IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 38, NO. 1, JANUARY 2000 349

Electromagnetic Scattering from Grassland—~Part II:
Measurement and Modeling Results

James M. Stiles, Kamal Saraban8enior Member, IEEEand Fawwaz T. UlahyFellow, IEEE

TABLE |

Abstract—The validity of a coherent, grassland scattering model
is determined by comparing the model predictions with direct
measurements of a representative grass canopy. A wheat field
was selected as the test target, and polarimetric, multifrequency

SCATTEROMETER SPECIFICATIONS

backscattering data were collected over an entire growing season, Parameter Value Units
along with a complete set of ground-truth data. The L-band mea-
sured data demonstrated a strong dependence on azimuthal look
direction in relation to the row direction of the wheat. The C-band Center Frequency GHz
measurements likewise showed an interesting backscattering L-band 1.5
response, whereins? actually increased with incidence angle for )
many cases. C-band 5.3

The coherent scattering model provides backscattering data that X-band . 9.5
match and predict these measured data and most of the other mea- Bandwidth MHz
sured data well. The model shows that at L-band, the incoherent L-band 300
scattering power alone is insufficient for predicting the measured C-band 400
results, as the coherent terms can dominate the total scattered en- X-band 500
ergy. Additionally, the model, which accounts for this nonuniform Antenna Beamwidth degrees
illumination of the wheat elements, demonstrates the peculiar data L-band 12.0
observed for C-band. Likewise, it is demonstrated that the fidelity C-band 8.0
used to model grass constituents (e.g., curvature) is required to X-band 54
match the scattering measurements accurately. Antenna Gain dB

Index Terms—Microwave scattering from grasslands, vegetation L-band 22.1
scattering measurements. g'gang ggg

-ban .
X-pol Isolation { dB
|. INTRODUCTION L-band 22
VER THE course of a single growing season, an exper- C-band 26

. . -band 29
iment was conducted at a site near Ann Arbor, Ml, to X_ban

measure and quantify the microwave scattering from a repre-
sentative grassland canopy. Wheat vegetation was selected as
the test target, as wheat continuously and dramatically changes

form (€.g., height, moisture, structure) during its brief growingf little or no ultimate interest, yet these parameters were quan-
period, thus providing a disparate set of scattering targets ov;Jra Y P q

t prior to calibration

growing season. Using a multifrequency (L-, C-, and X-ban fied as they presumably affect plant scattering. The goal in col-

scatterometer built at the Radiation Laboratory, University Q?Ct'r,],g. this complete data set was to Qllmlnate the unknown or
ree” input parameters when evaluating scattering-model per-

Michigan, Ann Arbor (Table I) [1], polarimetric scattering date}

i g ; - _forma
were collected from this test site as a function of frequency, |nC|-One of the qoals of this study was to add to the existing data
dence angle, and azimuth look angle. Along with the scattering 9 y 9

data, a thorough set of ancillary measurements, precisely 3e'E on scattering from wheat and grass targets [2}-[7]. How-

scribing the grass canopy, was collected (Table Il). Rather thare the primary use of this specific data set was to provide a

collecting only the ground-truth data of interest to the user of tHEs!S for evaluating the performance of a high-fidelity, phase-

. : ﬁ:ohterent grassland scattering model. For example, one primary
remotely-sensed measurements (€.g., moisture, biomass, 6al was to determine the significance, if any, of the coherent
area, etc.), all parameters that affect microwave scattering wi G g ' Y,

