1348 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 6, JUNE 2002

Semi-Empirical Model of the Ensemble-Averaged
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Backscattering From Bare Soll Surfaces
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Abstract—A semi-empirical model of the ensemble-averaged coherent polarimetric SAR systems and by polarimetric scat-

differential Mueller matrix for microwave backscattering from  terometer systems have shown that the probability density func-
bare soil surfaces is presented. Based on existing scattering models;jo, (PDF) of the co-polarized phase angle = énr — oo

and data sets measured by polarimetric scatterometers and the . e
JPL AIrSAR, the parameters of the co-polarized phase-difference 25 Well as the backscattering coefficients, are strongly depen-

probability density function, namely the degree of correlation dentupon the incidence angle, the wavelength, the soil moisture
« and the co-polarized phase-differences, in addition to the content and surface roughness. In contrast, the cross-polarized
backscattering coefficientss? , o, and a7, , are modeled empir-  phase angléb, = ¢ui — Puw = Pnuw — Puw IS uniformly dis-

ically in terms of the volumetric soil moisture contentm.,, and the tributed over [0, 2] and therefore contains no target-specific in-

surface roughness parameter&s and k!, wherek = 2w f/c, sis . . .
the rms height and! is the correlation length. Consequently, the formation [8]-{10]. The PDF op. is characterized completely

ensemble-averaged differential Mueller matrix (or the differential Dy two parameters, namely the degree of correlatiand the
Stokes scattering operator) is specified completely by? , 7., co-polarized phase-differencg9].

o0k o, and ¢ Unlike the backscattering coefficients of bare soil surfaces,
Index Terms—Bare soil surfaces, differential Mueller matrix, Nno theoretical models currently exist for the parameteesd
microwave backscattering, semi-empirical model. ¢, even though many experimental observations have been re-

ported [8]-[11]. An attempt for modeling empirically the phase
parametersr and¢ had been tried based on a data set obtained
by a ground-based scatterometer [12], [13]. The goal of this
HERE is a strong need for a good polarimetric scatteringydy is to improve the empirical models for the parameters
model for backscattering from bare soil surfaces for vagndc, as well as?,, o9, ands?,,, based on an extensive data-
ious reasons. One of the reasons is to use the phase-differajies: obtained by the JPL airborne SAR system and ground-
statistics, in addition to the baCkscattering coefficients, for Based scatterometers, thereby providing a Comp|ete model for
trieving the soil moisture and the surface roughness parametgisof the ensemble-averaged differential Mueller matrix ele-
from synthetic aperture radar (SAR) data. The other reason fgents.

the need to generate a good model for the ensemble-averagethe backscattering coefficient of a distributed target can be

differential Mueller matrix (OI’ the Stokes Scattering Operato%mputed from the fo”owing po'arization Synthesis equation
for backscatter by bare soil surfaces is that it is a prerequisite fou];

the development of a scattering model for vegetation-covered

. INTRODUCTION

surface;. The polarimetric scattering model can al_so be use.d to 00 (P, X3 e, X1) = ATA” - @(7[0@ 1)
synthesize the polarization response for any possible combina- _ _ _ o
tion of transmit and receive antenna polarizations. wherey is the rotation angle is the ellipticity angle of the po-

The small perturbation method (SPM), the physical optidarization ellipse A" andA? are the normalized modified Stokes
(PO) model, the geometrical optics (GO) model [1] and the int¥ectors for the receiving and transmitting antennas. We note
gral equation method (IEM)[2]-[5] are commonly used for prethatQM ~ is the modified differential Stokes scattering operator
dicting the backscattering coefficients of rough surfaces. Eq4, Where]ﬁjo is the ensemble-averaged differential Mueller
pirical models based on polarimetric measurements have algatrix [15].
been reported [6], [7], but they have dealt with only the mag- From a measurement standpoint, if we assume that the differ-
nitude of the backscattering response; i.e., the backscattergitial scattering matrix is uniform across the area illuminated by
coefficients,oy,,, o7, ando?),,. Experimental data acquired bythe main beam of the antenna, the differential Mueller matrix

is then obtained fromM  ~ M /A;,, where Ay, is the illu-
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Fig. 2. Relation between the phase-difference standard deviatipand the
degree of correlationr.

