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ABSTRACT

Airborne L- and C-band scatterometer data, taken over both
vegetation-covered and bare fields, were systematically
analyzed and theoretically reproduced, using a recently
developed model for calculating radar backscattering coef-
ficients of rough soil surfaces. The results show that the
model can reproduce the observed angular variations of radar
backscattering coefficient quite well via a least-squares
fit method. Best fits to the data provide estimates cf the
statistical properties of the surface roushness, wnich is
characterized by two parameters: the standard deviation of
surface height, and the surface correlation length. In ad-
dition, the processes of vegetation attenuation and volume
scattering require two canopy parameters, the canopy optical
thickness and a volume scattering factor. Canopy parameter
values for individual vegetation types, including alfalfa,
milo and corn, were also determined from the best-fit
results. The uncertainties in the scatterometer data were
also explored. Best-fit results indicate that the scat-
terometer data probably have random uncertainties in the
order of 2 dB, as indicated by the range of surface height
standard deviation, 1In addition, supporting evidence shows
that the C-band data should be systematically reduced by

3 dB for all measurements in order to produce reasonably

good results, as expected.
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SECTION 1 - INTRODUCTION

Active remote sensing of Earth resources using radar has
been studied theoretically and experimentally by many inves-
tigators [(1-17]. It has been shown that the radar backscat-
tering coefficient of Earth terrain depends on soil moisture,
surface roughness and vegetation covers [2-17]. Analysis of
the measured radar backscattering coefficients involves many
parameters, values of which are usually difficult to obtain
¢ver natural and agricultural areas. Recently there have
bsen accumulated many measurements of the microwave back-
scatter from the Earth's surface, using airborne scattero-
meters at various frequencies [12-15]. Mo et al., [6] have
theoretically modeled the measured angular distributicns of
the radar backscattering ccefficients of grass-covered
watersheds (taken by Jackson et al., [l12, 13]), using a
newly developed model, which, in addition to the vegetation
canopy scattering effect, includes both coherent and inco-
herent components of the backscattered radar signals from a
vegetation-covered rough soil surface. Their model results
(6] demonstrate excellent agreements with the airborne scat-
terometer data taken near Chickasha, Oklahoma in 1978 and
1980 at the 1.6 GHz (L-band) and 4.75 GHz (C-band) fre-
guencies.

A large collection of scatterometer data given by Jones

et al., [15] have not been similarly analyzed. These back-
scattering ard soil moisture data were collected at two
agricultural areas: Guymon, Oklahoma in 1978 and Dalhart,
Texas in 1980 [l14, 15]. The scatterometer data were taken
over alfalfa-, milo- and corn-covered fields, in addition to
bare soil surfaces.

This study represents a systematic analysis of these scat-
terometer data, using the theoretical model developed by Mo
et al., [6]. It takes into account of the variability of

1-1
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soil moisture, surface roughness, canopy volume scattering
and two-way attenuation of the vegetation layer. The main
objectives of the study are to test the model on a large
data base representative of a wide range of vegetation,
terrain, and soil types, such as the one cullected by Jones
et al., [(15], and to reproduce the observed angular varia-
tions of backscattering coefficients, using the least-
squares fit method.

Best-fits to the scatterometer data of various vegetation-
covered and bare soil surfaces produce numerical values of
the soil surface statistical parameters: the standard de-
viation ¢ of surface height and its correlation length &.
These two parameters characterize the roughness of a soil
surface. Detailed discussions of these parama2ters fcr each
vegetation type will be presented in Section 1,

9361



SECTION 2 - THE METHOD

In a recent paper, Mo et al., [6] dev2loped a method for
simulating the remotely sensed radar backscattering coef-
ficient of grass-covered watersheds, and their model results
show good agreements with the measured angular distributions
of the radar backscattering coefficient for HH polarization
at the L- and C-band frequencies. 1In this study, the samo
method is applied to model the scatterometer data collected
by Jones et al., [15]. In the model the scattering of the
radar waves from rough soil surfaces are effectively modeled
by the Kirchhoff approach, as described by Fung and Eom [Z,
3], and by Ulaby et al., [5].