. &rms that arise if the scattering is considered in a phase-co-
measured. For example, leaf curvature and cross-section ma)(I e . .
erent manner. Included in these terms are the scattered field

correlations between dissimilar elements and likewise, between
. . _ dissimilar plants (i.e., row structure). Another goal was to deter-
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TABLE I 0. T '
VARIOUS PARAMETERS DESCRIBING THE TEST VEGETATION AND SOIL.
ALL PARAMETERS ARE USED IN THE SCATTERING MODEL. THE LEAF soo b 1
PARAMETERS ARE DEFINED IN PART | OF THIS PAPER - neas.
-------- model
-10.0 | . \ .
Parameter Value Units plant coho
o N VAN inco
s~ -150 -
©
Canopy Parameters
Plant Density 427.4 plants/square meter 200 b ANV Y .
Row Density 82.7 plants/row meter
Row Spacing X,ow 194 cm  ETTTUToTTooTomoosoossosoooooooooooosoooooooooooooo o
x-deviation o, 1.2 cm -250
Soil Parameters 300 I L I L 1 ] L L L L ]
RMS Height 0.31 cm -60.0-50.0-40.0-30.0-20.0-10.0 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Bulk Density 1.34 g/cc )
Soil Type Sandy Loam azimuth angle
(@)
Leaf Parameter 0. T T
blade thickness ¢ 0.02 cm
blade width w 1.12 cm soo b :
blade curvature 0.01 na e meas,
leaf angle ¢ 5.0 degrees L </ nodel
¢; mean 3.81 na 1100 - RN .
¢, mean 0.567 na S NTTTTT plant coho
po mean 8.89 cm = N i
¢; variance 1.08 na o "BOT s i ]
¢y variance 0.036 na
po variance 6.66 cm =200 .
ci¢y covariance 0.133 na ) - . N
c1po covariance -1.552 na IR Tl .
PoCz covariance -0.045 na 250 - y
30,0 Loeo L
-60.0-50.0-40.0-30.0-20.0-10.0 0.0 10.0 20.0 30.0 40.0 50.0 60.0
straight elements with circular cross-sections [8]-[11]. The e: azimuth angle
tent to which these structural parameters actually affect the scat- (b)
tered response is an important issue for this study. Fig. 1. Typical (May 25) L-band measured and modeled backscattering (

Additionally, we wish to determine a better understandingpdos..) as a function of azimuth angle. Curves are provided for the total

of the individual scattering mechanisms that constitute t oherent backscattered power (inco), the total when correlation between
g similar scattering mechanisms is added (+ mech cor), the total when the

. . |
Overal'l scattering response of grassland canopies. EOI’ e_Xam&fﬁelation between dissimilar plant elements is further added (+ element cor),
we wish to understand better the relative contribution @hd the total backscattered power when all coherent effects, including row

scattering terms that are sensitive to soil moisture (diregtucture, are determined (total).
surface scattering), those that are sensitive to the vegetation
(direct canopy scattering), and those that are sensitive to bothincidence angle, with the maximum backscattering value oc-
(ground-reflection terms). The relative importance of thesmirring at 40 incidence and then dropping rapidly as the in-
different scattering terms for various incidence angles awitience angle increases. This provides more evidence of a co-
polarizations will be examined. herent effect, as the first Bragg mode for a periodic scatterer with
the wheat-row spacing (20 cm) is approximately 40L-band.
At larger azimuth angles, where the sensor is no longer perpen-
II. L-BAND RESULTS dicular to the row direction, the dependence on elevation angle
is less dramatic, suggesting that the coherent effect of the row
The antenna mount of the scatterometer system allowed $dructure has less importance to the overall scattering behavior.
data to be collected as a function of azimuth as well as elevatiorFor example, Fig. 1 shows the measured and modeled
angle. In general, due to the row structure of the wheat canopgckscattering for a wheat canopy early in the growing season
the measured scattering data exhibited a strong dependencéTable I1l) at an incidence angle of 4@s a function of azimuth
azimuth look angle, with significant changes from at lea¥ angle. The illuminated area was approximately 1 m in diameter,
to 40 (0° corresponding to an azimuthal look direction perpemwhich included portions of about six rows of wheat plants. The
dicular to row direction). The variation is similar tostr /2  backscattering estimate is poor for these data (i.e., the data are
pattern and suggests a coherent effect in the data. Another intaisy), because the extreme dependence on both azimuth and
esting behavior is the fact that this variation is quite dependesievation angle reduces the number of independent samples
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TABLE Il -10.0 T T T T
VEGETATION PARAMETERS SPECIFIC TO THEVEGETATION OF MAY 25. ALL
PARAMETERS ARE USED IN THE SCATTERING MODEL
-15.0 _
Parameter Value Units
. N o ]
vol. soil moisture 0.113 na © N
. P —0&— meas.
vol. leaf moisture 0.516 na -
vol. stalk moisture 0.580 na s--@--- total model
leaf layer thickness 33.5 cm 250 e + element cor |
ave. leaf height 22.7 cm +mech cor
leaves/plant 4 na —-m - inco
stalk diam. 0.33 cm
300 ! 1 ! ! ! ! ]

