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Abstract: Radar observation is an effective way to understand subsurface structures in terms of the
dielectric constant, whose controlling factors include chemical composition, packing density, and
water/ice content. Recently, laboratory measurements have shown that the dielectric constant of
lunar regolith simulants also depends on the temperature, which has never been evaluated from
remote sensing data. In this study, we estimated the dielectric constant from the Miniature Radio
Frequency (Mini-RF) data on a lunar crater floor in the north polar region at two different local times
(i.e., different surface temperatures). We calculated the dielectric constant using the inversion method
and obtained the bolometric surface temperature from the Diviner Lunar Radiometer Experiment
(Diviner) data. The histograms of the estimated dielectric constant values are different between the
two local times. This could be interpreted as a result of the temperature dependence of the dielectric
constant, while further evaluation of the influence of topography on the incidence angle and small
surface roughness is needed. Nevertheless, our result suggests that the temperature dependence
of the dielectric constant should be considered when interpreting S-band radar observations of the
Moon and other celestial bodies with large surface temperature differences.
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1. Introduction

Radar observation is an effective method for investigating subsurface structures and
has been used in several lunar exploration missions (e.g., [1-3]). Radar observations utilize
electromagnetic waves, which are transmitted to the surface and reflected from the surface
and the subsurface due to the difference in the dielectric constant. This study focuses on
the dielectric constant obtained from radar observations in the lunar exploration missions.

The dielectric constant depends on several factors, including the packing density
and the chemical composition [4]. Therefore, to obtain accurate subsurface information
from the dielectric constant, it is necessary to properly evaluate the contribution of the
parameters to the dielectric constant. A recent laboratory study has shown that the real
part of the dielectric constant of the lunar simulant has the temperature dependence at
210-300 K, indicating that the dielectric constant can vary up to ~18%, which is ~0.2 of the
dielectric constant value on the lunar surface [5]. However, such a dependence has never
been discussed in the analysis of lunar radar observations.

In this study, we used data obtained by Miniature Radio Frequency (Mini-RF), a syn-
thetic aperture radar onboard the Lunar Reconnaissance Orbiter (LRO), because (1) Mini-RF
acquired extensive subsurface observations down to meters, and (2) the analytical methods
of Mini-RF have been established to retrieve dielectric constants (e.g., [6-8]). To investigate
the temperature dependence, we estimated the dielectric constant at the crater floor in the
north polar region using the method proposed by Gao et al. [6]. Two Mini-RF datasets
observed at different local times were used to estimate the dielectric constant. The sur-
face temperature at each local time of the Mini-RF observations was obtained from the
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bolometric temperature map derived from the Diviner observations [9]. This allowed us
to compare the estimated dielectric constants of the same region at different bolometric
surface temperatures.

2. Studied Data and Methods
2.1. Lunar Remote-Sensing Data Used in This Study
2.1.1. Mini-RF Data

Mini-RF is a hybrid polarimetric Synthetic Aperture Radar (SAR) onboard the LRO, op-
erating in two wavebands, S-band (2.38 GHz, wavelength = 12.6 cm) and X-band (7.14 GHz,
wavelength = 4.2 cm) with the radar incidence angle about 49°. The resolutions of the radar
images are 150 m (baseline mode) and 15 x 30 m (zoom mode), and the imaging swaths
are 6 km (5-band) and 4 km (X-band).

Mini-RF transmits left-hand circular polarized electromagnetic waves and receives
coherent orthogonal horizontal and vertical linear polarizations [10]. The data provide the
characterization of backscattered power, which includes the subsurface information down
to meter scales [11]. The main product of Mini-RF is the Stokes parameters calculated from
the radar echoes, describing the polarization state of the backscattered power [12]:

51 <\EH|§+|Ev|§>
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where Ey; and Ey are the total power of horizontal and vertical polarization in the received
signal, () denotes the average, and * denotes the complex conjugate. S; is the total power
of the received signal, and S; is the power difference between the horizontal polarization
and the vertical polarization. S3 represents the preponderance of the polarization oriented
at 45° to the horizontal axis and that oriented at 135°. S, represents the preponderance of
the right-hand circular polarization over the left-hand circular polarization. In this study,
the S-band zoom data, the highest resolution data provided by Mini-RF, were used to
calculate the dielectric constants, considering that the Mini-RF S-band zoom mode covers a
wide area of nearly 98% of both polar regions with latitude above 70° [1].