Fig. 1. Phase-difference PDFs with different valuescand(.
between the two co-polarized scattering amplitudgss?; is rived in [9], [10] using the parametetsand( as follows:
quite significant, while that between the co- and cross-polarized o w0
scattering amplitudes?, S%:, SO 5%, SO 5% or §9, S% is (Re(Sy,Skn)) =acos (y/ MP M2, (4)
very weak [8]-[11], [16]. According to the reciprocity relation, 0 w0 . P
the cross-polarized scattering amplitudes are identical in the (Im (83, Sppx) ) =arsin Cy/ M7 M. ()

) N o
backscattering direction, namelyl), = Sy,,. Therefore, the 6 ensemble-averaged differential Mueller matrix elements
differential Mueller matrix can be approximated as (2), showty,, e computed from the three backscattering coefficights

at the bottom of the page. 0%, 0%, and the two phase-difference parameterg as fol-
The PDF of the co-polarized phase angle= &5, — ¢ lows:

was derived in [9] as follows:

1
M?l :EO—SU (6)
fo(¢e) = 1_70‘2 MO I o 7
P \Pe) — 27 (1 — X2) 22 =4 Thh (1)
X T 1 X MO =0 — i 0 8
. {1 =+ ﬁ |:§ + tan <ﬁ):| } (3) 12 121 47ra'vh ( )
MY =— 0,09 0 9
whereX = acos(¢. — ¢), the parameter, referred to as the 3 T 4r <a €08 G\ + a”) ©)
degree of correlation, is a measure of the width of the PDF and o 1 0 o o
the parametef, referred to as the mean value of the co-polarized My, T oS C\/ 90w, — Tun (10)
phase-difference [9],isthe valueffatwhichthe PDFhasamax- o o 1 5
imum. These two parameters completely spefify¢. ). Fig. 1 Mz =— M3, = e QP (11)

shows plots of the PDF for two different valuescobind¢. The
PDF is approximately Gaussian in shape with a circular nature
over[-18C, 180C°]. Fig. 2 showsthe relation between the param-
etera and the standard deviation®f, o, of the corresponding  In support of the model development, an extensive database
Gaussian PDF witlh = 0. The degree of correlatianis directly was generated of thev-, hh-, vh-polarized backscattering co-
related to the standard deviationdf, o, and the co-polarized efficients, the degree of correlation and the co-polarized phase-
phase-differencé is equivalent to the mean gf,, ¢... difference, obtained by a combination of ground-based scat-
The ensemble-averaged terms of the co-polarized scatteriagppmeters and the JPL airborne SAR system over a wide va-
amplitudes in the differential Mueller matrix elements were deiety of bare soil surfaces. This database also includes precise

Il. POLARIMETRIC EXPERIMENTAL OBSERVATIONS

(Is.F) (lsel) 0 0

M= (sil’) (Istl”) 0 ) ’ 2)
0 0 (Re(SOSE) + (|07 —(m(s8,5)
2
)

0 0 (Im(S2,5%)) (Re(52,5%1)) — (19,
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ground truth data such as the surface roughness parameters and TABLE |

the volumetric soil moisture contents for all soil surfaces. The MEASUREDSOIL-SURFACE PARAMETERS FORPOLARSCAT Daa-3
surface roughness for each field was measured by averaging 1-m
profiles collected by a laser profilometer and 3.5-m profiles ac-

Surface Parameters S-1 S-2 S-3 S-4

quired using chart paper and spray paint The soil moisture con- rms height, S (cm) | 0.55 | 0.94 | 1.78 | 3.47
tent was measured by a dielectric probe and by soil sampling. Correl. length, {(cm) | 94 | 69 | 83 | 110
Most of the soil surfaces were agricultural fields and their soil M1 | 0.091 | 0.091 | 0.070 | 0.070
types_were primarily silt_loam, loam, or §andy loam. The data- M2 | 0.069 | 0.069 | 0.076 | 0.060
base includes the following seven polarimetric measurements: Volumetric