The model includes both coherent and incoherent components
of the backscattered radar waves from vegetation-covered
rough soil surfaces, which are characterized by two parame-
ters: o, the standard deviation of surface height, ana

£, the surface correlation leagth., The effect of vegeta-
tion canopy scattering and absorption (or attenuation) are
also included in the model by a simple parametric formula,
which contains two vegetation-dependent parameters: n,

the canopy volume scattering factor, and 1, the canopy
optical thickness. Only the main formulas of the model are
presented below, and the detailed descriptions can be found
in Reference [6].

For a radar pulse incident on a vegetation-covered soil sur-
face at an angle 6 from the nadir, the backscattering
coefficient o°(e) can be written in the form (6, 10].

00(6) - 03(9) + o:(e) e-2r/cos 8 (L)
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where
ag(e) < N gos C) (1 - e-21/cos 9) (2)
T
and
o o o
0g(8) = 0 n(8) + 0,,.(0) (3)
where 03(9) = vegetation backscattering coefficient
oz(e) = soil surface backscattering coefficient
020h(8) = coherent comp.nent of backscattering coef-
ficient of soil surfaces
o?nc(e) = incoherent component of backscattering co-

efficient of soil surfaces

The coherent scattering component occurs only in the -
specular direction and its magnitude along this direction
can be approximated by (6],

o} 2 2
ccoh(s) 4n lRpp! cos € exp(- h cos” §) (4)

where h = 4k202, and the quantity IR 12 represents the

reflectivity of a smooth surface for pp (= HH or VV) polar-
ization. The k = 27/\ is the wave number of the inci-

dent wave and ¢ is the standard deviation of surface
height.

The quantity cgoh(e) is important only when 8 is small. It
has been shown [6] that the contribution from ogoh(e) with
8 > 15° can be ignored, if an appropriate antenna gain
pattern is adopted.

Uit
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The incoherent scattering component o?nc(e) in Equation (3)
depends on the statistical properties cf the surface rough-
ness: o, the standard deviation of surface height, and

£, the surface correlation length, Assume that a rough
soil surface has a Gaussian surface correlation )

function p(g) = exp(-sz/lz), then the incoherent backscatter-
ing coefficient oznc(e) for polarization pp can be written in
the form (6]

o
inc

2

c (6) = (kl)2 ['Rpp' (1 + sin29)+ Re(Rp R*pl) sin 26

PP
(3)

-h cosze ~ (h cosze n (k& sin 6)2

n
n=1

where RSpl is the complex conjugate of R , which is a com=-

ppl
ponent of the reflectivity. For pp = HH, the explicit form of
RHHl is defined in Reference [6]. The gquantity lRpp|2

was calculated from a radiative transfer model [1l8], using
measured profiles of soil moisture and temperature.

For comparing with the data, the calculated backscattering

coefficients need to be weighted with the antenna gain pat-
terns and averaged over the illuminated target area bounded
by the main antenna beam. Description of these treatments

can be found in Reference [6].

2-3
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SECTION 3 - THE DATA

The scatterometer data used in this study were collected by
Jones et al,, [l15] at two agricultural areas: Guymon,
Oklahoma in 1978 and Dalhart, Texas in 1980. The radar
backscattering coefficients of alfalfa-, milo~ and corn-
covered and bare fields were taken with airborne scattero-
meters at L- and C-band frequencies from an altitude of

300 meter, The angular distributions of the backscattering
coefficient were given in decibels (dB) at the incident
angles of 5, 10, 15, 20, 25, 35, 40 and 45 degrees for each
measurement, Soil moisture profiles and surface tempera-
tures were also collected in conjunction with these aircraft
data, Detailed descriptions of these data and field charac-
teristics have been given elsewhere (14, 15].

