant tool for monitoring the atmosphere and surface @he coherence effects caused by the vegetation structure. In
the earth. Electromagnetic waves at microwave frequencies g4sir scattering model for soybeans, a two-scale branching veg-
able to penetrate more deeply into vegetation and therefore, ggstion structure was constructed, and the scattered fields from
trieving parameters of vegetation and underlying ground siarticles were added coherently. Lénal. [6] also proposed a
faces has become one of the major applications of microwaygnherent scattering model for forest canopies in which rather
remote sensing. With the advent of polarimetric synthetic apggaistic tree-like structures are constructed using the fractal
ture radars (SAR’s) and the development of radar polarimetiigeory. In both models, the scattering solutions are formulated
techniques, microwave remote sensing has attained S|gn|f|cg§;ng the single scattering theory.
prominence. While a large amount of data can be collected veryanother important issue in modeling the scattering from veg-
physical parameters of the targets from the collected radar infggyticles. Vegetation particles are usually arranged in clusters
mation. To accomplish this task, a necessary step is to constijghin a single plant such as leaves around end branches and
a high-fidelity scattering model by which the relationship besranches around main stems and trunks. Therefore, a vegetation
tween all targets’ physical parameters to the radar backscafiddium may be appropriately considered as locally dense. In
can be established. _ ‘such cases, the near-field multiple scattering is strong and may
In the early vegetation scattering models, the vegetatiggynificantly affect the overall response. To accurately evaluate
medium was simplified in terms of a homogeneous randofRe near-field interaction, the realistic description of the rela-
tive positions and orientations of the vegetation particles and
. . . , aEcurate and efficient scattering formulations are required. In
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chiu@eecs.umich.edu). near-field interaction with realistic vegetation struc-
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Fig. 1. Definition of the incident and scattering angles. 2ac

field interaction is usually numerically intensive, considering

the huge number of particles in the medium Fig. 2. Denotation of the dimensional and orientational parameters for (a)
) . ) . Cél(ipder and (b) disk.
In this paper, a scattering model for soybeans is present

that incorporates realistic computer-generated vegetation struc-
tures and accounts for the second-order near-field scatterfngVegetation Structure Modeling

interaction. Soybeans are erect branching plants composed ofg make the proposed scattering solution tractable, simple
components that can often be found in many vegetation stefgometries are chosen to represent vegetation particles. Leaves
branches, leaves, and fruits (pods), arranged in a very well-g@e represented by elliptical thin dielectric disks. The other
fined manner. Hence, it is very appropriate for studying the gfarticles, which include stems, branches, and pods, are modeled
fect of the vegetation structure on the radar backscatter. Algg,ing circular cylinders. Analytical scattering solutions are
because of its moderate number of particles, the computationygilable for both geometries and will be introduced in the next
the second-order near-field interaction is not formidable. In adaction.

dition, from the experimental point of view, the dimensions of The orientation and dimension of each particle are described
soybean plants are small enough to allow for conducting cogy four parameters, as shown in Fig. 2. The values of these pa-
trolled experiments using truck-mounted scatterometers. Dugipneters are determined by random number generators during
the uniformity of the plants and underlying soil surface, gathne simulation with predescribed probability distribution func-
ering the ground truth data is rather simple. The paper is orggms (p.d.f.’s). The orientation parameters of the particles are
nized as follows: Section |l gives the theoretical description @fescribed by two angles? (elevation angle) and (azimuth

the model, including the vegetation structure modeling and thgle). Azimuthal symmetry is assumed fgrand its p.d.f. is
scattering solution. In Section lll, the experimental procedurggen py

using the University of Michigan truck-mounted scatterometer

and AIRSAR are discussed. Finally, in Section 1V, model val- 1
idation using the measured data and a sensitivity analysis are p(v) = o’ v € [0, 27). “)
presented. .
However, forj3, a bell-shaped p.d.f. is chosen
Il. THEORETICAL ANALYSIS o= ((B=Bm)/B)°
Consider a global coordinate system withy plane parallel p(B) = —= B g Vg2 ’ peloa. ()
to a horizontal ground plane arebxis along the vertical direc- /0 =1 =5n)/ 8% dpyf

tion, as shown in Fig. 1. Suppose a plane wave given by
) For leaves, the axis ratiy a is assumed to be constant, and the
E'(r) = Eyettoki T (1) thickness and major axis are given Gaussian p.d.f.’s. Three
types of cylinders are considered for main stems, branches, and
is illuminating the ground plane from the upper half-spacgods. For these cylinders, Gaussian p.d.f.'s are chosen to de-
where k; is the unit vector along the propagation directioscribe the statistics of their radii and lengths.

given by The branching structure of soybeans is rather simple and can
be developed using the following algorithm.
ki = & sin 6; cos ¢; + 7 sin 6; sin ¢; — 2 cos 6;.  (2) 1) All parameters of the main stem are determined using