USGS’s Integrated Software for Imagers and Spectrometers (ISIS) (version 22.9.0) was
used to process the Mini-RF data. Level 1 data were first imported into ISIS using the
program mirf2isis, and the necessary spacecraft and camera geometry information were
attached to the data using the program spiceinit. The Stokes parameters were calculated
using Equation (1) and were projected on a map using the program cam2map. The resolution
was set to 15 m/pixel from 7.5 m/pixel, which is the original resolution of the Level 1
raw data, using the program reduce. The Stokes parameters derived from the data were
processed with a 3 x 3 mean filter to reduce the effect of the speckle noise in SAR images.

2.1.2. Diviner Brightness Temperature Data

The Diviner Lunar Radiometer Experiment onboard the LRO performed radiance
measurements using seven spectral channels (Channels 3-9) with wavelengths ranging
from 7.55 t0 400 pm [13]. The radiance measured in these seven channels was integrated into
the bolometric brightness temperature, which represents the temperature of an equivalent
blackbody and can be interpreted as a measure of the temperature of the lunar surface [14].

Nearly a decade of observations has provided seasonal brightness temperature maps
of the polar regions north of 80° N and south of 80° S at every 0.25 h of local time at a
resolution of 240 m/pixel [9]. We used these bolometric temperature maps to obtain the
surface temperature when the Mini-RF data in this study were acquired.
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2.2. The Method for Estimating the Dielectric Constant

The mean CPR is ~0.5 for the entire lunar surface, demonstrating the significant
influence of even bounce scattering, and the target crater also has a mean CPR of 0.6.
Thus, it is challenging to estimate the dielectric constant using simple models such as the
X-Bragg model, which is applicable to the regions where single-scattering dominates. In
this study, we used the dielectric constant inversion method proposed by Gao et al. [6],
which is a modified version of the X-Bragg model, extracting the region dominated by
single scattering to estimate the dielectric constant there. We conducted the dielectric
constant estimations for crater floors, which we focused on in this study. The X-Bragg
model retrieves surface dielectric constants and roughness from quadrature polarimetric
(quad-pol) SAR data using the alpha angle («), different from the radar incidence angle
6, to describe the scattering characteristics [15]. The alpha angle is not a geometric angle
but a parameter indicating the dominant scattering mechanism, which is calculated from
the data and the model. The dielectric constant is determined to minimize the difference
between the two « values [15].

The X-Bragg model, however, cannot be directly applied to hybrid polarimetric
SAR [16], such as Mini-RF, because the roughness indicator in the X-Bragg model can-
not be calculated directly from the hybrid polarimetric SAR data. Thus, Gao et al. [6]
introduced the hybrid polarimetric scattering similarity (HPSS) parameter, which describes
the similarity between the scattering observed in radar echoes and the standard single
scattering. This parameter implies the dominance of the single scattering in radar echoes,
which allows the roughness indicator to be estimated from hybrid polarimetric SAR data.
We followed this approach to calculate the HPSS parameter to evaluate the coherency of
the scattered wave. In the dielectric constant inversion method used in this study, the HPSS
above 0.6 is defined as the case where the single scattering is dominant.

The full explanation of this model is detailed in Appendix A. Some of the equations in
the method proposed by Gao et al. [6] have been modified. Equation (4) in Gao et al. [6]
provides the Stokes parameters represented by the Bragg components and roughness
indicators, which is modified in the following Equation (2), considering that the Mini-RF
transmitted the left-hand circular polarization:

S1=0.5(C1 +2C3), Sy = Cosinc(2B1), S3 =0, Sy = 0.5(2C3 — Cy), )

where sinc(x) = sin(x)/x, the coefficients C1, C;, and C3 are the Bragg components of
the surface, and B, is the roughness indicator. Equation (2) is yielded using the following
expression of the 3 x 3 coherency matrix T in the X-Bragg model [15]:

Cy Cpsinc(2B1) 0
T = [Czsin c(2B1) C3(1+sinc(4B1)) 0 ] . (3)
0 0 C3(1 —sinc(4B1))

