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Abstract:
model is often used. In order to evaluate the scattering and attenuation characteristics of vegetation at higher frequencies, a

To remove vegetation effect in soil moisture retrieval by passive microwave technique at lower frequencies, the t-®

Matrix-Doubling microwave emission model based on ray-tracing technique was used on corn, to study its single scattering al-
bedo and transmissivity with different height at C (6.925GHz), X (10.65GHz) and Ku (18.7GHz) bands. The comparison be-
tween simulation results and the data collected by a truck-mounted microwave radiometer in a field experiment are good. To
verify the simulated emission from corn layer only, the ground surface of corn field was placed with an Aluminum foil, so as to
mask the emission from the soil. A Brightness Temperature database was setup by assigning a variety of parameters to the veri-
fied model, to simulate Brightness Temperature of natural corn field with different height. The results by the Matrix-Doubling
model were then matched with those by 7-« model at the same condition by least-square deviation, so as to retrieve the effective
single scattering albedo and transmissivity of corn at C, X and Ku-band.
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1 INTRODUCTION

Soil moisture is a key parameter of energy exchange that
links the surface and atmosphere, and plays an important role in
agriculture and forecast. Any improvements in soil moisture
retrieval accuracy on a regional or global basis are very impor-
tant for global water and energy cycling.

Over the past two decades, by passive microwave technique,
many field experiments data have been acquired under various
conditions with microwave sensors, which led to 7-w model
(Jackson & Schmugge, 1991), a semi-empirical form of radia-
tive transfer theory. The total Brightness Temperature is repre-
sented as:

T=T,(1-w)1-¢ ")+
T.(1-w)(1-e)ye " +(1-y)Te™ (D
where @ is single scattering albedo of vegetation, 7 is its opacity,
and y is surface reflectivity. 7, and Ty are brightness tempera-

ture of vegetation and surface, respectively, which are typically
treated as the same. Under C band w usually ranges from 0.05
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to 0.15, and 7 is defined by vegetation water content, view an-
gle and vegetation species.

In 7-w model vegetation is treated as a uniform layer, and
multiple scattering effect are ignored. It works well for grass-
lands, agricultural crops, and light to moderate vegetation under
C-band. Currently, both the NASA’s AMSR-E (launched in
2002) and Chinese FY-3 (launched in 2008) missions rely on
7-w model to retrieve soil moisture. The lowest frequency
channel of these sensors is 6.925GHz and 10.65GHz, respec-
tively. When processing data obtained at frequencies higher
than C-band, values of w and 7 are still used which are derived
at lower frequencies. Recently, a re-examination of some field
data sets has shown some evidence of discrepancies between
results obtained with a physics-based discrete modeling ap-
proach and those obtained with semi-empirical algorithms
(Lang et al., 2004). A variety of vegetation species on earth
means the complexity of vegetation effect—diversities of both
o and 7 at different frequency and view angle (zenith), whose
accuracies are important to Brightness Temperature (Adriaan et
al., 2004). Multiple scattering effects inside vegetation should
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be considered as frequency goes higher than C-band (Eni et al.,
2003). The scattering and penetrating properties of vegetation
are largely unknown, which constitute a major gap in our
knowledge base.

In this paper, a Matrix-Doubling (thereafter M-D) model is
used to simulate microwave emission of corn at C (6.925GHz),
X (10.65GHz) and Ku (18.7GHz) bands. Total emission and
vegetation layer emission term are verified by a truck-mounted
microwave radiometer in a field experiment, respectively. Since
M-D model is very complicated, it is difficult to relate the soil
emission (soil moisture) directly to Brightness Temperature,
while 7-w model is simple in formula, which is usually used
under C-band. In order to elevate accuracy of soil moisture
retrieval when processing satellite data at higher frequencies by
7- model, we setup a Brightness Temperature database by the
M-D model. The results from M-D model are matched with
those from 7-w model at the same conditions by least-square
deviation, so as to retrieve effective single scattering albedo and
transmissivity of corn at these frequencies.