stalk height average 39.5 cm

h 0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00
stalk height stnd. dev. 2.3 cm

incidence angle

(@)
-10.0 T T T T T

available to be averaged. It is evident that the coherent sci
tering model, when considering all coherent effects includin
row structure, predicts the backscattering and its depender
on azimuth angle well. However, the true significance of thi -15.0
results is seen when observing the lower two traces of tt
plots. The lowest trace is that of the incoherent scattered pow Pt
(that is, the summation of the scattered power from each of tl_z 4 L

individual elements of the vegetation canopy). This quantity ©

- —O— meas.

which is generally used to model the scattering from gras - o
. . . otal model
vegetation, is as much as 25 dB in error from the measur
250+ === + element cor |

data. Also plotted on the graphs is the total plant power (thi
is, the incoherent summation of the total power: coherent plt
incoherent) from each plant (i.e., all coherent effects except rc

------ +mech cor

- inco

structure). This value includes all the coherent terms resultir 300 - 10'00 20'00 30'00 40'00 50'00 60'00 70‘00 00
from the correlation between dissimilar plant elements an ‘ ' ' ) ‘ ) ) ) '
scattering mech_anisms. The difference bgtween the total ple incidence angle

power and the incoherent power alone is as much as 5 dB. (b)

Therefore, the coherent plant scattering terms are not oy 2. L-band measured and modeled backscattering &ndoy..) from
significant, but in aggregate, they have a magnitude thatasall, green wheat canopy (June 10) at 4gimuth, plotted as a function of
much greater than the incoherent scattering power. incidence angle.

The model thus indicates that the azimuthal dependence of
the backscattering data is largely an effect of the coherent tgyain the incoherent power, with the next trace the result after
sponse due to row strt_Jcture. This finding |nd|cat¢s a signific ding the coherent power relating to the correlation between
problem when observing row-structured vegetation, as the scgksimilar scattering mechanisms of a single element. Note that
tering response is not necessarily linearly proportional o thg.se terms are a significant addition and can increase the scat-
illumination spot and/or ambiguity function size. As a resu"tering power by as much as 2.5 dB. The next curve provides the
otherwise similar sensors may indicate different backscatteripg power when including the coherent effect resulting from
coefficients when observing the same vegetation target. Thigig, correlations between dissimilar plant elements, an addition
especially true when the illumination area is small, as the rga ais0 increases the total scattered power to as much as 4 dB
sulting row coherence effect is significant over a large range gfaater than the incoherent power alone. The final trace shows
azimuthal angles. Thus, for the scatterometer used in this St 1otal scattered power, including the coherent effects of the
where the diameter of the illuminated area is on the order Qf; structure. Note that at 45the contribution from this phe-
a few meters, this row coherence is very significant. For larggpmenon is relatively small, as this azimuth angle is generally
resolution sensors, the coherent scattering lobe would be ngisige of the coherent scattering lobe shown in Fig. 1. Still, the

rower, such that the row coherent effect would occur only wheRyherent effect of row structure can increase the overall scat-
observing the vegetation at an azimuth angle approacting Ogreq power by almost another 1 dB.