) random number generators. The main stem is then divided
The vectorEy, in (1) is expressed in terms of a local coordinate into subsections, whose lengths are again decided by a

system ¢;, h;, k;) whereh; = k; x 2/|k; x 2| andd; = h; x Gaussian random number generator.
k; denote the horizontal and vertical unit vectors, respectively. 2) At each node (connecting point of two subsections of the
Representing the direction of the observation pointbythe stem), a branch is placed whose orientation is obtained
polarization of the scattered field can also be expressed interms  from (4) and (5). Depending on the growth stage, pods
of a local coordinated system( A, k,) where may be added at each node.
3) To each branch end, a leaf is attached. In this paper, the
155 =2 sin 6, cos ¢, + ¢ sin 0, sin ¢, + 2 cos 6,,  (3) number of leaflets at each branch end is three (this may

A be different for other soybean species). Azimuthal orien-
andés andh; can be obtained using similar expressions as those  tation angle of leaves is determined from the orientation
given foro; andh;, respectively. angle of the branches to which they are connected.
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(1) direct-backscatter
(2) 1-ground bounce
(3) 2-ground bounce

0]

(a) (b) (c) (d)

Fig. 3. Scattering mechanisms: (a) direct backscatter from rough surface, (b) direct backscatter from vegetation, single ground-bouneegemdhdbbibunce,
(c) second-order near-field interaction, and (d) incoherent main stem, rough surface interaction.

Fig. 9 shows a typical computer-generated soybean structure thickness to the diameter of the leaves is much less than
according to the aforementioned algorithm. unity. Also, by noting that the dielectric constant of vege-
tation is lossy, the Rayleigh—Gans formulation [12] can be
B. Scattering Mechanism and Scattering Formulations for the  applied to derive the scattering solution for the elliptical
Vegetation Particles and Rough Surfaces disks representing the vegetation leaves. For an elliptical

Several scattering mechanisms are considered for the scat- disk, the scattering matrix elements are found to be

tering model. Fig. 3 depicts six different mechanisms including:
Ing model. Fig. 3 depicts six Ci conansIs MENTNS  _5 Add L/ (@A) + (0B)?)
1) direct backscatter from the underlying rough surface; Spg =0 (Pa-q) 5 7E 5
2) direct backscatter from vegetation particles; i (ad)? +(bB)
3) single ground bounce; where

4) double ground bounce; A, area axis of the disk;
5) second-order scattering interaction among vegetation par;, major axis of the disk:

ticles; L . . b minor axis of the disk. .
6) scattering interaction between main stem and the rough In (6), Pa = U P%U 4, whereP? is the disk’s polariz-
surface. ST rd T A 4 —
he first f hani included in al Il existi ability tensor, which can be found in [12] and [13], alig
The first four mechanisms are included in almost all existing 16 marix of the coordinate transformation that transfers
vegetation scattering models. Mechanism 5 is a second-order the global coordinate system to a local coordinate system
solution that accounts for the near-field interaction within a defined by the major axis, minor axis, and the normal of
single plant. Mechanism 6 is only considered for predicting the disk, respectively. The explicit expressionﬁcan
the cross-polarized scattering at L-band according to a study be obtai,ne d from [1 4]' Alsod and B are given b
reported in [10], where it is shown that the copolarized scat- ' ' 9 y

tering of mechanism 6 at L-band is weak compared to that of A [T (b
mechanism 2. Mechanism 6 is also ignored at C-band, because - [ a (ki S)} '
of attenuation experienced by the wave propagating through B=ko [ﬁjl . (]%i _ ,%S)} .
the vegetation layer. In what follows, the scattering solutions

for each mechanism are briefly described.

Mechanism 1:There exist many rough-surface scattering
models available in the literature. In this paper, a second-order
small perturbation model (SPM) [17] and a physical optic (PO)
model [18] are incorporated to handle the backscatter from the
rough surface.

(6)

8>

()

Q.Q>

Circular Cylinder. An exact scattering solution does not
exist for cylinders of finite length, but an approximated so-
lution, assuming the internal field induced within the finite
cylinder, is the same as that of the infinite cylinder with the
same cross section and dielectric constant, and can be used

hani Th hani terred effectively [15]. Generally, this solution is valid when the
Mechanisms 2—4These mechanisms are often referred to as ratio of the length to the diameter is large.

the single scattering solutions, in which only the scattering so- . i
> SINg . 9 ! - y : g Mechanism 5: The second-order scattered field between two
lutions for the isolated vegetation particles are considered. The . . . - .
. ) articles is formulated using an efficient algorithm based on the
effect of the ground surface in mechanisms 3 and 4 are con-

sidered by introducing the ground reflection coefficients. If threeprrOCIty theorem [7]. For two adjacent particles, we have