M3 | 0.073 | 0.043 | 0.045 | 0.045
M4 | 0.146 | 0.146 | 0.243 | 0.243

soil moisture

A. LCX POLARSCAT Data-1 content
This d btained b ‘ d volari . (top 3 M5 | 0.074 | 0.087 | 0.059 | 0.100
is data set was obtained by a truck-mounted polarimetric op 3 cm
M6 | 0.121 | 0.121 | 0.086 | 0.086
scatterometer at 1.5 GHz, 4.75 GHz and 9.5 GHz at the Botan- layer)
ical Garden of the University of Michigan in 1990 [6], [8]. Four M7 - - 10291 10.291
different, random, bare soil fields were generated and each was M8 |0262| - [0283] -

measured under two different moisture conditions at incidence
angles ranging from T0to 7C°. For each data point (differentg  ajrSAR Data-1

frequency, polarization configuration, incidence angle, rough-

ness and moisture content), more than 60 independent sampl_é%“ring the cross-calibration experiment involving the JPL

were taken to achieve good statistical representation of the mg4>AR and a truck-mounted polarimetric scatterometer at

sured backscatter. A summary of the scatterometer charactengiSton, Michigan in 1991 [17], the backscatter responses at

tics and the surface roughness and soil moisture data for thésg® GHz and 5.3 GHz were measured by the SAR at three
soil fields is given in [6]. different incidence angles (about 2535° and 5%) for the

same soil surfaces observed by the POLARSCAT Data-2.
B. POLARSCAT Data-2 F. AirSAR Data-2

This data set was obtained by a truck-mounted polarimetricDuring the Washita '92 experiment conducted at Chichasha,
scatterometer at 1.25 GHz and 5.3 GHz during the cross-c&klahoma in 1992, the JPL AirSAR obtained backscatter data
bration experiment of the JPL AirSAR and by a truck-mounteftlom various fallow fields for two weeks while several working
polarimetric scatterometer at Pellston, Michigan in 1991 [17§roups were collecting ground truth data. Backscatter data for
Three different rough soil fields (300 m 100 m) were gener- a large bare soil field (approximately 700 ;1400 m) are
ated before the experiment and measured at incidence anglesvailable for various soil moisture conditions at 1.25 GHz and
30°, 407, and 50. The roughness parameters and soil moistuke3 GHz. The recorded soil surface parameters atel .82 cm,
contents of the surfaces are given in [17]. [ =17.75 cm andm,, = 0.287, 0.224, 0.241, 0.181, 0.136, and

0.116 at about 55andm,, = 0.241, 0.175 at about 34

C. POLARSCAT Data-3 G AIrSAR Data-3

Four different soil surfaces were generated by flattening, |, 1993 the JPL AiIrSAR was used to measure the radar
tilling, raking and plowing four different agricultural fields 5o scatter response of various agricultural fields near Davis,
located near Ypsilanti, Michigan. Then, the backscattering cen gackscatter and ground surface data were recorded for 19
efficients of these four fields were measured by a truck-mountgd,« soil fields at 1.25 GHz. The rms heights of those fields
polarimetric scatterometer at 1.25 GHz, 5.3 GHz, and 9.6 G'F'&nged from 0.61 cm to 2.5 cm and the correlation lengths

at inci.dence angles of 2030, ‘,100' 5(_)0* 6003 and 70 over varied from 1.73 cm to 11.9 cm and the volumetric moisture
a period of two months. During this period, the surface$ntents varied from 0.035 to 0.144.

underwent several drying and wetting cycles and each surface, summary of dynamic range for soil parameters, ks, and
was measured under eight different soil moisture conditiong. jg given in Table II. '
Table | provides a summary of the associated surface roughness

and soil moisture conditions. [Il. M ODELING PROCEDURE ANDVERIFICATION

The input parameters for the intended polarimetric model in-
clude incidence anglé, the volumetric soil moisture content

An indoor polarimetric scatterometer system was used, and the roughness parametgssandki, wheres is the rms
to measure the backscattering coefficients of two bare sbiight,/ is the correlation length ankis the wavenumber. The
surfaces at 15 GHz at incidence angles ranging frontdd surface roughness spectrum was also considered in the mod-
70° at Hong-ik University, Seoul, Korea, in 1999. The surfaceling procedure by comparing various roughness spectra [18]
parameters measured for the first surface were 0.45 cm, with the measured radar backscatter. Because the backscatter is
! = 6.89 cm andm, = 0.09 and those for the second surfacenly weakly dependent on soil type, in comparison with its re-
weres = 0.40 cm,! = 5.65 andm,, = 0.19. sponse to surface roughness and soil moisture, the soil type has