Equation (8) in Gao et al. [6], which is the alpha angle represented by the Bragg
components and roughness indicators, has been modified as follows in conjunction with
the modification in Equation (2):

1, 1 Cysinc(2p4)
a=stan (0.5(2c3 - cl))' @

Equation (10) in Gao et al. [6], which is the 2 x 2 average wave coherency matrix of
radar echoes (]), has also been modified as follows:

_ 1 [51+52 S3—jS4:|
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where j is the imaginary unit.
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Equation (11) in Gao et al. [6], which is the 2 x 2 average wave coherency matrix of
the pure single scattering (J/s), has been modified as follows for the SAR transmitting the
left-hand circular polarization [12].

EEVI
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The flowchart of the entire dielectric constant estimation method is shown in Figure 1.
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Figure 1. Flowchart of the dielectric constant estimation method.

2.3. Analysis of a Crater Floor in the North Polar Region

We applied the above method to estimate the dielectric constants of the crater at
81.0° N, 150.6° E for this study because (1) this is one of the 52 craters, whose dielectric
constants were estimated in the previous study [6], (2) a stable temperature condition is
expected inside a crater floor even in a high-latitude region, and (3) multiple Mini-RF data
are available, allowing for studies at different temperature conditions.

The radar incidence angle 6 is given as the angle between the local vertical and the
spacecraft direction at the pixel located at the center of each Mini-RF data. As for the target
crater, the LOLA (Lunar Orbiter Laser Altimeter)-derived DEM (Digital Elevation Model)
indicates that the crater floor is not inclined. We calculated the HPSS, and the pixels with
HPSS < 0.7 were masked to select pixels dominated by single scattering. Then, the estimated
dielectric constant at each pixel was determined as the average of the 15 x 15-pixel area
with the pixel at its center because local effects caused by topography can significantly
affect the results if the analysis area of each pixel is too small. The analysis procedure is
shown in Figure 2.

The surface temperature of the crater floor was obtained from the bolometric tem-
perature map corresponding to the season and the local time, when the Mini-RF data
were acquired. The season was determined by the subsolar latitude during the Mini-RF
observation. The bolometric temperature of the area within 2.5 km from the coordinates
of the center of the crater was averaged and used as the surface temperature of the crater
floor. All data used in this analysis of the crater floor are shown in Table 1.
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Figure 2. The overview of the dielectric constant estimation at the crater floor: (a) Normalized S1
parameter image of the crater (Isz_04556_1cd_xku_82n149_v1). (b) Estimated dielectric constant for
the whole crater. (c) The locations of the pixels where HPSS > 0.7 overlaid on the S1 parameter image.
(d) Estimated dielectric constant at the pixels where HPSS > 0.7 overlaid on the S1 parameter image.
The red circle indicates the crater floor.

Table 1. Dataset.

Local Time at Crater Floor
<hour>1

Mini-RF Data Season Diviner Data

18.01 (evening)
6.47 (morning)

: 4
5 pcp_avg_tbol_poln_sum_ltim71_240
Isz_04556_lcd_xku_82n149_v1 summer pep_avg_tbol_poln_sum_ltim73_240 4

1sz_04751_1cd_xku_82n152_v1 3 winter pcp_avg_tbol_poln_win_ltim27_240°

1 The hour is in decimals. 2 Isz_04556_1cd_xku_82n149 v1 was collected on 21 June 2010. 3 1sz_04751_1cd_xku_82n152_v1
was collected on 7 July 2010. 4 pep_avg_tbol_poln_sum_ltim72_240, the temperature distribution map at the time
closest to 18.01 h, was missing the data for the crater floor, so the average of the data before and after that time
were used. ° pcp_avg_tbol_poln_win_Itim26_240, the temperature distribution map at the time closest to 6.48 h,
and the data before that time (pcp_avg_tbol_poln_win_ltim25_240) was missing the data for the crater floor, so
the data before that time was used.