SPMis used in mechanism 1, the Fresnel reflection coefficients

are used directly. If the PO is needed according to the surface p- B2 = ) E.-Jdv. (8)

roughness condition, the reflection coefficients are modified by v

¢=2(ks <os 0:)” 10 account for the reduction in the surface reflecyhereE., is the scattered field from particle #2 illuminated by

tivity [11]. The single scattering solutions for dielectric diskgn infinitesimal current source at the observation point in the ab-

and cylinders are obtained from the following formulations: sence of partic|e #1, andl; is the induced po|arization current
Elliptical Disk: The thickness of the soybean leavesf particle #1 illuminated by the incidence field in the absence
~0.2-0.3 mm is usually small compared to the waveeof particle #2.E2 can be obtained using the reciprocity the-
length in the microwave region, and the ratio of therem. Hence the second-order scattered field are conveniently
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obtained from the plane wave solution of the induced polariza-
tion current and near field of individual particles. These quanti-
ties for disks and cylinders are given by:

1) Disk The induced polarization current is obtained from
the Rayleigh—Gans approximation and is given by
Jo(r) = —ik,Y, Py - Epeloker ©)

GelineE : SRR
_ branch, pod, main stem
wherePy is the polarizability tensor. The exact near-field .
scattered field must be numerically evaluated from

(@) (b)

_ tkoZo ™™ = Fig. 4. Vegetation particles embedded in the lossy medium: (a) stratified
Eosry=—— —— (Pa-p
€ (47r)2 70 structure for the calculation of the equivalent propagation constant and (b) free
S ) space is assumed in the calculation of the second-order near-field interaction.
/ G(k, R)cko(—keT'+R) g (10)
% cylinders do not produce significant cross-polarized scattering
where fields. As will be shown later, the cross-polarized scattering at
L-band is mainly dominated by two scattering mechanisms 2
- —1 4 ikoR + KZR?\ = Bl Y y g
G(ko, R) = B 1 .

_ * _ 2 2 A . . .
4 <3 &kﬁ kR )RR (11) C. Propagation in a Lossy Layered Media

1) Foldy’s Approximation:The scattering solutions pro-
. , , . , , vided in the previous section are for targets in free space.
and R is a unit vector defined byt = (r —+')/Ir —r'|.  oever, for vegetation canopies the targets are within a lossy
2) Cylinder. The formulation for finite cylinders is used nqom medium. Thus, a particle is illuminated by not only the
again 1o c_alculate the md_uced polarization <_:urrent anfident plane wave, but also by the scattered fields from other
the near-field scattered field. The formulation of theicles. To calculate the total scattered field from a particle,
scattered field in the vicinity of the cylinder is given byt is syally assumed that the particle is embedded in a homo-

[7] geneous lossy medium, as shown in Fig. 4(a). The vegetation
ik 7, cikoro layer can be divided into many sublayers that contain different
Ee(r) = - — ——F(¢~ ¢, H types and number densities of vegetation particles and thus,

each layer exhibits different equivalent propagation constants.
Foldy’s approximation [14] has been widely used in many

Equation (12) is derived using the stationary phase aéggetatlon scattering models to account for the attenuation

proximation along the axial direction of the cylinder axis. Xperienced by the wave traveling through the vegetation

This solution has been verified by the method of momenl@edium. According to the Foldy’s approximation, the vertical
(MoM) [7], [16], and the region of validity is given by and horizontal components of the mean electric field in a sparse

random medium satisfy
p > 2d* /A (13) dE,
ds

- (ko sin @, p)eke s o2, (12)

=i (ko + Mpn) Ep + iMp B,
whered.. is the diameter of the cylinder, apds the radial JE.
distance between the observation point and the cylinder -
axis. For the main stem of soybeans, the radius is usually ds
less than 5 mm. Applying (13), it is found that> 3.5 wheres is the length along the propagation path within the
mm at C-band (5.3 GHz). Therefore, (12) is appropriat@edium, and
for calculating the near-field interaction. 2mo o

Mechanism 6: The incoherent interaction between the main Mpg = ——{Spe(k, k), pog€ihvy. (15)

stems and rough surface is formulated using the reciprocity 0

technique introduced in [7]. The details and lengthy formulddere, no is the number density of the scatterers within the

tion for the cylinder-rough surface scattering interaction can Isedium, and({S,,,(k, k)) is the averaged forward scattering

found in [19]. This model is only applied to calculate the scatnatrix element of the scatterers. Since the vegetation structure
tering interaction between the main stem and underlying rougkhibits statistical azimuthal symmetry, there is no coupling
surface. The reason for this is that for a titled cylinder withetween horizontal and vertical components of the coherent
large elevation anglg (such as branches), the cross-polarizeteld and therefore)M;,,, = M,,;, = 0. From (14), the effective
scattering from mechanisms 2 and 3 is dominant. Howevgropagation constants for both polarizations are given by

main stems often grow nearly vertically, and its interaction with

the ground becomes an important source of the cross-polarized ki, = ko + M,

scattering, noting that the mechanisms 2 and 3 of nearly vertical ky =ko + M. (16)