2 THEORY AND MODEL

The M-D model used in this paper is based on ray-tracing
technique, which could account for multiple scattering inside
vegetation layer, as well as that between vegetation and soil
surface (Ferrazzoli & Guerriero, 1996; Ulaby et al., 1986).
When frequency goes higher than C-band, multiple scattering
could not be ignored. In this model, vegetation layer is divided
into N sub-layers which are assumed to be symmetrical in azi-
muth, as shown in Fig. 1. At each sub-layer, incident and
scattering angle is divided into several intervals, i.e. 5, so that
every direction inside vegetation layer could be accounted as
much as possible. The smaller the interval (means the more
scattering directions inside vegetation layer), the longer the
computing time it takes. At one incidence, scattering matrix S
and transmission matrix 7' at nearby sub-layer A7y and Az,
could be written as:

S =S+ T 3T + T, $y81 S,y +-+-

=S+ $,(1-578y) 7'y (2a)

T=D[1+5S, +(5S,)* +-1;
=T,(1-5,8,)7'T; (2b)
\/5] / YA / V5SS
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Fig. 1 Matrix-Doubling algorithm

In Eq. (2), S| and S, represent scattering matrix (incidence from
upward, scattering upward) of sub-layer 1 and 2, respectively.
T, and T, represent transmission matrix (incidence from upward,
scattering downward) of sub-layer 1 and 2, respectively. The
symbols with * represent incidence from downward. The details
can be seen in Ulaby et al.(1986). Scattering and Transmission
matrix of sub-layer (i.e.S),7} in Eq. (2)) can be calculated by
treating its vegetation elements such as leaves, stems, branches
or trunks as dielectric discs or cylinders. The details can be
found in Karam & Fung(1988). Next, combine sub-layer Az
and Az into a new but thicker sub-layer Az, and repeat this
calculation and combination N times, besides considering
vegetation boundary condition, the total microwave scattering
of vegetated surface could be obtained. According to the law of
conservation of energy, one minus scattering contribution is
emission (Ferrazzoli & Guerriero, 1996).

When Physical Optics model is used on the scattering of
corn leaf, its long and curving shape can be considered as sev-
eral discs with random orientation distribution by the same area
(Fig. 2) (Vine et al., 1983). Although Andrea et al. proposed a
scattering model for curved leaf by treating the leaf as a part of

sphere—this looks more like a natural leaf (Della ez al., 2004),

it involves lots of mathematical integration and costs too much
calculating time, so we did not use this model in this paper. For
vertical stem of corn, Infinite Length Approximation is used
(Karam & Fung, 1988).

Fig. 2 Corn leaf is treated as assemblage of disc
with random orientation

The ground model used in M-D model is IEM (Fung, 1994).
To overcome the errors when IEM run at higher frequencies
and/or large surface roughness, some mathematical techniques
were used to avoid overflow, so as to enlarge the parameter
range of IEM. At 6.925GHz, 10.65GHz and 18.7GHz, the up-
per limit of root mean square(RMS)error height could reach to
about 2.0cm when volumetric soil moisture was less than 40%.
Although AIEM is reported to work well at larger surface
roughness and higher frequency (Chen et al., 2003), it is too
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complicated in modeling and costs too much computing time,
especially in establishing a simulation database, so it was not
accepted in our work.

For a corn field with full coverage, the total microwave
emission simulated by M-D model is composed of three terms
as follows (Ulaby et al., 1986):

(1) Corn layer upward emission—term 7

(2) Soil upward emission attenuated by corn layer——term 7,

(3) Corn layer emission interaction with soil surface——term 73

Microwave emission represented by Brightness Temperature
T could also be described by emissivity, the equation can be
seen in Ulaby et al.(1986). At 6.925GHz and V polarization, the
simulated emissivity of a corn field of 80cm height, corn layer
emissivity (7 term), and soil emissivity after passing through
corn layer (7, term), are shown in Fig. 3, respectively, where we
can see that, as view angle increasing, contribution of corn
layer increase, soil emission decrease, while the total emissivity
keeps almost unchangeable. Also we can see the polarization
difference of anyone of the terms is not obvious due to multiple
scattering effects, which is quite different from the case at
L-band (Karam et al., 1992).
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Fig. 3 Emissivity component of corn field at 6.925GHz
(RMS height is 1cm, volumetric soil moisture is 17%, correlation length is 10cm.)