D. Polarimetric Scatterometer Data-4
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TABLE 1l TABLE 1l
DYNAMIC RANGE OF SOIL PARAMETERS ROOT-MEAN-SQUARE ERRORS FOR THEDATA-FITTING PROCESS

ange 90% range 95% range rms | Data range (95%) | Number

Paramete Min. | Max. | Min. | Max. error | Min. Max. | of points
my (cm’/em’) | 0.043 | 0.283 | 0.040 | 0.291 6% (@B | 235 | 4435 | -1494 | 651
ks (S: rms height) | 0.14 | 6.00 | 0.13 | 6.98 g (dB) | 2.06 | -22.03 | -8.49 651
kI (I cor. length) | 1.81 | 21.65 | 1.67 | 22.12 P dB) | 082 | -490 | +0.93 651
s/l 0.059 | 0.387 | 0.048 | 0.388 o 0.116 | 0.445 | 1.010 637

C(deg) | 9.4 1.2 49.4 623

been excluded in this model. The soil moisture conteptis
used in the model instead of the complex dielectric constant fer
simplicity. Moreover, the soil moisture content of the top 3-crr

soil-surface layer is used at all frequencies because it was sho

that the top 2- 3 cm soil layer exhibits the greatest influence or 207
the radar backscatter response even though the wave may pe -
trate deeper into the soil for a dry surface at L-band [19].

-30T

A. vh-Polarized Backscattering Coefficient
-40T
It was found that the cross-polarized backscattering coeft

cient of the semi-empirical model described in [6] agrees ver

Backscatt. Coeff. (VH-pol.) (dB

well with the measurements, especially with regard to its depe £ *° / : Model (Mv=0.13, 45°)

dence orf. The model expresses,, in terms of the Fresnel re- ,/' _____ - IEM (Mv=0.13, 45° , 5/1=0.20)

flectivity (or indirectly through the complex dielectric constant), & .eo x  : Data (Scatterometers, 35°<Ang< 55°)
the incidence angle and the roughness paramsatefor a typ- ,/' o Data (SAR, 35°<Ang< 55%)

ical agricultural soil, such as siltloam or sandy loam, the Fresn 70 /.

reflectivity exhibits an approximately linear dependence on th 01 1 10
volumetric soil moisture content [20]. At nadir the relationshig ks (rad.)

assumes the approximate foffg = m%7 and is valid over the B

soil moisture range .03 < m, < 0.35. Fig.3. Measurements ef’, forconditions overtherange85° < 6 < 55°,

. 0.03 < m, < 0.3 and0.03 < s/l < 0.32. The measurements are compared
After examining the angular patterns of the measured dag@n curves calculated using the IEM and the semi-empirical model, both for

we selectedcos §)° as a candidate function for characterizing = 45° andm, = 0.13.
the angular dependence ahe- exp[—a(ks)?] function is used

to account for the response to surface roughness. This rough: - 9)[3, ch.5] with an exponential correlation function with
ness function satisfies the conditions that the cross-polarizgd_ ks /0.2 was used. Our proposed model agrees well with the

backscattering coefficient approaches zero for a smooth (NG asurement across the entire rangésond agrees with the
flat) surface ks — 0) and that on the other extreme it becomegep for the range ofes > 0.4.

independent ok s for a very rough surfaceié — o). Hence,
an overall functional form for the cross-polarized backscattering vu-Polarized Backscattering Coefficient

coefficient is proposed as follows: _ o i
The cross-polarized ratig is defined as; = 02, /59, as

0%, = am?® (cos 0)°[1 — exp (—d(ks))]. (12) in [6], where it is expressed as proportional to the terim-
exp[—ks|} and toy/T'g. Analysis of the database shows that the

The magnitudes of constantsb, ¢, d ande were determined measured values gfagree quite well withu{1 — exp[—b ks°]}.

through data fitting, using the database, by applying the mikig. 4 shows the measured valuesydbr 0.03 < m, < 0.3,

imum mean square error (MMSE) technique. The process led3 < s/l < 0.32 at29° < 6 < 51°, compared with the func-

to the following values: = 0.11, b = 0.7, ¢ = 2.2, d = 0.32, tional form given by0.12{1 — exp[—0.9(ks)?-%]}. Also shown

ande = 1.8. is a set of curves calculated on the basis of the IEM, assuming an
The data fitting has been performed using all data listed in tegponential autocorrelation function with,, = 0.20, 6 = 40°

previous section. Table Ill shows the root-mean-square errarsds/l = 0.25.