= iMU}LE}L +i (kO + Mv'v) E’U (14)
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o - TABLE |
" equi-phase " equi-phase MEASURED GROUND TRUTH FOR THE
r, #%  plane rp o~ plane POLARSCAT DaTA SET

Aug. 14 | Aug. 18
soil (m,) 0.06 0.17
rms height(s) 0.0115m
correlation length(/) 0.0879m
vegetation (myg) 0.769 | 0.767
number density of plant | 34 & 13 plants/m?
biomass 1.97 kg/m?

a) (b Therefore@®,(r/, p) can be written as

Z/

Qd(EOaT/a p) = MPPIA{—

A

Fig. 5. Propagation paths in the vegetation layer: (a) direct and (b) ground (20)

bounce. o . .
The ground-bounce path, as shown in Fig. 5(b), includes a

reflection from the ground plane. In Fig. 5(b), the image position
As mentioned previously, the second-order near-field intergg-given by

tion is incorporated in this model, and it will only be calculated - = &'3 +y'§— (7 +2d)3 1)
for the scatterers within a single plant. It is reasonable to as- i unage _ o
sume that no extinction should be considered for the calculatiBfii€re? 'S the thickness of the layer. Using (20), itis found that
of the near-field interaction. However, since both particle af@s(ko, 7, p), which only accounts for the extra phase differ-
still embedded in the vegetation layer, extinction is consider&§c€ and extinction caused by the propagation in the lossy veg-
for the incident wave and secondary scattered fields. As shofidtion media, can be written as /
in Fig. 4(b), the space between_two_sca_ttergrs is considered as ®,(ko, 7 ,p) = —Mppﬂ. (22)
free space, and Foldy’s approximation is still used on paths 1 ko - 2
and 2. . )

2) Propagation Paths:In this section, the phase differencéD_' Scat_terlng from Soybean Fields and Monte Carlo
and extinction caused by the wave propagating in the vegetat%'ﬁ‘u'at'on
layer will be formulated using the method presented in [20]. To Consider an area of soybean field with soybean plants per
build a coherent scattering model, the phase of each scattetimif area. For a given computer-generated soybean plant (the
mechanism has to be calculated with respect to a phase referdribeplant with V, particles), the total scattering amplitude can
point. Fig. 5(a) shows the propagation geometry for the dirde¢ written as
path. The reference phase point is taken to be the origin of the

A

N,

coordinate system. Using ray optics, the propagation from the _ |:Sd L gu9 4 ol go2 }
equi-phase plane [shown in Fig. 5(a)] directly to the scattereris 7% » ; pa ki T 2pg ki T 2pg ki T 0pgi
given by
. . . N. N
@ (ko, v, p) = kory - ko + EE(r —711) - ke 17 R ao2m k(o o)
o =l Bt B e A0 1 95 ST M LR L CS
wherer, denotes the location at which the ray intersects the in- =t ﬂ;ﬁ

terface between the vegetation layer and free-space. Here,wirer, is the location of the plant. In (23), each term includes
effect of refraction is ignored assuming a diffuse boundary behe attenuation and phase shift due to the propagation
tween the vegetation layer and free-space= ko, andp de- direct:

notes the polarization of the wave. Substituting (16) into (17),it _, . ki(ffs, /gi)ei%(—ﬁs,m,p)ei%(@f,m,q)

is found that pa,ki —
ground-plant:

&, (ko, 7', p) = kor’ - ko + Mpp(r' —7,) - ko. (18) 594 = Spa, ki (ks K] Ry Po(—her Moo 2) giPalhi. This @)
plant-ground:

The first _term on the rig_ht-ha_nd side o_f (18) is the f_ree-spat_:esgl _ <(lAc’ IQ)R ot Pa(=ke, Tui,p) i®g (ki i, @)
propagation term and will be included in the scattering matrix ~ra, ki pg; killvs) Mi)tq
elements of the scatterer. The second term on the right-h&if@und-ground:
side is the extra phase difference and extinction caused by thegos = —g . (i’ /;;)RqRqeiég(fks,m,p)eiég(l%z-,m,q)
propagation in the lossy vegetation media, and will be denotﬁg pe ’ .

2 . . ar-field 2nd-order:
as®,(ko, 7', p). The free space-vegetation interface is set to be )

nd  _ c2nd (L T\ i®a(—ks, Thi,p) i®a(ks, Thj,
the x—y plane, so it is found that v, kig = Spq,kig (Rs, ki)e « kP)eiPath T @) (24)
wherek; = k;, — 2(k; - 2)z andk!, = k; — 2(k, - 2)2. Note that
! . .
(' —1) ho = = z N (19) all scattering mechanisms are added coherently to capture the

coherence effect caused by the vegetation structure.
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2 30.F 1 g T
g —— S L
o} Fe 2 20f :
B 20} ] g’ l
5 13
= e it -
A 10k 3 e - ‘% """" % |
o . 0. )
) s 6 4. 5 6
Frequency (GHz) Frequency (GHz)

(a) (b)

Fig. 6. Measured dielectric constants for (a) branches and main stems and (b) leaves at C-band using the procedure outlined in [24] and [25].