3  MICROWAVE RADIOMETER AND FIELD
EXPERIMENT

To verify the microwave emission as well as its terms by
M-D model, we did a field experiment at Qing Yuan, Hebei
Province of China (N 38°44'53", E 115°28'10") in July 7, 2008,
when corn grew to about 80cm. The truck-mounted microwave
radiometer we used are made in Germany and owned by the
State Key Laboratory of Remote Sensing Science at Beijing,
China. It has four frequencies: 6.925GHz, 10.65GHz, 18.7GHz
and 36.5GHz, each with dual polarization channel. It is fixed on
a motor-driven elevator inside the tank of the truck (Fig. 4). The
latter part of the tank is a working room.

The Brightness Temperature range of the radiometer is
0—350 K, the RMS of the radiometric resolution is less than

Fig.4 Corn field experiment by microwave radiometer in July 7 at
Qing Yuan, Hebei Province, China

0.15K. The accuracy is 1.0 K, and stability is less than 0.05K.
More characteristics can be seen by visiting http://www. radi-
ometer-physics.com. The weather at that day was good and we
used Sky tipping (Tip curve calibration) as the calibration
method. It is suitable for those frequencies where the earth’s
atmosphere opacity is low, which means that the observed sky
Brightness Temperature is only influenced by the cosmic back-
ground radiation temperature.

During the experiment, the sensor of the radiometer was
elevated to about 8 m above the ground. The view angles were
set to 50°—60°, because (1) this range is within Chinese FY-3A

sensor’s viewing scope; (2) signatures at smaller angles less
than this were probably affected by metal of the truck, and the
corn nearby the road side were not as uniform as inner part;
(3) larger view angles would result in larger illuminated area,
which would have brought in considerable physical work.

The illuminated area of the radiometer is elliptical, varying a
little bit at each frequency. At one frequency, according to the
height and view angle of the radiometer, we went to the edge of
illuminated site by estimation, and began to move an Aluminum
foil (Fig. 4), watching the responsed Brightness Temperature of
the radiometer, so as to decide the exact position of the 4 cor-
ners of the rectangular where the elliptical illuminated area was
embedded. Before receiving radiometry data, geometry pa-
rameters of corn, together with soil and environmental parame-

Table 1 Corn parameters

Canopy parameters Stalk parameters

Canopy height/cm 83.2 Length/cm 29.3

Plant density/m 10 Diameter/cm 2.0
Density/m™ 10

Leaf length/cm 54.1 Gravimetric moisture/% 60

Uniform
Leaf width/cm 5.65 | Inclination angle within
+5°

Leaf thickness/mm 0.29

Density/plant 7

Gravimetric moisture/% 65
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ters, were collected as listed in Table 1. Since one cycle of re-
ceiving the radiometry data needed less than 10 min, the tem-
perature of vegetation, surface 0—1cm of soil, and environment
could be considered as constant while the radiometer was
working. The temperature of that day was 34.3°C, measured by
a JM624u thermometer (accuracy is 0.1°C). The gravimetric
soil moisture was 17.4%, which was obtained by the weight
before and after drying 20 min. The soil surface looked flat and
the RMS height was assumed to be 1.0 cm, the correlation
length to be 10cm. Also the water content of vegetation samples
were obtained by drying in oven. At view angle between 50°
and 60°, with the interval of 2.5°, the measured Brightness
Temperature at C, X and Ku-band are listed in Table 2, where
we can see the data at V pol is larger than H pol by each fre-
quency. This is the final results of the ground emission passing
through the corn gap mixed by corn layer emission.

4 SIMULATION AND ANALYSIS

4.1 Emission terms validation

In model simulation, one corn leaf was changed to several
random discs with same thickness by the same area. In Table 1,
the leaf area was about 306 cm? which equals to about 12.2
random discs with radius of 2.85cm (half of width). At
6.925GHz, the simulated total Brightness Temperature by M-D
model from view angels between 30° to 70° vs. measured data
between 50° and 60° are shown in Fig. 5. Note that since the
corn height was lower at early July, there existed many gaps
between individual plants, which mean soil emission signatures
without any block could be received directly by the radiometer.
According to our estimation of the field, the corn coverage was
about 80%, and the gap occupied about 20%. This ration is
reflected in Fig. 5 where the total emission shown id composed
of both corn field and bare soil contribution.

