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Comparison of Backscattering Models
at L-Band for Growing Corn
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Abstract—The impact of incoherent and coherent formulations
on estimates of terrain backscatter (o2 . ) at L-band for a
growing season of corn is examined. The average root mean
square difference (RMSD) between the two formulations over the
growing season ranged between 3—4 dB, with higher RMSDs at
HH polarization (pol), indicating the presence of coherent effects.
In the incoherent model, the direct scattering from stems was
the primary mechanism, while in the coherent formulation, the
interactions between the stems and soil were the primary mech-
anisms due to the coherent effects. Both incoherent and coher-
ent formulations estimated equally high sensitivities of crfe”ain
to soil moisture (SM) during early stage under low vegetation
conditions. During the early and mid stages, the a'?errain esti-
mated by both formulations exhibited higher sensitivities dur-
ing dry conditions than wet conditions. In contrast, during the
reproductive stage, the a-?errain by the incoherent formulation
was more sensitive to the SM at wet conditions than at dry
conditions. Based upon the ALOS/SMAP accuracy for o2 .,
the incoherent formulation exhibited the highest sensitivity dur-
ing the early stage with detection of SM changes as low as
2 vol% for dry condition, whereas the coherent formulation ex-
hibited the highest sensitivity during the mid stage with detection
of SM changes as low as 2.5 vol%. The results of this study
suggest that the coherent effects should be considered for defining
accuracy of SM estimation algorithms for corn at L-band.

Index Terms—Backscatter for dynamic vegetation, coherent
and incoherent scattering models, soil moisture (SM), soil moisture
sensitivity.

I. INTRODUCTION

OIL moisture (SM) is an important land surface vari-

able for understanding the following: 1) water cycle;
2) ecosystem productivity; and 3) linkages between water,
energy, and carbon cycles. Low microwave frequencies, partic-
ularly at < 10 GHz, are highly sensitive to moisture in the upper
few centimeters of the soil. For SM studies, observations at
L-band frequencies of 1.2-1.4 GHz are more desirable than
higher frequencies due to the larger penetration depths. Cur-
rently, there are two operational satellite-based microwave sen-
sors at L-band: 1) the ALOS/PALSAR [1]; and 2) the European
Space Agency’s Soil Moisture and Ocean Salinity (SMOS)
mission [2]. The NASA/CONAE Aquarius [3] and NASA Soil
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Moisture Active/Passive (SMAP) [4] missions are planned for
launch in the near future. The SMAP mission will include active
and passive sensors at L-band to provide global observations
of SM, with a repeat coverage of every 2-3 days [4]. Both
the active (radar) and passive (radiometer) microwave sensors
measure radiation quantities that are functions of the soil dielec-
tric constant and exhibit similar sensitivities to SM. In addition
to the SM sensitivity, radar backscatter is highly sensitive to
the roughness of the soil surface and scattering within the
vegetation. These effects may produce a much larger dynamic
range in backscatter than that produced due to the SM changes
alone. While significant progress has been made in developing
and validating forward models for passive studies, a gap still
remains in such activities for active studies particularly under
dynamic vegetation conditions [5]. These forward models are
essential for effective assimilation and SM retrieval algorithms
with active and passive observations, such as those from the
SMAP mission.

The goal of this study is to understand the impact of the
differences in the implementation of biophysics and soil-
vegetation interactions in various backscattering algorithms
on the overall backscatter under dynamic vegetation condi-
tions, such as growing corn. This understanding is critical
for improving backscattering algorithms for both assimila-
tion and retrieval studies. Very few studies have been con-
ducted at L-band for dynamic vegetation [6], when scattering
within the vegetation and interactions between vegetation and
soil increase. The objectives of this study are the following:
1) to compare two backscattering models for a growing season
of sweet corn in Florida; and 2) investigate the sensitivity of
overall backscatter in these models to changes in SM during
the growing season to assess the potential use of the active
observations during the different growth stages. In this study,
we use the incoherent Michigan Microwave Canopy Scattering
(MIMICS) model [7], and the coherent model with random
(CoR) [8] vegetation generator. The soil and vegetation charac-
teristics in the models were obtained from the field observations
during the Fifth Microwave Water and Energy Balance Experi-
ment (MicroWEX-5) [9].