The scattering coefficient of the soybean field is then conthe scattered power from the vegetation is also calculated inco-
puted by incoherent addition of the scattered powers from vewerently from

etation, rough surface, and main stem-rough surface mteractloqjo ., (vegetation
Hence .
Ny
— 99
O pupa = Opape(VEgeEtation + o) (rough suracke = dn <kz Z { pa, kz ‘Spq ki
o=1 =1
+ rqum(stem-rough surfage (25) \
N, N, 5
1 2 2nd
where ‘qu ki ‘qu i } T > |Shes] >
=1 =1
N, ? . (29)
00,p,(Vegetation = 47r< > Spgn > (26)
k=1

Ill. EXPERIMENTAL RESULTS

pqm(rough surfacg
4 S L2 In this section, the experimental procedure and the multi-
_ 0 zéd(—k_g,—dz,p) iDg(ki, —dz, q) (27) . . . .
= Opapq,r |© ¢ frequency multipolarization backscatter measurements using
(stem-rough surfage polarimetric scatterometer systems and JPL AIRSAR are
P(IP(I

‘ . o presented.
S;;CZ(I)d(_kS’ —dz,p) ez‘I)d(k;, (—d+0.51.)%, q)

=47 N, <

+ S;:I’eiq)d(’;h —df%,P)ei‘I’d(—’;m (—d40.51.)%, q)

A. Measurement Using the University of Michigan’s
2> (28) POLARSCAT

In August 1995, a series of polarimetric measurements
were conducted on a soybean field near Ann Arbor, MI.
In calculation of the contribution from the direct rough surfacEhese measurements were conducted using the University of
and the stem-rough surface, the propagation attenuation throljbhigan polarimetric scatterometer systems (POLARSCAT)
vegetation layer is also includefl;; and Sy, are, respectively, [21]. The polarimetric backscatter data were collected at two
the rough surface cylinder and cylinder rough surface scatteridifferent frequencies (L-band and C-band) over a wide range of
amplitudes. The ensemble averaging in (28) is carried out amgeidence angles (from 20-7@t 10 increment). The overall
lytically using the SPM formulation, and the details are reportagbal of these experiments was to investigate the feasibility of
in [10]. As mentioned earlier, the contribution from this term isoil-moisture retrieval of vegetation-covered terrain from radar
only significant at L-band for the cross-polarized term. backscatter data. Experiments were designed to observe the

The ensemble averaging in (28) is carried out using a Momntadar-backscatter variations due to the change in soil moisture,
Carlo simulation. For each realization in the Monte Carlo sinwhile the vegetation parameters were almost the same. Two
ulation, a group of computer-generated soybean plants are gegts of data were collected. In one measurement, the angular
erated and distributed on a square area of?] amd then the polarimetric data were collected on August 14, when the
scattered fields are computed. This procedure will be repeatattierlying soil surface was dry, and in another a similar data
until a convergence is reached. To examine the coherence effegts collected right after a heavy rain on August 18. At the
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MEASURED VEGETATION PARAMETERS OF SOYBEANS FOR THE
POLARSCAT DatA SET

TABLE 1l

917

B, Bs (degree) radius (cm) length or thickness (cm)
stem 5,5 0.3+ 0.09 73.0+ 3.4
node 5,5 0.3+ 0.09 54+£14
branch 45.8,25.6 0.12 £ 0.031 20.7+£6.5
pod 135.5, 30.8 0.35+0.03 3.7£0.48
leaf 45.6, 30.1 3.8+ 0.07(0.576) 0.022+0.002

Fig. 8. AIRSAR image of the Kellogg Biological Station in July of 1995. This
image combined the L-band and C-band backscatter date’ aif4Bcidence
angle. Two soybean fields are on the left side of the image with dark color.

&
i &
o
]
N
Fig. 7. Picture of the soybean plant distribution for POLARSCAT data set. "L
It was taken from the top of the field when plants were dry. Unlike the row ﬁ !

structure, which is often seen in many cultivated fields, the distribution pattern
is rather random.

time of experiments the soybean plants were fully grown with
significant numbers of pods. In fact, the vegetation biomass ’E
was at its maximum. Since the separation between the time of lr
experiments was only about four days, no significant change in
the vegetation parameters were observed.

The vegetation structural parameters and moisture in addition
to the soil surface roughness and moisture were carefully char-
acterized. The dielectric constant of the soil surface was mea- ' ik
sured by using a C-band field-portable dielectric probe [22]. The
measured relative dielectric constaptvas used to estimate theFig. 9. Computer-generated soybean plants for: (a) POLARSCAT data set and
moisture contentsz, by inverting a semiempirical model [23], (?) AIRSAR data set.
which givese,. in terms ofm,. The meann,,, which is shown
in Table I, is then used to estimateat L-band. the plants are planted in row structures, the soybean plants of

Two dielectric measurement techniques [24], [25] were us&is field were distributed in a rather random pattern, as shownin
to measure the dielectric constant of leaves and stems. Theik 7. This picture shows the top-view at the end of the season,
measurements were performed at C-band using a WR-18fere all the leaves were fallen. The surface roughness param-
waveguide sample holder, and the results are shown in Fig &¢rs were also measured and reported in Table I.