The L-band data collected were dependent on both azimuthrig " 3 displays the scattering for the same canopy as Fig.
and elevation angle. Therefore, the response as a function ofan-except that the radar is looking perpendicular to the row
cidence angle was evaluated at two specific azimuth angless@tucture §; = 0). In this case, the coherent effect due to
and 48. Fig. 2 shows the modeled scattering contributions fehe row structure is the dominant scattering contributor in all
a canopy of tall, green wheat as a function of elevation anglat the largest incidence angles. The Bragg scattering effect
when observed at an azimuth angle of.4Bhe lowest curve is is evident, peaking at 40and then falling off rapidly as the
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0. —O—I Vv lllE(lIS. /A TABLE V
SN THE rcs (o) OF A SINGLE, SORT WHEAT PLANT (WITH NO GRAIN HEAD, MAY
s b hih meas. 25), LISTED IN TERMS OF THEMAGNITUDE OF THE VARIOUS COHERENT AND
e s yy model INCOHERENT SCATTERING TERMS. THE rcs VALUES ARE IN SQUARE
CENTIMETERS (dBscm)
- - -- hhmodel
-100 | . -
—_—- = VvV inco
—--—- hhinco I’ Ohh o
% 150 F , . "
v
200 / ] total 979  -7.69
= leaf inco | -16.66 -18.29
leaf coho | -21.56 -34.37
Bor 7 stalk inco | -20.40 -10.59
stalk coho | -20.08 -13.95
30,0 | ! ! I | | | stalk/leaf |-13.95 -15.17
0.00 1000 2000 3000 4000 5000 60.00 70.00 80.00 leaf/leaf |-17.66 -27.79

incidence angle (degrees)

Fig. 3. L-band measured and modeled backscattering from a tall, green wheat o ) )
canopy (June 10) afGizimuth, plotted as a function of incidence angle. ting the results difficult, so instead, the results will be presented

in tabular form. Two test days will presented (Tables Il and V),

TABLE IV both at an incidence angle of 4®or the early test day (Fig. 1),
VEGETATION PARAMETERS SPECIFIC TO THEVEGETATION OF JUNE 10. AL the wheat was relatively short and no grain head was present.
PARAMETERS AREUSED IN THE SCATTERING MODEL For the second test day (Figs. 2 and Fig. 3), the wheat at its

tallest and the grain head had fully emerged. Tables V andVI-
break down the total radar cross section of a single plant within

Parameter Value Units the grass canopy, providing the incoherent scattering power and

the magnitude of the coherent effects for each plant element, as
N well as the correlation between dissimilar elements.

vol. soil moisture 0.229 na . . . . .

vol. leaf moisture 0512 na From Fig. 1, itis evident that the horizontal-copolarized scat-

vol. stalk moisture 0460 na tering for the early test day is modified by the coherent effects

vol. grain moisture 0.110  na of the plant to a greater extent than are the vertical-polarized

grain diam. 0.97 cm backscattering. The model shows thatdgy, this is due mainly

grain length average 7.2 cm to the correlation in scattering between the stalk and leaf ele-

grain length stnd. dev.  0.77  cm ments €13.95 dBscm), and correlation between dissimilar leaf

leaf layer thickness 46.3 em elements £17.66 dBscm). Thus, the scattering from an entire
ave. leaf height 41.5 cm o

leaves/plant 3 s wheat plant is different from the sum of the scattered power from
stalk diam. 0.37 cm its individual parts, and therefore, an individual plant must be
stalk height average 77.2 cm considered in total as a single scattering element. For vertically
stalk height stnd. dev. 4.5 cm polarized, copolarized scattering, however, the table shows that

the correlation between dissimilar elements is not as significant.
The scattering instead is due mainly to the stalk element, with
the majority of the coherent scattering attributable to the cor-
incidence angle increases in both measured and modeled datfation between dissimilar scattering mechanisms of the stalk
The figure likewise displays the incoherent scattering alonglement. This is due to the fact that the vertically polarized in-
and the largest discrepancy between the incoherent power gpgnt wave couples strongly into the vertical stalks, increasing
the total power at this azimuth angle is quite apparent. At @Ry, the scattering from these elements and the extinction of the
incidence angle of 40 the measured and modeled data ar(,egherent incident wave. As a result, the attenuation associated
approximately 15 dB greater than the value of the predicte th th : o