II. SCATTERING FROM VEGETATED TERRAIN

The backscatter from a vegetated terrain (o, .. ) is
given as

(1a)
(1b)

_ -0 0 0
_J%oil+agir+aing . .
= Osoil + Jl,dir + O—se,dir + Ul,int + Jse,int

Oterrain

Oterrain

where ¢ ., and ¢, represent the direct backscatter from soil
and vegetation, respectively, and o . represents the interactions
between vegetation and soil. The o} ;. and o}, , are the direct
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TABLE 1
GROWTH STAGES OF SWEET CORN DURING THE MICROWEX-5 FROM [15]
Stage DoY | Height (cm) LAI Characteristics

Early 68-95 <33 <0.2 Almost bare soil; emer-
gence DoY 72

Mid 95-115 33-167 | 0.2-2.5 | Maximum vegetative
growth; tasseling on DoY
109

Reproductive | 115-150 | 167186 | 2.5-2.8 | Silking on DoY 115; ear
formation on DoY 116

scattering from leaves and from the interactions between leaves
and soil, respectively. The o2 .. and ol , . are the direct
scattering from stems and from the interactions between stems
and soil, respectively.

The o9, is a function of soil reflectivity and is typically
estimated using surface scattering models such as the follow-
ing: 1) Small Perturbation Method (SPM); 2) the Kirchhoff
Approximation (KA) or 3) the Integral Equation Method (IEM)
[10]. The ¢Y;, is a function of the canopy opacity and geometry.
The o), is a function of SM, canopy opacity, and geometry.
Both the 09, and o, are usually estimated using either Radia-
tive Transfer (RT)/incoherent, Coherent (CO), or Canopy Semi-
Empirical (CSE) formulations. The RT and the CO formulations
are based upon the interactions of the electromagnetic wave
with discretized vegetation, whereas the CSE models are based
upon the regression analyses of the radar backscatter obser-
vations or simulations. In the incoherent formulation, the RT
equation balances the amplitudes of the incoming and outgoing
energies across an elemental volume [7]. In contrast, the co-
herent approaches calculate both the amplitude and phase of a
scattered field by constituent elements of a vegetation, such as
the following: 1) branches; 2) stems; 3) leaves, etc.

III. MicroWEX-5

The MicroWEX-5 experiment was conducted during a grow-
ing season of sweet corn in North Central Florida from Day of
Year (DoY) 68 (March 9) to DoY 150 (May 30) in 2006 [9].
The experimental site was 37 000 m2, where the soil was
composed of 89.4% by vol. fine sand and 7.1% by vol. clay.
The corn was planted at a row spacing of 76 cm, with a stand
density of 8 plants/m?. During the MicroWEX-5, observations
were conducted for micrometeorological, soil, and vegetation
conditions throughout the growing season. 68 observations of
soil profiles were obtained to compute the roughness parame-
ters using a 2-m-long mesh board, following the procedure
described in [11]. Weekly observations of vegetation conditions
such as the following: 1) the height; 2) vertical distribution of
moisture; 3) biomass; and 4) LAI were obtained. Table I shows
the three growth stages of corn and their associated vegetation
characteristics observed during the MicroWEX-5. Geometrical
description of vegetation components such as stems, leaves, and
ears were derived from weeky digital pictures. SM values were
observed every 15 min at 0-5 cm.

IV. METHODOLOGY

In this study, we estimate ¢, for bare soil at 1.26 GHz with
an incidence angle of 40° using the IEM with an exponential
correlation function. The SPM and KA were not applicable
because roughness values of Ay, = 1.4 cm; [, = 4.65 cm,
measured at the MicroWEX-5 site [11] where beyond their
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Fig. 1. Soil moisture (SM) at 0-5 cm and biomass for stems, leaves, and ears

observed during the MicroWEX-5.