The corresponding dielectric constants at L-band were then .

calculated using the empirical model provided in [26]. ThE- Measurement Using AIRSAR

gravimetric moisture content:, of the vegetation was also The Jet Propulsion Laboratory’s airborne synthetic aperture
measured on the day of radar measurement to monitor tiaglar (AIRSAR) [27] was deployed to conduct backscatter
variation of the biomass. As shown in Table I, the vegetatianeasurements on a number of cultivated fields. Although
moisture remained almost the same on both dates of tARHRSAR is capable of measuring polarimetric backscatter at
experiments. three microwave frequencies (P-band, L-band, and C-band),

The dimensions and orientations of vegetation particles waysly L-band and C-band data were collected. The backscatter
also recorded. Table Il shows the means and standard deviatidata were collected by AIRSAR during its flight over the
of vegetation parameters. Unlike most cultivated fields, whekellogg Biological Station near Kalamazoo, MI, on July 12,
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Fig. 10. Scattering coefficients versus incidence angle at L-band for August 14 POLARSCAT dataset: (a) model validation and scattering mehsisism an
for (b) vv-polarizations, (c) hh-polarizations, and (d) cross-polarizations.

1995. Also these data sets were collected at three differemtler to carry on the data simulation [see Fig. 9(a)]. The
incidence angles: 3040, and 45. Unfortunately, the soybean computer-generated plants were uniformly distributed using
fields were not within the research site of the station aral random number generator. The Monte Carlo simulations
the ground truth data was rather limited. The only availablre performed at incidence angles ranging from 20-aw0
information is that the soybeans were about a month old aBtdincrement. Figs. 10(a) and 11(a) show the simulated and
the volumetric soil moisture content was less than 0.1. Fig.n8easured backscattering coefficients versus incidence angle at
shows the composite L-band and C-band SAR image at 45band and C-band, respectively. Good agreement is achieved
incidence angle. by allowing the dielectric constants of vegetation particles
to vary within the confidence region shown in Fig. 6. In
Fig. 10(b)—(d), the contributions from individual scattering
mechanisms are plotted as functions of incidence angle at
The vegetation scattering model is first validated usingband. The cross products among different mechanisms,
the data collected by POLARSCAT. Guided by the groundghich account for the coherence effect, are not presented in
truth data, many soybean plant structures were generatedhese figures. It is quite obvious that the contribution from the

IV. DATA SIMULATION AND ANALYSIS
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Fig. 11. Scattering coefficients versus incidence angle at C-band for August 14 POLARSCAT dataset: (a) model validation and scattering medygigism an
for (v) vv-polarizations, (c) hh-polarizations, and (d) cross-polarizations.

second-order near-field interaction at L-band is negligible feegion, the near-field interaction is stronger at C-band than at
both co- and cross-polarized terms. It is also shown that forband. Also the second-order near-field interaction has a more
copolarized backscattering coefficient, the direct backscatmofound effect on the vv- and cross-polarization, because
from soybean, direct backscatter from rough surface, and sintile orientation of the main stems is nearly vertical. The other
ground-bounce are sufficient to characterize the scatteringchanisms, which include the soil moisture information, are
behavior. For cross-polarization, however, the two most signifet significant for two reasons. 1) high extinction through the
icant mechanisms are the direct backscatter from vegetatimgetation layer and 2) surface roughness which decreases the
and the incoherent rough surface-stem interaction. The lateflectivity of the ground surface.

mechanism contains information regarding the underlying From these analyses, it is found that the backscatter at
soil surface including the soil moisture. Fig. 11(b)—(d) showS-band or higher frequencies is mainly sensitive to vegetation
scattering contributions from different mechanisms versus ingarameters for sufficiently high vegetation biomass (in this
dence angle at C-band. The direct backscatter form vegetatimse, biomass 1.97 kg/m?). At L-band or lower frequencies,
and the second-order near-field interaction are the domindtris possible to sense the soil moisture for surfaces covered with
scattering mechanisms at C-band. Because of larger near-fighart vegetation and relatively high biomass. Fig. 12(a)—(c)
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demonstrate the sensitivity of the backscatter to soil moistusackscatter data is needed to estimate the vegetation and soil
as a function of incidence angle for the soybean field. Thmoisture accurately.