W e propagation path to/from the lower-lying leaves of the

incoherent scattering power . Numerically, the match betwe > ; ;
the measured value is relatively large due to the small numtRiant elementis large, and the scattering (both coherent and in-

of data samples. However, the important result is that t§@herent) from the leaf elements is diminished.
phase-coherent model clearly comprehends the magnitud&or the later test data, a grain element had emerged, and the
and response of the measured data better than the incohevéiat vegetation had reached its maximum height (85 cm). For
scattering formulation alone. This is a major result of this studie horizontally polarized case, the correlation between dissim-
, as the incoherent power is generally the only scattering teflar elements is still significant, including the correlation be-
considered in grassland scattering models. tween grain and stalk elements. However, the long stalk element
Beyond presenting the scattering results in terms of the indor this test case results in increased scattering from that plant
herent and coherent scattering power, it is important to examielement, and the relative significance of the leaf elements to the
which of the many scattering terms are significant to the overalerall scattering is less than in the previous case. This is like-
scattered power. The sheer number of these terms makes phase true for the vertically polarized case, where the scattering
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TABLE VI -10.0 ' ' * '

THE rcs () OF A SINGLE, TALL WHEAT PLANT (WITH GRAIN HEAD, JUNE 10),
LISTED IN TERMS OF THEMAGNITUDE OF THE VARIOUS COHERENT AND )
INCOHERENT SCATTERING TERMS. THE rcs VALUES ARE IN SQUARE 77 v e model
CENTIMETERS (dBscm)

-20.0 B
Thh Oy - E 250 ~
o .
total -5.35 -2.35 300 .
leaf inco -16.9 -21.21
leaf coho -19.8  -37.29 350 b N
stalk inco |-13.25 -6.83
stalk coho |-13.23 -7.11 | | ! | | | 1
grain inco | -15.22 -10.32 %00 450 300 150 00 150 300 450 600
grain coho |-18.99 -17.86 ’ ’ ’ ’ ' ’ ’ ’ ’
stalk/leaf | -11.48 -14.5 incidence angle (degrees)
grain/stalk | -14.38 -12.23
-19. -30.3
leaf/leaf 19.89 30 Fig. 4. Typical (May 25) L-band measured and modeled cross-polarized
backscattering as a function of azimuth angle.

from the stalk element dominates. It is evident that the c:oherentThe measured C-band scattering data, howe_ver, rgve_aled an
term resulting from the correlation between grain and stalk djiteresting phenomenon when plotte_d_qs afunction 9f quence
ement is significant, thus indicating that the scattering from t@gle' This general behaviar shom&b |n|t|aI_Iy decreasing with
two elements should not be considered separately. incidence angle, but then sharply increasing from 40 fo F6r

It should be noted, however, that the computational cost 3fVeral test days, the largest value f actually occurs at 70
computing each coherent term is equivalent to a single indgcidence. This is in r_narked contrast to the scattering behavior
herent term. As a result, the cost of computing all cohere)j\ft mqst fa”_do'_”” media, wheee decreages monotonlcally asa
terms can be as much as two orders of magnitude larger tdAction of incidence angle as;,, does in this data. However,
evaluating just the incoherent power. As a result, these valk@ppears to be acommon ph(_anpmenon for wheat scattering, as
should only be computed if significant compared to the overdl er authors_ha\_/e reported S|m|Ia_r res_ults [41, [7]3 [12].
scattered power. However, as the results of this section hayd NS Pehavior is demonstrated in Fig. 5, showing the mea-
shown, the incoherent terms can dominate total scattered pop/died @nd modeled data,{.) for a wheat canopy prior to the
for grass canopies and large wavelengths. emergence of .the grain head. For the Iowgr |nC|dence. anglgs,