3. Results

We estimated the dielectric constant of the crater floor at two local times using the
model and obtained the surface bolometric temperature at each time. The estimated dielec-
tric constant values and the bolometric temperatures at the local time of 18.01 in summer
(hereafter, summer evening) and 6.47 in winter (hereafter, winter morning) are shown in
Figure 3. Figure 3a,c are the frequency distributions of the estimated dielectric constants at
the crater floor in the summer evening and the winter morning, respectively. Figure 3b,d
are the corresponding bolometric surface temperatures. Note that the bolometric tempera-
ture includes the measurement uncertainty induced by the noise in each channel. From
the noise-equivalent temperature difference of each channel [13], the uncertainty of the
bolometric temperature is about 0.5-5 K. Statistical values of the results are summarized in
Table 2.
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Figure 3. (a) The frequency distribution of the estimated dielectric constant of the crater floor for
pixels with HPSS > 0.7 in the summer evening. The bins for the estimated dielectric constants are
set to 0.25. (b) The bolometric temperature map around the crater in the summer evening. The
temperature in Table 2 was obtained by averaging the 2.5 km in diameter circle at the center of the
crater (red circle). (c) The frequency distribution of the estimated dielectric constant of the crater floor
at pixels with HPSS > 0.7 in the winter morning. The bins for the estimated dielectric constants are
set to 0.25. (d) The bolometric temperature map around the crater floor in the winter morning. The
temperature in Table 2 was obtained by averaging the 2.5 km in diameter circle at the center of the
crater (red circle).

Table 2. The estimated dielectric constant and surface bolometric temperature.

Local Time <hour> ! Tpor [K12 & Average eStd 3 & Median
18.01 (summer evening) 109.2 4.53 1.43 4.28
6.47 (winter morning) 58.7 4.14 0.84 3.99

1 The hour is in decimals. ? The temperature is the average in the red circle in Figure 3. 3 The standard deviation
of the pixels averaged.

4. Discussion
4.1. Temperature Dependence of the Dielectric Constant

The frequency distributions of the dielectric constants at the crater floor estimated
from the Mini-RF data at different local times appear to be different (Figure 3a,c). The
histograms at the two local times (Figure 3a,c) are somewhat similar except for a longer
tail for the summer evening. The two-sample Kolmogorov—-Smirnov test (KS test) and
the Mann-Whitney U test were performed, and the null hypothesis that the distribution
of the estimated dielectric constants for the summer evening and that for the winter
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morning follow the same distribution was rejected at a significance level of 5% with a
p-value 0; the shape of the distribution of the estimated dielectric constants is statistically
different between the summer evening and the winter morning. This might be attributed
to the temperature dependence of the dielectric constant. The Debye model [17] suggests
that the dielectric constant remains constant at very low temperatures (less than 150 K
or so, depending on the relaxation time of the dipole moment), which can explain the
similar shapes of the frequency distributions for the lower dielectric constants (i.e., lower
temperatures). On the other hand, the Debye model [17] and laboratory experiments [5]
indicate that the dielectric constant depends on the temperature at higher temperatures. In
this sense, the regions with higher surface temperatures may have larger dielectric constant
values, resulting in the broadening of the tails of the shape of the frequency distribution of
the dielectric constant of the summer evening.

Note that some estimated dielectric constant values appear to be outside the range of
the laboratory measurement result [5]. This may be partly due to the sensitivity of the Mini-
RF observations to various factors, such as the wavelength-scale roughness and the surface
slope [18]. The SAR backscattering from the surface depends on the Fresnel reflection
coefficients, which are directly related to the surface dielectric constant and the incidence
angle. Even though we studied the crater floor to minimize the topographical slope effect,
the actual radar incidence angle can vary from pixel to pixel due to the existences of
boulders or small-scale topography. Thus, if we interpret the SAR backscattering with an
inaccurate radar incidence angle, the estimated dielectric constant values can be biased.
This effect contributes to broadening the frequency distribution patterns of the dielectric
constant, which may explain the longer tail of the histogram and a larger standard deviation
for the summer evening.

The relatively large standard deviation for both the summer evening and the winter
morning can be attributed to the inherent speckle noise of SAR images or the potential
abundance of wavelength-scale rocks on the lunar surface and subsurface [6]. In addition,
the instrumentation and processing errors associated with the radiometric calibration and
retrieval of the H and V linear backscatter components cause the relatively large standard
deviation in the retrieved dielectric constant [10]. Further, advanced data processing meth-
ods to reduce the slope effect on the radar echo (e.g., [19]) might help reduce these errors.