simulations are performed under four different soil-moisture Due to the limited ground truth data, the AIRSAR data set is
conditions:m,, = 0.1, 0.2, 0.3, and 0.4 at L-band. The used for estimating the vegetation and surface roughness param-
backscatter data collected on August 14 and 18 are also ploteers. Although the retrieval algorithm presented here is based
in these figures for comparison. These results suggest tbattrial and error, it indicates the feasibility of estimating vege-
the appropriate range of incidence angle for the purpose tafion parameters and soil moisture from image radars. The pro-
soil-moisture retrieval i9; < 50°, where there is about 6 dB cedure for estimating these parameters is described as follows.
of dynamic range. At incidence angles larger tH&Y, the 1) Based on a series of trial simulations, it is found that
sensitivity to soil moisture decreases due to the high extinction the second-order near-field interaction can be ignored at
caused by the vegetation. To retrieve the soil moisture accu- | -band and C-band for the one-month old soybeans. In
rately, vegetation parameters must be estimated as accurately thijs case, the soybean plants are still young, with shorter
as possible. It seems a combination of high and low frequency  pranches and stems and much fewer numbers of vegeta-
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Fig. 13. Scattering coefficients versus incidence angle at L-band for AIRSAR dataset: (a) model validation and scattering mechanism anglysis for (b
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vv-polarizations, (c) hh-polarizations, and (d) cross-polarizations.

2)

tion particles. Also, there are no pods on the plants, whose
interaction with the main stem is the major source of the
near-field interaction. 3)
Judging from the measured values of the copolarized scat-
tering coefficients reported in Fig. 13(a), it is inferred
that the vegetation biomass is rather low. In this case, de-
pending on the surface roughness, the surface scattering
mechanism can be dominant at low incidence angles. If
the surface scattering is dominant entirely, it is expected
thato,, will be larger tharvy, . However, this is not ob-
served from the measured data at.38ence, there is at
least a comparable backscattering contribution from the
vegetation. Under this condition, a significant contribu-
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tion to the backscatter at C-band comes from the vegeta-
tion.

At relatively low biomass, it is found that the cross-po-
larized scattering coefficient is dominated by the direct
backscatter from the soybean at both frequency bands.
The size of the main stems for one-month-old soybean
is small, so the rough surface-stem interaction is not sig-
nificant. Also, at C-band, the direct backscatter from the
rough surface is weak due to the small root mean square
(RMS) height and extinction through the vegetation layer.
Therefore, the dimension, the number density, and the
dielectric constant of the soybean can be estimated by
matching the cross-polarized backscatter at C-band. This
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Fig. 14. Scattering coefficients versus incidence angle at C-band for AIRSAR dataset: (a) model validation and scattering mechanism analysis for (b
vv-polarizations, (c) hh-polarizations, and (d) cross-polarizations.

TABLE Il data at C-band. Then, by matching the data at L-band with
ESTIMATED GROUND TRUTH FOR THEAIRSAR DaTA SET the same vegetation structure, the parameters of the rough
soil (my) 0.0% surface are estimated. The simulation is then iterated be-
rms height(s) 0.0038 m tween L-band and C-band, until the simulated and mea-
correlation length(/) 0.038 m sured data match at both frequency bands.
number density of plant | 19 plants/m? After matching the backscatter data at both L-band and
biomass 0.22 kg/m?

C-bands, the final estimated target parameters are shown in
Tables Il and IV. A typical corresponding computer-generated
is done by confining the range of the vegetation dielectraoybean plant is shown in Fig. 9(b). Figs. 13(a) and 14(a)
constants to those reported in Fig. 6. The elevation anglsow the simulated and measured scattering coefficients versus
of all vegetation particles can be estimated by matchirigcidence angle at L-band and C-band, respectively. A Monte
the copolarized scattering coefficient ratif}, /o7, and Carlo simulation is performed af fncrements. Fig. 13(b)—(d)
cross-polarized scattering coefficient. The vegetation pshows scattering contributions from different mechanisms
rameters as a first iteration are decided by matching thersus incidence angle at L-band. As predicted, the scattering



CHIU AND SARABANDI: ELECTROMAGNETIC SCATTERING FROM SHORT BRANCHING VEGETATION 923

i T ¥ ¥ T T 0 T T T T T T
- - LA o -1
10. - B\"E”"?\D"E'"'f‘:‘_’@r-m\- -

~ g e \E —
=2] ; T T NG e a
3 AN S G mg, E
s -20.r ' g g -10.r -
2 5
B R o Ja S gt et kST S WP Q
£ g
|5}
g &
&} 230, b ——e—  wv, coherent . 1% ~—&—~ Vv, coherent
o &h
g ----@---- hh, coberent B ---@--- hh, coherent
5 8 -20.f T
§ ——4-—-  xx, coherent % —-#-—- XX, coherent
|34 |57
v -40. - . -5 - vy, incoherent b 125] - -4 - - Vv, incoherent

— &=~ hh, ncoherent ~— -&- - hh, incoherent

~—-@~- XX, incoherent ~-@-- XX, incoherent

-50. I I I 1 L 1 230 1 1 L 1 I I
10. 20. 30. 40. 50. 60. 70. 80. 10. 20. 30. 40. 50. 60. 70. 80.