As with the copolarized scattered power, the measurdlf Scattering is dominated by the scattering mechanisms in-
cross-polarized data exhibit a strong dependence on azimti@iving @ “ground-bounce,” while the direct scattering compo-
angle. Unlike the copolarized case, however, the model ddiht remains smaII_. As the |n_C|den_ce_angIe INCreases, the elec-
a poor job in replicating the measured azimuthal respongﬁ(? field Qf the vert|c§1IIy polarized incident wave mcreasmgly
The first-order scattering model predicts no coherent cross-o]PIES into the vertical structure of the wheat plant. This has
larized scattering term from the row structure, and thus, th&o effepts._ One, the groynd-bounce terms_ qre.rap|dlly atten-
predicted scattering is independent of incidence angle (Fig. 4fitéd With increasing incidence angle, diminishing this scat-
This likely indicates that the cross-polarized response is tHe'N9 '_“eCha”'Sm to |r_1$|gn|f|cance at 5($ec_ond, the d|rect_
result of higher-order scattering terms, which are not includé§attering from_ the grain and the upper portion of_the_ stalk in-
in the model. However, other error sources may exist. F jeases, reaching the highest yal_ue &t The combination of :
example, the constituent-element scattering models may still gse two effects causes .the dip in .the.measured response with
too simple to account for the cross-polarized response resultfl§ Minimum backscattering occurring in the480° region.

from the complex and random structure of natural elements. VOte the data presented for C-band in Fig. 5 correspond to the
earlytestdays before the grainhead emerged fromthe stalk. After

the grain head emerges, the model shows that this single grain
element dominates the overall scattering from the wheat plant,
The C-band radar frequency of 5.3 GHz is more than fowith the direct grain scattering term the more significantffyr
times the center frequency of the L-band data. This increasesaifd the grain ground-bounce term the greatestfgr Unfortu-
frequency also greatly increases the electrical size of the whaately, the simple scattering model used for the grain element did
plants and their elements, and therefore, the phase of the get provide the desired level of accuracy (both for extinction and
herent scattering terms varies greatly over the random variatiggattering), and therefore the numerical match between modeland
of the plant structure. As a result, the expected values of theasurement for the later test cases at C-band and X-band are not
coherent terms are small and insignificant when comparedgarticularly satisfying, as demonstratedinFig. 6.
incoherent scattering data. This includes the coherent terms as=inally, recall that both the cross-section shape as well as leaf
sociated with plant and row structure, so that the predicted scatirvature are considered in the leaf scattering model. The first
tering value is independent of azimuth angle. test day provides an excellent opportunity to examine the im-

lll. C-BAND AND X-BAND RESULTS
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Fig. 5. C-band measured and modeled backscattesing &éndo,,; ) froma Fig. 6. C-band measured and modeled backscattering (@nd o)

short, green wheat canopy (May 25), plotted as a function of incidence angleefficient for a test day after the grain head has fully emerged. The numerical

The direct scattering mechanisms are denoted as “d,” the ground-bouecer is associated with the dominance of the grain scattering, a plant element

mechanisms as “gb.” that is modeled with an inadequate scattering model. The direct scattering
mechanisms are denoted as “d” and the ground-bounce mechanisms as “gb.”