4.2. The Threshold of the HPSS Parameter

As mentioned above, we used the pixels with HPSS > 0.7; the main conclusion remains
the same when we use different thresholds, such as 0.6 and 0.65. Figure 4c,d and Figure 4e,f
show the estimated dielectric constant for the pixels with HPSS > 0.65 and >0.6, respectively.
Note that the lower the threshold we use, the more pixels remain, probably due to the
existence of boulders [20]. In this case, double-bounce scattering is more likely to occur,
reducing the proportion of single scattering in the radar echo. Thus, the HPSS parameter
representing the dominance of single scattering is likely to become smaller.

Figure 5 shows the frequency distributions of the estimated dielectric constants for
different HPSS thresholds. Note that the shapes of the frequency distributions are similar
regardless of the HPSS values, with the exception of the summer evening results, which
consistently show longer tails. In the case with HPSS thresholds of 0.6 and 0.65, the two-
sample KS test and Mann-Whitney U test were also performed, and the null hypothesis
that the distribution of the estimated dielectric constants for the summer evening and that
for the winter morning follow the same distribution was rejected at a significance level of
5% with a p-value of 0; the longer tails in the summer evening are statistically significant
differences. Thus, the selection of the HPSS value is independent of the observed tendency
discussed in Section 4.1.
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Figure 4. Estimated dielectric constant at the pixels where HPSS is greater than the threshold overlaid
on the S1 parameter image. The red circle indicates the crater floor. (a,c,e) are the estimation result
from the data in the summer evening, and (b,d,f) are the estimation result from the data in the winter
morning. The threshold that determines whether to include the pixel when averaging the estimated
dielectric constants for the whole crater floor is set to 0.7 in (a,b), 0.65 in (c¢,d), and 0.6 in (ef).
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Figure 5. Frequency distribution of the estimated dielectric constant at the crater floor. The bins for
the estimated dielectric constant are 0.25. Red indicates the summer evening (i.e., the higher surface
temperature), while blue indicates the winter morning (i.e., the lower surface temperature). The solid
line represents the frequency distribution of the estimated dielectric constant in the case where the
HPSS threshold is 0.7, the dashed line represents the case when the threshold is 0.65, and the dotted
line represents the case when the threshold is 0.6.

In this study, we used the HPSS threshold to extract pixels with fewer rocks and less
slope within the crater floor. However, for a more accurate assessment, future research
might utilize data such as rock abundance derived from Diviner [21]. This approach could
enhance the precision of evaluating the dielectric constant of the regolith in future studies.

4.3. Difference in Observation Depth between Mini-RF and Diviner

The Mini-RF reflections come from the meter scale depth [11], while Diviner observes
the top few centimeters [13]. This means that the difference in the surface temperature
observed by Diviner does not necessarily represent the temperature difference of the
regolith down to the penetration depth of the Mini-RF observation. However, considering
that the thermal diurnal skin depth on the lunar surface is about 4-10 cm [22], and that
the estimated dielectric constant is likely more influenced by the shallower layers, the
temperature obtained by Diviner is still a good reference for discussing the dielectric
constants of the regolith materials down to the penetration depth of the Mini-RF observation.
For an accurate evaluation of the temperature of the regolith at the layer much deeper
than the diurnal skin depth, a fully three-dimensional numerical thermal model should be
invoked, though the uncertainty in the heat flux remains.

5. Conclusions

We estimated the dielectric constant values from the Mini-RF data of a crater floor in
the north polar region at two local times (the summer evening and the winter morning)
using the dielectric constant inversion method [6]. The bolometric surface temperatures
at these local times were derived from the Diviner observation data. The shapes of the
frequency distributions of the estimated dielectric constants in both the summer evening
and the winter morning are somewhat similar, except for a longer tail in the case of the
summer evening. The Debye model of the dielectric constant suggests that the dielectric
constant does not have a temperature dependence at a very low temperature. This can
explain the similarities in the frequency distribution plots in the parts of lower dielectric
constants. On the other hand, at a relatively high temperature, the value of a dielectric
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constant can increase, the effect of which might contribute to an increase in the deviations
of the estimated dielectric constants.