Table 2 Measured Brightness Temperature of corn field

/K
H polarization V polarization
Frequency/GHz
50° 52.5° 55° 57.5° 60° 50° 52.5° 55° 57.5° 60°
6.925 262.35 261.28 258.84 256.00 253.63 272.62 273.88 273.94 273.83 273.83
10.65 263.57 262.18 261.11 261.30 261.77 274.39 275.03 275.41 276.02 276.44
18.7 259.51 259.26 259.03 259.58 260.33 277.40 278.38 279.34 280.37 281.05
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Fig. 5 Comparison of simulation and measured Brightness
Temperature at 6.925GHz (80% cover)
To verify the emission contribution from corn layer only (7
term) by M-D model, an aluminum foil was placed on the
ground below the corn, so as to mask the soil emission, as

shown in Fig. 6. Similar method was used 25 years ago by D. R.

Brunfelt. The difference is they based on 7-w model to derive
single scattering albedo of crop by the conclusion that whether
to place Aluminum foil or not, total microwave emission come
from crop only at middle grow season.

Theoretically the reflectivity of aluminum foil is 1.0, and
emissivity is 0. Actually due to the holes in aluminum foil for
the corn to grow, and unsmooth of the foil, the reflectivity of
aluminum foil could not reach to 1.0. At C-band it was meas-
ured as 0.95, and kept almost the same at X- and Ku-band. In
M-D model, the soil emissivity was replaced by 1.0 minus re-
flectivity of aluminum foil, instead of the modified IEM. The

Fig. 6 An aluminum foil was placed on the ground under the

corn to mask the soil emission

simulated Brightness Temperature of corn layer only, after mul-
tiplied by 80%, is listed in Table 3(a). The atmosphere emission
measured at that day was about 6K. Temperature was 34.3°C.
The emissivity of aluminum foil was 0.05. This means besides
the radiometry from corn layer only, the sensor received
6K x0.95%20% and 307.3K%0.05%20%, total 4.21K of emission
contribution. When view angle vary from 50° to 60°, the meas-
ured Brightness Temperature at C, X and Ku band is listed in
Table 3(b). The comparison of measured data vs. simulation is
good (Fig. 7), where we can find confidence of emission of
corn layer only (7 term).

4.2 Estimation of corn emission and attenuation

The Oth-order 7-w model is usually suitable under C-band,
vegetation is treated as an uniform layer and does not account
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Table 3(a) 80% of simulated Brightness Temperature of corn
layer only when ground covered by aluminum foil

/K
Frequency/ H polarization V polarization
GHz 50° 55° 60° 50° 55° 60°
6.925 189.0 193.3 196.7 184.1 185.6  185.6
10.65 204.1 207.4 210.2 2044 2062 2068
18.7 215.1 216.7 218.2 220.6 2228 2240
Table 3(b) Measured Brightness Temperature of
corn field with aluminum foil cover on ground
/K
Frequency/ H polarization V polarization
GHz 500 550 60° 500 55 60°
6.925 196.9  190.6 192.7 | 193.7 1892 1925
10.65 1956 1925 2064 | 1955 1914  206.5
18.7 209.7 2153 2215 | 2149 2218 2297
250
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Fig. 7 Comparison of measured data vs. simulation of corn (7

term) when ground covered by Aluminum foil

for multiple scattering. The advantage of 7-«w model lies in its
simplicity, which could relate the measured data directly to the
dielectric constant of surface, hence the soil moisture. It is
widely used in explaining data in field experiments such as

Single scattering albedo

NIy 200
. - 180
140 160
a
go oo 120
View angle/(”) Corn height/cm

(a)

Transmissivity

SMEX, and satellite data such as AMSR-E. Since parameters »
and 7 in - model are obtained in lower frequencies, their be-
haviors (scattering and attenuation) at higher frequency are
unknown. The accuracies are important to soil moisture re-
trieval.