Table ! gives a summary of the main characteristics of the
fields and some information related to the scatterometer
data collection. During the data taking periods (August
1978 and 1980), most of the crops were near maturity, and
some crops had high plant water contents, particularly those
on the wet fields. One would expect that tnose plants with
high water content have large canopy effect on the scatter-
ing and attenuation o€ the radar pulses,

Since no known technique or mechanism was available to cal-
ibrate the scatterometers absolutely [14], the available
scatterometer data {l15] are in relative values of backscat-
tering coefficients. They may differ from the absolute
backscattering coefficients by a constant calibration fac-
tor. On the other hand, theoretical model calculation pre-
dicts the absolute values of the backscattering coefficient. .
For comparing the data with the calculated results, we as-
sume the relative scatterometer data differ from the abso- 3
lute backscattering coefficients by a constant factor a (dB)

3-1 i
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at all angles for each measured angular distribution., The
a value is determined by least-squares fits to the data,
as described in the next section,

Begt-fit results show that one can assume a = 0 for L-band
data and ¢ = -3 dB for all C-band data,

3-2
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SECTION 4 - THE RESULTS

The formulae given in Section 2 was employed in this study
to fit the scatterometer data (15] at L- and C-band fre-
quencies. The 3-d4B beamwidth of L-band antenna pattern was
taken to be B8 = 9° according to Wang {19], and that of

the C-band scatterometer had a much smaller value of

8 = 2.5°. The model results are only sensitive at forward
angles (3 < 10°) to the 8 values. 1In the formulae, there
are four adjustable parameters (i.e., ko, k&, n and 1)
which can be varied to obtain the best fits to the data.
The first two parameters (i.e., ko and k&) specify the
characteristics of the soil surface, and the last two (i.e.,
n and t) describes the features of the vegetation cover,
which is assumed to cover the soil surface uniformly.

The canopy optical thickness t has been shown to be di-
rectly proport.ional to the canopy water content W (kg/mz),
and it can be described by the empirical relation [20]

T = cW (6)

where c 1s a frequency dependent proportionality constant,

For L-band, The c¢ value varies from 0.l to 0,24 [20], The
c value for C-band is not well known at the present time,
however previous investigation {[20] indicates that the <t
values for C-band are probably several times larger than
those for L-band. Since the canopy water ccntents W were
not measured, one can not estimate the 1t wvalues from
Equation (6). 1In the present study, we treat 7T as an
adjustable parameter to fit the data.
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The parameters n and t can be mutually compensating.
This is due to the fact that only the ratio (n/T) appears in
the formula, as defined in Equation (2).

In addition, one needs to determine the scatterometer cali-
bration constant a as described in Section 3. Exploratory
least-squares fits to the data show that one can fit all the
L-band data satisfactorily by setting a = 0. The best-fit
parameter values for ko and k&, as shown in Tables 2 to

5 for different vegetation covers and bare fields, are rea-

sonable and comparable to previously reported results [6].

However, for the C-band scatterometer data, least-squares
fit results are consistently inferior to the L-band cases,
if a = 0 is maintained, and also the ‘'best-fit' parameter
values for k¢ and k& would be unusually large in com-
parison to expected results [6]. This indicates, perhaps,
that the C-band scatterometer data are normally larger than
the absolute values cf the backscattering coefficient, Evi-
dence to support this indication can be found in a recent
scatterometer cross-calibration experiment [21], which meas-
ured the rada. backscattering coefficients from the three
scatterometer systems developed at Jet Propulsion Laboratory
(JPL), Johnson Space Center (JSC), and Kansas University
(KU) for HH polarization at both L- and C-band frequencies.
It was found that the C-band data from the JSC system are
consistently 3 to 5 dB higher than the KU results, and that
the L-band data from the JSC and KU systems are comparable
within experimental errors, except for corn- and soybean-
covered targets, where the JSC data are greater than the KU
observations by 1 to 5 dB [21]. The relative differences
between the JPL and KU measurements are of the same order of
magnitude (3 tc 4 dB).