TABLE 1I
VEGETATION PARAMETERS USED IN THIS STUDY. ALL THE
PARAMETERS WERE OBSERVED DURING MICROWEX-5

Parameters Values Models
Canopy | Height (m) 0-19 MIMICS, CoR
Stems Length (m) 0-13 MIMICS, CoR
Radius (cm) 0-09 MIMICS, CoR
Moist. content (%) 0.1 -0.6 MIMICS, CoR
Density (# /m?) 8 MIMICS, CoR
Euler angle a (deg) 0 - 360 MIMICS, CoR
Euler angle £ (deg) 0-5 MIMICS, CoR
Leaves | Thickness (m) 0.35 MIMICS, CoR
Moist. content (A24) | 0.09 - 0.94 | MIMICS, CoR
Radius (cm) 0-13.0 MIMICS
Major-axis (cm) 0-52.0 CoR
Minor-axis (cm) 0-4.7 CoR
Density (# /m?) 72.7 - 393.0 | MIMICS, CoR
Euler angle « (deg) 0 - 360 MIMICS, CoR
Euler angle g (deg) 0-15 MIMICS, CoR
Ears Length (m) 0-02 MIMICS, CoR
Radius (cm) 0-29 MIMICS, CoR
Moist. content (%ij) 0-04 MIMICS, CoR
Density (#/m?) 8 MIMICS, CoR
Euler angle o (deg) 0 - 360 MIMICS, CoR
Euler angle g (deg) 0-55 MIMICS, CoR

ranges of validity. The SM values at 0—5 cm observed during
the MicroWEX-5 (Fig. 1) were used to estimate the soil permit-
tivities using Peplinski et al. [12]. The vegetation permittivities
were estimated using Ulaby and El-Rayes [13].

We estimate the ol .. at VV (o¥ .. .~) and HH
(00 ainmn) Polarizations (pols) during the growing season of
sweet corn, from DoY 68-150, during the MicroWEX-5 using
MIMICS [7] and CoR [8] models. The o, . was estimated at
1.26 GHz and 40° incidence angle. Both the models, developed
for forest, were adapted to corn. The trunk layer was replaced
by a single-layered corn vegetation, with one class of cylindri-
cal stems and one class of leaves. The stems were modeled
as discs during the early stage when the stem height and the
stem diameter were similar and as thin cylinders as the crop
height increased. The leaves were modeled as discs (MIMICS)
and ellipsoids (CoR) and the ears were modeled as stems. The
distribution of the scatterers inside the vegetation, representing
the tree crown in the original models, was changed to a uniform
distribution. Parameters related to stems, leaves, and ears for
this study were obtained from MicroWEX-5 and are given in
Table I1. For the CoR model, the average o0, .. was estimated
using the Monte Carlo method with 400 realizations to ensure
an oscillation amplitude in the o, . < 0.25 dB.
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and contributions of each term in (l) estimated for the growing season during MicroWEX-5 by (a) the MIMICS model at VV pol, (b) at HH pol,

(c) the CoR model at VV pol, (d) at HH pol, (e) the o0 dir and alm estimated by the MIMICS and CoR models at VV pol, and (f) at HH pol.

V. RESULTS AND DISCUSSION
A. U?errain f()r G”OWing Season 0fC0rn

1) Growing Season: Fig. 2 compares the o0, ..\~ and
ol ...gp obtained by the MIMICS and CoR models. The
MIMICS model estimated a lower dynamic range of o0, .
(5 dB), indicating lower sensitivity to dynamic vegetation com-
pared to the 10-dB range estimated by the CoR model. The
ranges estimated by both the models were similar for o, . 00
of 8-9 dB. The average root mean square difference (RMSD)
between the two models during the growing season ranged be-
tween 3—4 dB, with higher RMSDs at HH pol, similar to those
in [6], due to coherent effects. The lowest RMSDs of 3.2 dB
at VV and 1 dB at HH between the models were observed
during the mid stage, when the vegetation height increased from
33 to 167 cm, and the largest RMSD of 4.2 dB at VV and 2.2 dB
at HH were observed during the reproductive stage, coinciding
with the growing of ears (see Figs. 1 and 2). Fig. 2(a)—(f) show
the contribution of each term in (1) by the two models and
Table III gives the relative contribution of the terms toward the
total o0 ... In both the incoherent (MIMICS) and the coher-
ent (CoR) models, the contribution from leaves, 010 dir T of)int,
dominated during the early stage, whereas the contribution from
stems, 00, 4i, + 00 iy, dominated from early m1d stage to the
end of the season [Flg 2(a)—(d)]. As expected, aSC air Was the
primary contribution in the incoherent model [Flg 2(a) and
(b)], whereas O’SC it Was the most siginificant in the coherent
model [Fig. 2(c) and (d)] due to the constructive interferences
of backscattered and incident waves transmitting through the
same inhomogeneities with the vegetation [8]. The incoherent
models calculate only amplitudes and do not consider such in-
terferences. Both the coherent and incoherent models predicted
a difference of about 10 dB between o}, and 0Pt at VV
pol [Fig. 2(a) and (c)], whereas predicted ’similar amplitudes at
HH pol [Fig. 2(b) and (d)]. The ase i and 0% ;- were similar
at HH pol in the MIMICS model, whereas the CoR model
predicted a difference of 14 dB at VV and 17 dB at HH during
the season, suggesting that HH pol is more sensitive to the