obtained from the data-fit process. Data analysis also shows that the sensitivity of the measured
Fig. 3 shows a comparison between our model and the IEMo incidence anglé is high enough for modeling, while that
for an incidence angle of 45and a soil moisture content,, = to the soil moisturen,, is very weak. We examined the sensi-

0.13. The figure also includes data measured at angles in tties of ¢ to # andm,, using the IEM and confirmed that tle
range35° < 6 < 55° and for moisture in the rang&03 < increases rapidly with incidence angles 66r< ¢ < 40°, par-

m, < 0.3. For the IEM computation, an approximate backscaticularly for a surface with a small surface slopg{(= 0.05),
tering model for surfaces with small and moderate rms heighist becomes almost insensitive to the incidence angle at angles
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Q Q . vv! ’
Fig. 4. Measured variation of the cross-polarized rati@®/o..° with ks, and the semi-empirical model, fr= 40°, m, = 0.08 ands/l = 0.1. Also

where the measurements cover the radgfe < ¢ < 51°,0.03 < m, < 0.3 =

h > s VoS included are measurements over the ra2@e < ¢ 51°,0.03 v
and 0.03 < s/l < 0.32. Curves calculated in accordance with they 15 and0.03 < s/l < 0.32 <O < me <
semi-empirical model and the IEM are shown for comparison. ’ ' ) o

— inci _ O
greater than 40and thatq is insensitive to soil moisture over? = 1 (0 dB) at normal incidencel(= 0_) for any surface and
it is also equal to 1 when the surface is very rough & o)

the range).03 < m,, < 0.35. o ) S .
Based on the preceding analysis, we propose the followiﬁéany |n_C|dence angle.. In_corporgtmg these limiting cases with
functional form for the cross-polarized ratio: € pectathns on thg variationspfith m., andks, we propose
the following functional form:
ol s . c . _
q= ﬁ = a(i +sin b9) {1 — exp[—d(ks)°]} (13) ol N am, el
P=50 90°

(15)
wherea, b, ¢, d ande are constants to be determined by applying
MMSE fitting to the database. The best data-fit gave 0.10, Whereé is the incidence angle in degrees and, c andd are
b=13,¢c=1.2,d =0.9,ande = 0.8. constants to be found from MMSE fitting using the database.
Upon combining (12) and (13), we obtain the following exThis form uses the volumetric soil moisture contemnt (for

pression for theww-polarized backscattering coefficient, see simplicity) instead of the Fresnel reflectivity at nadir [6]. The
best data-fit gave = 0.35, b = 0.65, ¢ = 0.4 andd = 1.4.

50 —Tvh Fig. 6 shows the variation of the measugetb ks for data

g over the rang®.03 < m, < 0.3 and0° < # < 70°. For com-
_ 0.11m)7 cos*? B{1 — exp[—0.32(ks)" *]} parison, model curves are shown for two extreme cases, namely

~0.10[2 + sin(1.36)]1-2{1 — exp[—0.9(ks)%-8]} ' m, = 0.03 andé = 10° andm, = 0.3 andé = 70°, as well as

(14) curves based on the IEM for the same extreme cases.

We can compute theh-polarized backscattering coefficient
We note that the dependencesdf, on the parametsrs can be onn® by simply combining (14) and (15) or by combining (12),
approximated asy, « ks for ks < 2 andoy, o 1 (indepen- (13) and (15)
dent ofks) for ks > 2. Fig. 5 displays measured valuesadf,
as a function ofks. Also shown is our semi-empirical model o0, = po0, =260,
calculated for median conditions, as well as the IEM & 2) 4
and GO modelks > 3). For the GO model computation, a sur- In Fig. 7 we compare the model-calculated angular responses
face correlation functiop(¢) = [1 + ¢2/12]71° was assumed of o2, o3, anda?, for a surface withks = 0.477, kI = 4.65
[1, Ch.12]. Our empirical model agrees well with the measurat about 55 with backscattering values measured by the JPL
ments over the entire range/of and it also agrees with the IEM AirSAR. Good agreement is observed between the model and

for ks < 2 and with the GO model foks > 3. the measured data.