[s%e Wk 1
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Table 2. Best-Fit Parameters for Alfalfa-Covered Fields at
Guy. on, Oklahoma. SM, is the Volumetric Soil
Moisture within the 0 - . cm Surface Layer.
L-BAND C-BAND M
DATE SITE v
ko k¢ n r ko kl n T (%)
8/05/78 4 0.15 1.86 0.010 0.51 1.04 8.05 0.075 0.74 16.7
8/08/78 4 0.12 3.33 0.009 0.18 - - - - 213
8/11/78 4 0.10 314 0.002 6.4 x 105 - - - - 9.9
8/17/78 4 0.14 3.61 0.004 7.8 x 10—5 0.75 7.46 0.015 0.10 7.3
8/02/78 13 0.26 2.40 0.017 0.39 0.86 5.72 0.054 0.46 14.2
8/05/78 13 0.13 2.61 0.006 46 x 10—6 0.73 8.30 0.141 0.85 29.8
8/08/78 13 0.16 273 0.004 46 x 10-6 0.89 6.59 0.063 0.84 235
8/11/78 13 0.17 2.75 0.004 3.1 x 10~6 0.85 5.48 0.059 0.51 14.1
8/17/78" 13 0.20 3.45 0.015 0.01 0.79 6.96 0.049 0.37 23.0
(o
"DATA ARE SHOWN IN FIGURE 1.
4-3
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Best-Fit Parameters for Milo-Covered Fields at

Table 3. Guymon, Oklahoma. SM, is the Volumetric Soil
Moisture within the 0 - 2 cm Surface Layer.

DATE ST L-BAND C-BAND sM,
ko k? n T ko k2 n r (%)

8/02/78 8 0.14 3.46 0018 | 0.44 0.80 8.1 0.028 0.01 2.3
8/05/78 8 0.2 262 0.008 0.43 0.79 7.41 0.040 0.50 7.2
8/08/78 8 021 2.76 0.004 | 003 - - - - 4.8
8/17/78 8 0.33 2.74 0.014 0.19 0.8 5.65 0.028 2.04 3.2
8/02/78 1A 037 221 0.016 0.96 0.85 7.3 0.061 0.04 6.1
8/05/78° 1A 0.27 2.61 0.021 0.73 0.80 8.88 0.078 0.38 5.8
8/08/78 1A 0.35 1.82 0.009 0.46 - - - - 5.8
8/11/78 1A oz 262 0.016 0.45 - - - - 4.9
8/14/78 1A 0.20 415 | 0043 0.67 0.80 7.53 0.061 0.2 5.1
8/17/78 1A .35 191 0.014 | 0.24 0.80 7.48 0.050 0.13 45
8/02/78 2a 0.33 2.12 0.010 | 034 073 6.74 0.052 0.05 46
8/05/78 2A 0.4 1.80 0.000 0.27 0.87 9.16 0.091 0.29 6.7
8/08/78 24 0.41 1.6 0.000 | o021 0.80 7.04 0122 0.26 15.8
8/14/78 2A 0.24 3.12 0.014 o.n 0.83 7.38 0.082 0.03 6.1
8/17/78 2A 038 | 256 0020 | 037 0.80 7.34 0.039 0.01 5.4

*DATA ARE SHOWN IN FIGURE 2.
4-4
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Table 4. Best~-Fit Parameters for Corn-Covered Fields at
Dalhart, Texas. SM,, is the Volumetric Soil
Moisture within the 0 - 2 cm Surface Layer.

L-BAND C-8AND oM

DATE SITE v
ko ke n 1 ko Kk € n T (%}

8/14/80 7 0.35 2.49 0.041 1.7 1.05 9.76 0.246 0.81 14.4
8/16/80° 7 0.35 1.92 0.002 1.14 1.05 8.19 0.258 0.32 203
8/16/80 7 0.35 1.86 0.019 1.35 1.05 12.00 0.446 0.51 19.1
8/18/80 7 0.35 1.47 0.010 1.14 1.05 10.77 0.549 0.03 19.2
8/14/80 8 0.35 2.07 0.023 1.51 1.05 7.59 0.360 0.06 15.5
8/16/80 8 0.35 1.91 0.018 1.40 1.05 10.65 0.315 0.24 19.3
8/14/80 9 0.35 2.40 0.014 0.91 1.05 8.74 0.122 0.23 4.4
8/16/80 9 0.35 1.49 0.000 0.7 1.05 9.00 0.284 0.16 13.5
8/14/80 10 0.35 2.10 0.011 0.90 - - - - 4.9
8/18/80 10 0.35 1.61 0.004 0.87 - - - - 8.4
8/14/80 1 0.3% 2.19 0.033 1.20 1.05 11.09 0.305 0.80 17.8
8/16/80 n 0.35 1.43 0.019 1.3 1.05 9.92 0.413 0.51 4.5
8/16/80 1 0.35 1.98 0.029 1.59 1.05 10.23 0.558 0.36 39.0
8/18/80 1 0.35 1.87 0.029 1.55 1.05 10.89 0.539 0.14 296
8/14/80 12 0.35 1.98 0.019 1.27 1.05 8.63 0.473 0.22 2.9
8/16/80 12 0.35 1.54 0.011 1.24 1.05 9.08 0.361 0.34 25.8