TABLE III
RELATIVE CONTRIBUTIONS OF SOIL (Rq =0

VEGETATION (Ry = 0, /o

5011/ terram)

tcrraln) SOIL-VEGETATION INTERACTIONS

(Rsy = 00, /o . ) AND THE SENSITIVITY OF 00 . 'TO
CHANGES IN SM (m = Agl . /ASM) FOR DRY
AND WET CONDITIONS

Pol. | Model Season | Early [ Mid | Reprod.
VV | MIMICS | Rs (%) 42 89 42 12
Ry (%) 53 10 54 81
Ry (%) 5 1 4 7
Mdry (dB/vol%) 023 | 045 | 0.18 0.09
Muwet (dB/vol%) 0.21 0.34 | 0.18 0.13
CoR Rs (%) 22 40 25 6
Ry (%) 33 57 40 8
Rsy (%) 45 3 35 86
Mdry (dB/vol%) 0.20 | 020 | 0.31 0.15
Myet (AB/vol%) 0.15 | 0.17 | 0.19 0.13
HH | MIMICS | Rs (%) 25 68 15 2
Ry (%) 18 40 47 53
Rsy (%) 14 35 38 45
Mgry (dB/vol%) 0.26 | 024 | 0.32 0.29
Myet (AB/vol%) 0.28 | 0.17 | 0.21 0.54
CoR Rs (%) 12 21 15 3
Ry (%) 30 46 43 4
Rsy (%) 58 33 42 93
Mgry (dB/vol%) 0.23 | 020 | 0.25 0.21
Muwet (dB/vol%) 0.21 0.17 | 0.18 0.34

coherent effects of the stem. The disc-shaped leaves in MIMICS
predicted lower o} ;;, and o, . at both pols than those predicted
by the ellipsoidal leaves, that are geometrically better represen-
tatives for corn leaves, in the CoR model. Inclusion of ellip-
soidal leaves in MIMICS may result in an increase of 5-10 dB
in the o ;. and o, , [compare Fig. 2(a) and (b) to (c) and (d)].

2) Edrly Stage:y During the early stage, the MIMICS model
predicts higher values of o2 .. .., than those of o0, . .
while CoR model predicted similar values at both co-pols [see
Fig. 2(a)~(d)]. The o0 .. i~ by the two models MIMICS and
CoR and the o .. o by the CoR model showed similar
trend as SM variations [compare Fig. 1 to Fig. 2(a)—(c)]. The
00 in MIMICS was the largest of the o0, .. in the early
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stage [Fig. 2(a) and (b)]. In contrast, the 0. and o, were
unrealistically larger than the ¢ contribution in the CoR
model [see Fig. 2(e) and (f)] because of the high contribution
from the leaves (o) y;, and o}, ), even when the vegetation
cover was minimal [compare Fig. 2(c) with (d)]. Because of
the small dimensions of leaves, the sizes estimated for the
ellipsoids were unrealistically large at this stage. More accurate
estimates of leaf sizes were obtained during MicroWEX-5 once
the leaves grew larger.