Our result might suggest that the dielectric constant of the lunar regolith depends
on the surface temperature as found by laboratory experiments [5]. This implies that the
influence of temperature on the dielectric constant is better considered when analyzing the
S-band radar observation data to study the nature of subsurface materials.
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Appendix A

A detailed full process of the model is explained here.
Polarimetric information obtained from quad-pol SAR observations can be expressed
as a3 x 3 coherency matrix T, under the assumption of reflection symmetry [12] as follows:

Tin T O
T=|T) Tn 0 (A1)
0 0 Ty

The Stokes parameters for the received signals have a mapping relationship with the
elements of T as shown below, where the upper and lower signs apply for left-hand circular
and right-hand circular transmission [23].

S1 $(Ti1 + Top + Tis)
S Re(Ti2)
= A2
S3 FIm(T2) (42
Sy 1 (Tos + T35 — 1)
The coherency matrix T can also be expressed in X-Bragg model [15] as
C1 Czsin C(2ﬁ1) 0
T = [Cpsinc(2B1) C3(1+sinc(4B1)) 0 (A3)
0 0 C3(1 —sinc(4B1))

where sin ¢(x) = sin(x)/x, and the coefficients C;, C;, and C3 are the Bragg components of
the surface as shown in Equation (A4). B; is a roughness indicator, the width of the uniform
distribution that the angle of the inclination of the plane where the scattering occurs.

i} 1
C1 = |[Rs+ Rp|%, C2 = (Rs + Rp)(R; — R}), C3 = §|R5 — Rp|? (A4)

Rg and Rp are the vertical and horizontal Bragg scattering coefficients, which are functions
depending only on the radar incidence angle 6 and the dielectric constant e.
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R _ cosf—y/e—sin? 0

N cos 0+1/e—sin2 0

(671)(51112 975(1+sin2 9))

(s cos 0++/ e—sin? 9) :

From (A1)-(A3), considering that Mini-RF transmitted left-hand circular polarization,
the Stokes parameters can be expressed in X-Bragg model as

(A5)
Rp =

Sl = 0.5(C1 + 2C3), Sz = Czsin C(2‘31), 53 = 0, 54 = 0.5(2C3 - Cl) (A6)

The alpha angle can be expressed by the Stokes parameters:

\/ S22 + 532
§= %tan_l (23) (A7)

Sy

and from (A6) and (A7), the alpha angle in X-Bragg model is

1, [ Cysinc(2p)
L) .

The indicator of roughness 1 cannot be calculated directly from hybrid polarimetric
SAR data [16]. To estimate 1, the hybrid polarimetric scattering similarity (HPSS), a
parameter describing the similarity between the scattering observed in radar echoes and
the standard single scattering, is introduced. On the lunar surface, the single scattering is
dominant in radar echoes when observing a surface with small roughness [24]. Thus, HPSS
can be interpreted as a measure to estimate 81. HPSS is calculated as the similarity between
the 2 x 2 average wave coherency matrix of radar echoes (J) and that of the pure single
scattering (Js).

_ Tr(J-Js")
‘HPSS(L<k)477?UTﬁYﬁ5 (A9)

where Tr denotes the trace of the matrix, and H denotes the Hermitian conjugate. | and Jg
are defined as follows [12]:

]:l S14+S2 S3—jS4
2 S3+j54 51—5;

=4 7]

where j is the imaginary unit. HPSS takes the value from 0 to 1, and as the HPSS approaches
1, the single scattering is dominant in the observed radar echoes. 31 should be calculated
so that it approaches 0 when the HPSS approaches 1, which means the single scattering is
more dominant. Thus, §; can be estimated as

(A10)

g = u-—%;ssyr (A1)

Now, « in Equation (A8) is a function depending only on ¢, because 81 can be calculated
from the Stokes parameters by Equations (A9)-(A11), and the coefficients C;, C;, and Cs
are a function of ¢ when 6 is known from data, due to Equation (A4) and (A5). The
dielectric constant can be estimated by obtaining «;,;, with Equation (A7) and «,,,4.; with
Equation (A8) as follows:

€= rng“'“dutu - “model(gf 6, HPSS)| (A12)
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