portance of this added fidelity. The model shows that the scat-
tering from the leaf elements dominate the horizontal copoldeast significant scattering mechanism to the most significant.
ized case, a result due largely to the fact that the stalk elemen¥igking the leaf straight and circular not only changes the
the shortest on this test date. Additionally, as shown in Fig. 7(ajattering attributed to leaf elements but to the scattering from
the model data match the measured data well and show thatstedks as well, because the extinction due to the leaf elements is
direct leaf scattering is the largest scattering component, falso modified by this change of modeled shape and structure.
lowed by the leaf ground-bounce mechanisms, and then finallhis experiment indicates that the structure (in addition to
by the stalk ground-bounce terms. dielectric and volume) is critical for accurately modeling grass-
Instead of using the leaf scattering model that considdend elements. Unlike trees, which can be modeled as complex,
cross-section and curvature, the data were again computaddom collections of basic elements, grass plants are simpler
with leaves of the same cross-sectional area, average lengtid significantly less random structures. To a certain extent,
and angular distribution as before. However, this time, thhis makes the modeling of these structures more difficult, as
cross section was assumed to be circular and the leaves tdhig basic structure must be reflected in the model.
straight. These results are provided in Fig. 7(b) and graphicallyA result of accurately modeling the constituent elements
demonstrate the tremendous difference between the two cagethat for this analysis, the model never predicts a significant
For the straight, circular model, the direct leaf scattering dropsntribution by the rough soil surface, even for small incidence
by as much as 25 dB, with the leaf ground-bounce term likewisagles, lowfrequencies (e.g., L-band), andlowloss canopies. The
reduced by approximately 5 dB. Conversely, the stalk groumdckscattering coefficient for the rough soil (after accounting for
bounce has increased 2—3 dB and has thus been moved fronthieextinction ofthe vegetation)isatleast10dBlessthanbackscat-
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Fig. 7. Measured and modeled backscattering coefficigf)t at C-band, Fig. 8. X-band measured and modeled backscattering &ndo;,;,) from a
evaluated with both the full leaf-scattering model (a) and a model assumisigort, green wheat canopy (May 25), plotted as a function of incidence angle.
straight leaves of circular cross-section (b). The direct-scattering mechanishh@ direct-scattering mechanisms are denoted as “d” and the ground-bounce
are denoted as “d” and the ground-bounce mechanisms as “gb.” mechanisms as “gb.”

tering from the vegetation. This is a different result than songgr C_-band, and_thus, only mcc_)her(_ant backscattered power 1s
é)_ﬂSldered at this frequency. Likewise, the large modeling er-

interpretations of grassland and wheat scattering [10]. This dft L i
i A . rors exhibited in C-band when the grain head was present also
parity is due to the fact that both the extinction and scattering fro urred in the X-band data. The model does indicate, however,

curved and noncircular cross-section elements are significa . . ) .
greater than that provided by straight, circular element modgh at the grain head is the dominant scatterer at X-band, with
and the ground-bounce

Although the surface scattering predicted by the rough—sun‘at g dlre(_:t scaf[te_rlng dom"?am foﬂvo,
model [13] is significant, the model shows that this scatter%BeChan.'sm similarly dominant fary;,. F.Or the early growth
energy is attenuated by the canopy to the point of insignifican gta (prior to th_e emergence of the grain), the model prov_|ded
when compared to the scattering from the vegetation. This is r%}Od result; (Fig. 8), demonstrating that_ at X-band, _the_ direct
to saythatthe scatteringresponseisindependent of soll moistls)r%Ckscatte”ng from the Ieaf eIe_ment do_mlnated for all incidence
as the single-bounce terms of the first-order scattering model cary Ies'and for both copolarlza'.uonls. Th's reflects the fact that the
in fact dominate the response and of course are dependent or?fﬂgcr:'on ;hroughh the canopy is S|gn|f|cantly greater at X'-Ear;ld,_
specular scattering from the soil surface. However, the diffu?@ there ore, the ground-bounce spa}tgrmg terms, with their
scattering from the rough surface appears to have little effect GRY propagation path lengths, are diminished.
the overall canopy response. Of course, itis very difficult to make
a general statement, as the soil observed in this experiment was
relatively smoothandthe vegetationis comparatively dense. Itis apparent from the measured and modeled backscattering
Since they are measured at a higher frequency, the cohemsita that phase-coherent effects can have a significant or even
scattering terms at X-band will be even more insignificant thatominant effect on the overall scattering at low frequencies. This

IV. CONCLUSIONS



356 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 38, NO. 1, JANUARY 2000
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