3) Mid Stage: During the mid stage, the o, .. .\~ esti-
mated by both the MIMICS and CoR models ranged between
—18 and —6 dB and o, .. gy ranged between —18 and
—10 dB, similar to [5]. In the CoR model, the stem contribution
increased significantly at both co-pols, compared to the increase
in the leaf contribution due to higher increase in the stem
biomass [see Figs. 1 and 2(c) and (d)]. At VV pol, the G'dlr
and o) estimated by the MIMICS model contmued to increase
due to vegetation growth [Fig. 2(e)]. The ¢? ,, of —15 dB, was
the primary contribution in the early mid stage DoY 95-104,
when the vegetation increased from 6-167 cm [Fig. 2(a) and
(b)]. In contrast, the agir decreased in the CoR model, while
the o0, increased significantly [Fig. 2(e)]. The ¢Y;. had the
highest contribution during DoY 95-100, primarily from leaves
(074;,) and of),; had the highest contribution after DoY 100,
primarily from stems crse,mt) [see Fig. 2(c) and (e)]. At the HH
pol, both the o3, and o0, in the MIMICS model increased
and had similar values. Both O’be air and Use int had the highest
contributions for the entire mid stage, 1ndicat1ng stem as the
primary contribution [Fig. 2(b)]. The ¢§;, decreased throughout
the mid stage, and the oD, decreased up to DoY 104 and
increased during the late mid stage (DoY 104—115) [Fig. 2(f)].
The 09, and o, estimated by the CoR model had equally high
contributions up to DoY 104 and o), during the late mid stage,
DoY 104-115 [see Fig. 2(f)].

4) Reproductive Stage: During the reproductive stage,
both the MIMICS and CoR models estimated maximum
ol . values in the growing season at both co-pols [see
Fig. 2(a)—(d)]. The MIMICS model predicted similiar magni-
tudes of o . v and ol . o [see Fig. 2(a) and (b)], while
the oY .. v predicted by CoR model was lower than the
Omrrainir> Particularly, at the end of the season [see Fig. 2(c)
and (d)]. In the MIMICS model, the 0§, had the highest
contribution at VV [Fig. 2(e)], while both ¢9; and 0¥, had
s1m11ar magnitudes at HH pol [Fig. 2(f)]. In the CoR model,

ol had the highest contribution at both co-pols [Fig. 2(e)
and (f)]. Although the leaf biomass remained almost constant
after DoY 122, the two models showed a decrease in the leaf
contribution [see Figs. 1 and 2(a)—(d)] primarily due to the
increased extinction from the developing ear. The CoR model
predicted values of abe int and ase qir With oscillations > 0.4 dB
after DoY 130, when the ear biomass > 0.5 [see Figs. 1
and 2(c) and (d)]. Even though the ear formation occurred on
DoY 116, their effects on age int and O'SC 4ir Were not observed
until DoY 125 and 130, respectively, when the ear length was
about 2 cm. The oscillations of qu it and ase dir could be
because the ears were distributed randomly between 0-1.8 m,
for each realization of the CoR model. The ears were located
between 30-50 cm above the soil surface during MicroWEX-5.
Constraining the ear location in the CoR model could result in
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The curve fit for the daily averaged sensitivities in MIMICS are represented
by mary = 1.95 x 107%¢3 — 5.94 x 107442 + 0.05¢t — 0.73 and Mmyet =
3.22 x 107643 — 9.27 x 10742 + 0.08t — 1.92 where ¢ is DoY.

B. Sensitivity of o0, ... to Changes in Soil Moisture

We calculate the sensitivity of o, . estimated by the MIM-
ICS and CoR models to changes in observed SM during the
MicroWEX-5 for wet (SM >12 vol%) and dry (SM < 12 vol%)
conditions. Table III shows the mean values of the sensitivi-
ties of o0 .. to changes in observed SM (Aol . /ASM)
estimated by the two models for the entire growing season
and for each stage of growth. During the growing season, the
CoR estimated similar sensitivities as the MIMICS model at
both co-pols. The sensitivity of the models ranged between
0.15-0.28 dB/vol% at both co-pols (see Table III). The ALOS
and SMAP missions have a calibration accuracy in o0, .. of
0.8-1.5 dB [1], [14], indicating the detection of changes in SM
of 2-10 vol% for terrain types similar to the sweet corn.