Since M-D model are very complicated, it is difficult to re-
late soil moisture to microwave emissivity directly. Based on
Eq. (3), we matched the total emission from M-D model with
the results from 7-w model at the same conditions by
least-square error, so as to get the effective scattering and at-
tenuation characteristics of vegetation at higher frequencies
(Ferrazzoli et al., 2002):

)

y 2
Z(en —€p)
1

where ¢;; and e, is emission from M-D model and 7-w model,
respectively. N is the number of simulation.

To simulate all possible cases of natural situation of corn
field to get e; in Eq. (3), a wider range of parameters were
assigned to M-D model, such as frequencies, RMS heights and
correlation lengths, soil moistures, etc.(Table 4), so as to estab-
lish a simulation database of Brightness Temperature. By
matching Eq. (1) and (3) we can get the effective single scat-
tering albedo and transmissivity of corn.

Results of corn with different heights at X-band are shown
in Fig. 8. Only one polarization is presented, due to no obvious
polarization difference were found. Results at three frequencies
are listed in Table 5, more results could be found on (Zhang et
al., 2008).

Table 4 Parameter Range of M-D model

Frequency RMS height / Soil Moisture / Collzsli;]lon
/ GHz cm % / c%n
0.8—2.0, _ 10.0—20.0,
6.925 step=0.2 5—40, step=5 Step=5
0.8—2.0, _ 10.0—20.0,
10.65 step=0.2 5—40, step=5 Step=5
0.8—2.0, _ 10.0—20.0,
18.70 step=0.2 5—40, step=5 Step=5

200

140 160

30 100 120

60 _—
’ Corn height/em

View angle/(%)

(b)

Fig. 8 (a) Effective single scattering albedo of corn at X-band and V pol. vs. view angle and height; (b) Transmissivity of corn at X-band and H

pol. vs. view angle and height
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Table 5(a) Effective single scattering albedo of corn at V pol (50° view angle)

Height/cm

60 80 100 120 140 160 180 200

Frequency/GHz
6.925 0.025 0.060 0.065 0.070 0.070 0.070 0.070 0.070
10.65 0.055 0.085 0.085 0.085 0.085 0.085 0.080 0.080
18.7 0.085 0.100 0.095 0.095 0.09 0.085 0.085 0.080

Table 5(b) Transmissivity of corn at V pol (50° view angle)
Height/cm

60 80 100 120 140 160 180 200

Frequency/GHz
6.925 0.81 0.71 0.61 0.53 0.46 0.42 0.33 0.28
10.65 0.75 0.64 0.51 0.43 0.39 0.31 0.22 0.18
18.7 0.69 0.56 0.42 0.33 0.25 0.19 0.14 0.10

Unlike 7-w model, M-D model considers multiple scattering
effect. The retrieval results by Eq. (3) are called effective value,
with the purpose to extend - model up to high frequency data.
For corn height of 83.2cm, the retrieved effective single scat-
tering albedo and transmissivity at 6.925GHz, V pol and 50°
view angle are 0.06 and 0.70, respectively.

5 CONCLUSION AND DISCUSSION

By analyzing the retrieval data of corn at 6.925GHz,
10.65GHz and 18.7GHz on Table 5 and Zhang et al. (2008), we
can find that:

(1) At any of the frequencies, no obvious polarization dif-
ferences were found for both @ and 7 of corn. This is due to the
multiple scattering effect increase as frequency goes high,
which decreases polarization effects.

(2) At the same corn height, @ keeps almost the same at
these three frequencies. At any of the frequencies, w varies
slightly as corn height increase.

(3) At the same corn height, the higher the frequency, the
smaller the transmissivity. Before mid-term the transmissivity
of corn ranges between 0.4 and 0.7. If soil moisture were re-
trieved by satellite data at these frequencies, the soil emission
could be considered to be totally masked by corn at the height
of 180cm, 160cm and 120cm, corresponding to C, X and Ku
band.

The results in this paper would be further verified by satel-
lite data.
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