C. hh-Polarized Backscattering Coefficient D. Degree of Correlation

Next, we examined the co-polarized raties o, /o0,,. The Until the present study, no theoretical model has been pub-
SPM, which is valid for smalks values, shows that the), is lished containing explicit expressions for the statistical parame-
higher thans), and that the ratip depends on the dielectricters of the phase-difference PDF, namely the degree of corre-
constant (and therefore on the soil moisture content) and th&on « and the co-polarized phase-differen¢:eHence, our
incidence angle, while the GO model, which is valid for largenodel effort will rely on polarimetric measurements of bare
ks values, shows that?, is always equal te, . We know that soil surfaces and on numerical computations of backscattering
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Fig. 6. Variation of the co-polarized ratig; , /o, ith ks for measurements pig g Measured degree of correlation compared with model predictions for
over the rang®.03 < m, < 0.3 and0°® < # < 70°. Curves calculated on 0 relatively extreme surface conditions.

the basis of the semi-empirical model, the IEM and the GO model, are shown
for two relatively extreme surface conditions. . ) )
of many subsets in the database, with each subset defined over

10 . : . . . a narrow range of the parameters,, ks, kI ands/l. Then,
o functional forms were deployed fot and B leading to
a=1-(a+bkl+cm,) (sing)**) ™" 17)
= Application of MMSE data-fit to the measurement database
Z o5t x : provided the following values for the constanis= 0.17, b =
“3 . _ 0.01, ¢ = 0.5, d = 1.1 ande = 0.4. Fig. 8 shows the variation
8 -30f g " e o s T of the measuredr with ¢ for the range0.03 < m, < 0.3,
- s 0.1 < ks < 7Tandl.8 < kl < 22 and the two calculated curves
g 35 "~ ————  Model, VV-pol. ] bounding the data represent two relatively extreme conditions.
o | e e e . Model, HH-pol.
S -40r — » — - -+ Model, VH-pol. 1 E. Co-Polarized Phase-Difference
o O  :SAR Data, VV-pol. . . .
45} + :SAR Data, HH-pol. ] The co-polarized phase-differen¢és a measure of the mean
x : SAR Data, VH-pol. value of the co-polarized phase angle At ¢ = 0°, ¢ should

. . be zero because there should be no phase-difference between the
0.05 0.1 0]3/15 (cm%/zcme’ 0.25 03 035 4y- andhh-polarized backscattering amplitudes for an isotropic
v ) surface. A data-fitting process similar to that used in the pre-
Fig. 7. Polarimetric semi-empirical model compared with SAR data for gedmg section led to the following functional dependence on
surface withks = 0.477, kl = 4.65 at54.7° < § < 57.0°: 6%, 0%, and the surface parameters:

o?, versusm,. v s

(= (a+bmv—c7)9 (18)
from one-dimensional inhomogeneous, dielectric, rough sur- is the incid leind h data-fi
faces [21]. For an isotropic homogeneous rough surface, ther@’giree IS the incl enge ari;g eimn egée(:' The MMSE a:ta— it
no phase-difference between the andhh-polarized backscat- to(tj € measuremgnt atabase provi ed |0'4Z|1’ bl " 0'9]:) h
tering amplitudes af = 0°. Therefore, the PDF of the phase?N%¢ = 1.0 In Fig. 9 we compare model calculation of the
difference angle is a delta functionéa& 0°, which corresponds co-polarized phage-dlﬁerenejemth all of the measure_d data.
to« = 1 (Fig. 2). The measurement database and the numeric fis shown in Fig. 9, the data measured by the.AlrS,.’-\R are
computation show that decreases a&increases and the an-aobout 138 lower than those measured by the polarimetric scat-

gular variation ofx depends strongly on the surface roughned&rometers. The phase-difference parameters measured by the
and weakly on the soil moisture content. polarimetric scatterometers are accurate because the data were