During the early stage, the ol . in MIMICS exhibited
higher sensitivities at VV pol than at HH pol, whereas the
CoR model showed similar sensitivities at both co-pols (see
Table III). During the mid stage, the ol .. in MIMICS
exhibited lower sensitivities at VV than at HH pols while
CoR showed higher sensitivity at VV than at HH. During the
reproductive stage, both the models exhibited lower sensitivities
at VV than at HH pol (see Table III). In this study, we focus
our discussion to the sensitivities at VV pol during the growing
season. Fig. 3(a) and (c) show the sensitivities of o0 .
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estimated by the MIMICS and CoR every 15 minutes over the
growing season under dry and wet soil conditions mentioned
above. Fig. 3(b) shows the daily averages of the sensitivities
in the MIMICS model. During the early and mid stages, the
ol ainvy estimated by both the models exhibited higher sensi-
tivities during dry conditions, by 0.05-0.27 dB/vol%, than wet
conditions [see Fig. 3(b) and (c)]. In contrast, during the repro-
ductive stage, the o . .~ by the MIMICS model was more
sensitive to the SM at wet conditions than at dry conditions
[see Fig. 3(b)]. The sensitivities in the CoR model followed
similar trends as the SM observations up to DoY 130, when
001 < —15dB. The high sensitivities of CoR at mid stage were
because of the high contribution from the ¢2, ; . and o}, , [see
Fig. 2(c) and (d)]. The CoR model exhibited a high dispersion
after DoY 130 due to high contribution from ears. Because
the sensitivity of o .. v to changes in SM is dependent
upon ¢, through ¢ during the reproductive stage, the

int> se,int>
oscillations observed after DoY 130 on 02, ; . resulted in a high

dispersion of Ac? . /ASM.

The MIMICS model exhibited the highest sensitivity dur-
ing the early stage, with detection of SM changes as low as
2 vol%, based upon the ALOS/SMAP calibration accuracy in
the o0 ... [see Fig. 3(a)]. The CoR model exhibited the highest
sensitivity during the mid stage with detection in SM changes
as low as 2.5 vol% [see Fig. 3(c)]. However, observations of
ol .., at high temporal resolutions are needed to ensure min-
imal change in vegetation and micrometeorological conditions
and further validate these sensitivity values obtained from the
model simulations. Such observations will also offer insights
into whether the high SM sensitivities in the CoR model, in the
presence of significant vegetation, are realistic. The selection
of incoherent or coherent approaches also depends upon the
knowledge of input parameters and the computing resources
available. The incoherent model is computationally simpler and
requires less computing resources but calculates amplitudes that
are realistic for sweet corn in this study. In contrast, the coherent
model is computationally demanding because it utilizes the
Monte Carlo method.

VI. SUMMARY AND CONCLUSION

In this study, we compare the backscattering coefficients
estimated by the incoherent and coherent approaches at L-band
with an incidence angle of 40° for a growing season of sweet
corn in Florida using field observations from the MicroWEX-5.
The average RMSD between the MIMICS and CoR models
over the growing season ranged between 3—4 dB, with higher
RMSDs at HH pol, indicating the presence of coherent effects.
The ose iy Was the primary contribution in the MIMICS model,

whereas the ose int Was the most significant in the CoR model
as a result of constructive interferences The disc-shaped leaves
in MIMICS predicted lower 01 i and 0'1 int at both pols than
those predicted by the elhps01dal leaves in the CoR model.
The MIMICS model exhibited lower sensitivity to dynamic
vegetation than the CoR model. Coherent effects were observed
in the stem contribution when comparing the estimates by
MIMICS and those by CoR, particularly at HH pol. During the
early stage, the MIMICS model exhibited the highest sensitivity
with a detection in SM changes as low as 2 vol%, based upon
the ALOS/SMAP accuracy. During the mid stage, the CoR

model exhibited the highest sensitivity with a detection in SM
changes as low as 2.5 vol%.

Both the MIMICS and CoR models predicted realistic values
of o, ... throughout the growing season. Both the MIMICS
model with elliptical leaves and the CoR model with restrictive
location of ears could be adequate models to estimate o0, ..
from a growing corn. However, observations of o2 . = at
high- temporal resolutions are needed to further validate the
model results and to offer insights into whether the high SM
sensitivities in the CoR model, in the presence of significant
vegetation, are realistic.
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