“DATA ARE SHOWN IN FIGURE 3.
4-5
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Table 5. Best-Fit Parameters for Bare Fields at Guymon,
Ohlahoma. SM, is the Volumetric Soil Moisture
Within the 0 - 2 cm Surface Layer.

L-BAND C-BAND M

DATE SITE v
ko ! ko 174 (%)

8/05/78 6 0.20 2.59 0.54 376 13.0
8/08/78 6 030 2.59 - - 6.2
8/17/78 6 0.31 2.53 0.92 5.0 57
8/02/78 1 0.23 2.55 0.66 354 2.3
8/05/78 14 0.24 2.65 0.65 3.83 20.0
8/08/78 14 02 250 0.67 426 10.8
8/11/78 14 0.23 2482 0.74 38 5.4

"DATA ARE SHOWN IN FIGURE 4

4-6
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This clearly confirms the fact that systematic measurement
errors do exist in individual scatterometer systems, and
that the magnitude of system errors in the scatterometer
data can be up to 5 dB. .

In this study, it was found that improvement in the best
fits can be achieved if the C-band data were reduced by 3 dB
at all incident angles (i.e., ¢« = -3 dB), This a value

is within the range of the scatterometer system errors, as
given in Reference [2l1]. These modified data were taken as
the 'absolute' values of the backscattering coefficient at
the C-band frequency, and were used in this study to obtain
the best-fit parameters as given in Tables 2 to 5, which
show that the ko values at C-band are approximately 3 to

4 times larger than the corresponding ones at L- bangd, Also
the k& values correlate with the frequency variation, There-
fore, one can conclude that a = -3 dB is, probably, an ap-
propriate 'correction' factor, which gives the best fit to
the C-band data for all flights. Some of the C-band data,
which were labeled as questionable in accuracy (due to air-
plane flight problems) in References (14, 15], were omitted
in Tables 2 to 5.

Representative best-fit results at both L- and C-bands are
shown in Figures 1 to 4 for three types of vegetation covers
and bare surface condition. Solid curves in these figures
represent the best-fit results obtained with the parameter
values listed at the top of each figure, ana the asterisks
denote the scatterometer data. The volumetric soil moisture
content within the 0 - 2 ¢m surface layer and the date
(month/day/year) of the data measurement are given in the
lower part of each figure,

9361
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Thecre a.e some variations in the ko values, as shown in
Tables 2 to 4, for the same field. This can be probably at-
tributed to measurement errors in the day-to-day operations
of the scatterometers. It has been shown [6] that a meas-
urement error of 2 dB can produce 50 percent changes in the
best-fit ko values.

Figure 1 shows the best-fit results and comparison with the
scatterometer data of alfalfa-covered field near Guymon,
Oklahoma in 1978, The L-band results are shown on the left
hand side and the C-band on the right handside. Figure 1
demonstrates that the calculations (the solid curves) can
reproduce the observed angular variations (the asterisks) at
both frequencies.

Figure 2 shows the calculations and data of the milo-covered
field at Guymon, Oklahoma. The field was dry on the data
collection date. The agreement between calculation and data
is reasonably good.