After close examination of the database, the following fun@-a”br"j‘te(_j by _the differential Mue_ller _matrix technique “5"‘9
tional form was chosen: the_polarlmetrlc response of a calibration target over the gntlre
mainlobe of the scatterometer [15]. When a traditional calibra-
o=1- A(sin 9)3 (16) tion technique for a distributed target is used, the differen-
tial Mueller matrix is approximated by the Mueller matrix di-
whereA and B may depend on the surface roughness and switled simply by an illuminated area, theand the are inaccu-
moisture content. At firstd and B were determined for eachrate as shown in [15]. For the scatterometer dataptivalues
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Fig. 9. Measured co-polarized-phase-difference compared with model
predictions for median soil parameters.

obtained by the old illumination-integral calibration technique
were about 0.8 times the values determined by the new accu-
rate differential Muller matrix calibration technique. It should
be noted that the degree of correlation measured by the JPL
AirSAR fits better to the model (17) multiplied by a factor of
0.8~0.85.

Table IV shows maximum sensitivities of the modelsd4y,
p, q, « and¢ over the 95% ranges of the soil parametersmn.,,
kl, s/l (Table 1), as well as over the rangeff10° < 6 < 70°).

F. Differential Mueller Matrix

As described in Section I, the differential Mueller matrix can
be computed from?,, o9, , 5%, , a and¢, each of which can be

computed using the expressions provided by the semi-empirical
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TABLE IV
MAXIMUM SENSITIVITY OF THE MODEL ON EACH PARAMETER IN ITS
95% RANGE
Para- . .
Model Maximum Sensitivity
meter
ks |20.9dB
o% | @ |103dB
m, |6.0dB
4 | 71dB (6=70°, m,=0.29)
0dB (8=10", m,=0.04)
» g | 62dB(ks=0.13, m,=0.9)
0 dB (ks =6.98, m,=0.04)
| 41dB (ks=0.13, 6=10")
" | 0dB (ks=6.98, 9=10"
ks |7.9dB
o | 7:0dB(s/1=0.048)
g 4.3 dB (s/1=0.388)
_ 0
G | 42dB(0=70)
1.5 dB (9=10")
g | 0453 (ks=0.13, KI=22.1, m,=0.29)
0.115 (ks =6.98, kI=1.67, m,=0.04)
L, | 0285 (6=27", K=22.1, m,=0.29)
“ 0.023 (8=70", kI=1.67, m,=0.04)
4 | 0198 (8=70, ks=6.98)
0.003 (8=10, ks=0.13)
| 0122 (6=70", ks=6.98)
¥ 10.020 (8=10", ks=0.13)
o 40.1° (m, =0.29, s/1=0.048)
5.4° (m,=0.04, s5/1=0.388)
¢ s/l 238 (9=10", 3.4°(6=10%,
m, 167 (6=70", 2.4°(6=10"

IV. CONCLUDING REMARKS

polarimetric model in terms of the surface parameters. Compar-A semi-empirical polarimetric backscattering model was de-

ison between the model and measured data can be made in tef@heped for random bare soil surfaces using a combination of
of the Mueller matrix. At9 = 30°, a surface withzs = 0.126, truck-mounted scatterometer measurements and airborne SAR
kl = 2.62, andm,, = 0.126 was measured by the scatterometegybservations, both supported by extensive ground observation of
to have a differential Mueller matrix the soil surface statistics and moisture content. The functional
form of the model was constrained to insure that its predictions

0.0012  0.00002 0.0000  0.0000 are consistent with known theoretical values, suailas= o7,
i ~[0.00002 0.0008 0.0000 0.0000 at normal incidence;!),, = o9, for an electromagnetically very
mees 1 0.0000  0.0000 0.0010 —0.0002 rough surface and?, /o9, approaches a constant as surface
0.0000 0.0000 0.0002 0.0010 roughness exceeds = 3. The two distinguishing features of

] . (19) the model is that it not only agrees with experimental obser-

For the surface parameters associated with the measured mgfiifons over a wide range of soil surface conditions, but it also
given in (19), such a process leads to agrees with the IEM and geometrical optics model over their in-
dividual regions of validity, thereby encompassing the full range

0.0012  0.00001 0.0000  0.0000 of surface roughness encountered under natural conditions.
i ~10.00001 0.0009 0.0000 0.0000
comP T 1 0.0000  0.0000 0.0009 -—0.0003 ACKNOWLEDGMENT
0.0000  0.0000 0.0003 0.0009

(20) The authors would like to thank the reviewers for their useful
The corresponding elements of the two differential Mueller maomments.
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