Incidence Angle (degree)

Incidence Angle (degree)

(a) {b)
Fig. 15. Demonstration of the coherence effect caused by the soybean plant structure for a fully grown soybean field at (a) L-band and (b) C-band.
T T T T T T T T T T
-10. 7
2s5.p TOTeeeegge T

a» x;r.—.@f.‘.‘@: %?*Jf;'—‘;&‘; . 8 -15. F 4
2 a0f NG
g g 20.F .
S s SESTEmTeoen ) B
5 o 5 st
& ——— vv, coherent @] Te —e— vy, coherent B
zﬂ oh)
E _40. } B hh, coherent . E ---f1---- hh, coherent
2 -—4-—- X, cobere = B0 e ]
= = , ent = o XX, coherent
Q
v 45 = -- vv, incoherent % - - == - - vv,incoherent

) hh, incoherent S35 4~ - hh, incoherent ]

—=-@—- XX, incoherent —-@—- XX, incoherent
-50. 1 i 1 ) £ _40). i I 1 L 1
10 20.  30. 40.  50.  60. 70. 10 20. 30. 40. 50.  60. 70.

Incidence Angle (degree)

(a)

Incidence Angle (degree)

(b)
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TABLE IV

ESTIMATED VEGETATION PARAMETERS OF SOYBEANS FOR THE

AIRSAR DATA SET

mechanisms versus incidence angle at C-band. As predicted,
the second-order scattering can be neglected.
Finally, Figs. 15 and 16 show the coherence effect of the veg-

Bm, Bs (degree) | radius (cm) | length or thickness (em)  etation structure. The scattering coefficients do not include the
stem 75,5 0.18+0.05 30.2£3.4 contribution from the main stems’ rough surface scattering and
bnf’deh 60‘;’2‘; - 00i128;0060351 154071205 the direct backscatter from the rough surface. In these figures,
ranc 8, 23. . . . . . “ " .
Toaf 27.0.300 3.7 £0.05(0.6) 0.0220.001 the coefficients denoted as “coherent” are calculated using (26),

while those denoted as “incoherent” are calculated using (29).
It is shown that for a fully grown soybean, the coherence effect
is significant at L-band for copolarized components, while the

between stems and rough surface is not significant due to ®fect is not observable at C-band. However, for low biomass
shorter and slimmer main stems and smaller surface roughnesmdition (AIRSAR data), it is found that the coherent effect
Fig. 13(b)—(d) shows scattering contributions from differens also significant at C-band. This can be explained by noting
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that a fully-grown soybean plant has more complex structure[2]
with more particles than a one-month-old plant. Nevertheless,
it should be noted that the second-order near-field interaction is
significant for POLARSCAT data at C-band and can be eval- [3]
uated only when the relative distance and orientation of parti-
cles are given. Therefore, to some extent, the coherence effeg,
of structure embedded in this mechanism is also important at
C-band. For the cross-polarized scattering, the coherence effe%]
is less significant in both low and high biomass conditions at

both frequencies.
[6]
V. CONCLUSIONS 7]
In this paper, an electromagnetic scattering model for short
branching vegetation is presented. The vegetation particles arg)
modeled as simple geometries such as cylinders and disks, for
which analytical scattering solutions are available. With real-
istic structures that reasonably describe the relative positions of
the particles, this model is constructed so that the coherencé®]
effect due to the phase difference between the scattered fiel%]
from different particles and the second-order near-field inter-
action among particles are accounted for. Also, the interaction
between the main stems and underlying rough surface is incoftt
porated into this model, which is shown to be important only ag12]
low frequencies (L-band) and for cross-polarized backscatterina
coefficient. 3l
The model accuracy is verified using polarimetric radar
backscatter measurements of a soybean field obtained frof¥]
truck-mounted scatterometers. Through an extensive grour}gs]
truth data collection, target parameters such as the soil and
vegetation moisture contents, geometry of the soybean plants,
and surface roughness were characterized. Monte Carlo sirt:
ulations were carried out simulating the statistical properties
of the backscatter at different incidence angles. Good agree-
ment is obtained between the model prediction and measur
backscattering coefficients. From a sensitivity analysis, the
following is found. (18]

1) Second-order near-field interaction is more significant ag1g]
C-band than at L-band.

2) The interaction between the main stems and rough sunié0
faces could be significant for cross-polarized scattering
at L-band.

3) The double ground-bounce mechanism is generally ndtH
important.

4) High-frequency data (C-band or higher) can be used to
probe the vegetation, and low-frequency data (L-band o
lower) is needed to probe the soil moisture through veg-
etation. (23]

This model was also used to estimate the parameters of a soy-
bean field using the AIRSAR data, and reasonable results that
agree with the limited ground truth data have been obtained. TH&*
coherence effect was also examined using the model simulation.

[25]
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