A typical case for a corn-covered field is displayed in Fig-
ure 3. The scatterometer data taken over corn-covered
fields are somewhat different from other fields. The varia-
tion in magnitude as a function of incident angle is much
smaller than those of other vegetation cases. Table 6 gives
the 16 measurements of the L-band scatterometer data from
corn fields used in this study, and it shows that the back-
scattering coefficients are essentially independent of sur-
face soil moisture contents, which are also listed in the
third column (Table 6). This is contrary to other types of
vegetation-covered fields, which exhibit soil moisture de-
pendence of measured radar backscattering coefricient.
Perhaps, this is due to the fact that the radar pulses can
not fully penetrate the 'thick' corn canopies,
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The fact that there are a0 forward-angle peaks in che
observed angular distributions of L-band freguency (see

Figure 3 and Table 6) indicates the ogoh(e) component being
heavily attenuated by the thick corn canopy t values, Best-
fit r~-3ults as listed in Table & indeed show large t values
at L-band, but only moderate valuzs at C-band., This indi-
cates that the corn canopy is less effective in attenuating
the shortwave radar pulsea. Another possibility is that the
L-band signals can penetrate deeply into the corn canopy,
while the c-band waves can only pass through the top layer,
where leaves are the major portion of the vegetation. Thus
the two sensors are responding to two different volumes of
the vegetation, Since leaves are most likely to producing
scattering rather than attenuation, thus it might explain
why the n values for C-band acre much larger than the cor-
responding ones of L-band, as shown in Table 4. Also, the
large t values render the fits insensitive to the varia-
tion in the surface parai.eters, Therefore an estimated
value of kg = 0.35 was used for the L-bund, and

ko = 1,05 for C-band.

The results shown in Figure 3 demonstrate that the calzila-
tions are in excellent agreement witn the observatinnsg &t
both fregquencies.

Calculations and data for the cases of bare fields are il-
lustrated in Figure 4 and Table 5., Only two parameters,

ko and ki, are required to fit the data in this case,

The calculated results, as shown in Figure 4, agree reason-
ably well with the vbservations, Alsc the kg values vary
with frequency as expected.

Additional calculations and comparisons with the data are
given in Appendix A.
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SECTION 5 - SUMMARY AND DISCUSSION

We have systematically simulated a series of recently meas-
ured radar backscattering coefficients of vegetation-covered
and bare fields, using a simple electromagnetic wave scat-
tering model developed in Reference [6]. The model takes
into consideration coherent and incoherent scattering from
rough séil surface, in addition to vegetation volume scat-
tering and attenuation. The data used in this study were
collected with airborne scatterometers at the L- and C-band
frequencies. Radar instrumental characteristics, such as
3-dB beamwidth and scatterometer gain pattern were also
taken into consideration in the simulated results, which are
presented according to types of vegetation covers, including
alfalfa, milo, corn ané bare soil surfaces.

The objective of this stuuy is to test the theoretical model
on a large data base of wide range of vegetation, terrain
and soil types. The m.del results, as shown in Figures 1l to
4, demonstrate that the model can satisfactorily reproduce
the measured angular distribution of radar backscattering
coefficients of all fields within experimental errors, as
discussed in Section 4., The best-fit parameter values are
reasonable over a wide range of vegetation, and are con-
sistent with previously reported results [6], except for the
corn field, of which the data show no sensitivity to the
variation in the soil moisture, This is perhaps, due tc the
thick corn canopy, which heavily attenuates the radar signal.

There seems a major difference in the C-band data between
the Chickasha measurements (which were used in Reference 6)
and the Guymon and Dalhart results [15], used in this
study. The former does not need modification of the abso-
lute value to obtain the best~fit results, but the later
requires a reduction of 3 dB in the C-band scatterometer
data, as given in Reference [15], in order to produce
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= reasonably best-fit results. At the present time, we do not
fully understand why this difference occurs, and more study
of this problem is urgently needed.
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APPENDIX A

This appendix presents additional calculations and compari-
sons of scatterometer data of backscattering coefficients
for HH polarization as described in the main text of this
study.

Each set of calculated and observed results is plotted as a
function of incidence angle. The parameters used in the
calculations are listed at the top of each plot. These
parameters are also listed in Tables 2 to 4. The Asterisks
(*) denote the scatterometer data, and the solid curves re-
presented the calculated results. The type of vegetation
cover is marked on each figure.
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