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Abstract

Studies of the lunar surface from Synthetic Aperture Radar (SAR) data have played a prominent role in the exploration of the lunar
surface in recent times. This study uses data from SAR sensors from three Moon missions: Chandrayaan-1 Mini-SAR, Lunar Recon-
naissance Orbiter (LRO) Mini-RF and Chandrayaan-2 Dual Frequency Synthetic Aperture Radar (DFSAR). DFSAR sensor is the first
of its kind to operate at L-band and S-band in fully and hybrid polarimetric modes. Due to the availability of only L-band data out of the
two bands (L-and S-band) for the study site, this study only used DFSAR’s L-band data. The dielectric characterization and polarimetric
analysis of the lunar north polar crater Hermite-A was performed in this study using Chandrayaan-1 Mini-SAR, LRO Mini-RF and
Chandrayaan-2 DFSAR data. Hermite-A lies in the Permanently Shadowed Region (PSR) of the lunar north pole and whose PSR
ID is NP_879520_3076780. Because of its location within the PSR of the lunar north pole, the Hermite-A makes an ideal candidate
for a probable location of water-ice deposits. This work utilizes S-band hybrid polarimetric data of Mini-SAR and Mini-RF and L-
band fully polarimetric data of DFSAR for the lunar north polar crater Hermite-A. This study characterizes the scattering mechanisms
from three decomposition techniques of Hybrid Polarimetry namely m-delta, m-chi, and m-alpha decompositions, and for fully polari-
metric data Barnes decomposition technique was applied which is based on wave dichotomy. Eigenvector and Eigenvalue-based decom-
position model (H-A-Alpha decomposition) was also applied to characterize the scattering behavior of the crater. This study utilizes the
hybrid-pol and fully polarimetric data-based Integral Equation Model (IEM) to retrieve the values of dielectric constant for Hermite-A
crater. The dielectric constant values for the Hermite-A crater from Chandrayaan-1 Mini-SAR and LRO Mini-RF are similar, which
goes further in establishing the presence of water-ice in the region. The values of the dielectric constant for Chandrayaan-2 in some
regions of the crater especially on the left side of the crater is also around 3 but overall the range is relatively higher than the com-
pact/hybrid polarimetric data. The dielectric characterization and polarimetric analysis of the Hermite-A indicatively illustrate that
the crater may have surface ice clusters in its walls and on some areas of the crater floor, which can be explored in the future from
the synergistic use of remote sensing data and in-situ experiments to confirm the presence of the surface ice clusters.
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1. Introduction

The moon, Luna (In Latin) the most fascinating and
nearest celestial body which is the brightest and largest as
seen in the clear night sky and the earth’s only natural
satellite whose distance is approximately 384,400 km from
earth, the only place outside our planet where human
beings have reached and explored the surface. Exploration
of the lunar surface is quite interesting and profound to us
in a lot of ways, but a question always arises to some of us,
why the moon is important to us? The answer to this is
thoroughly instructive as the moon is believed to be formed
around 4.5 billion years ago when a mars size object, Theia
hit the earth’s surface and this event caused the birth of our
Moon in this vast solar system (Herwartz et al., 2014). The
moon’s importance played a major role in its existence as it
controlled the spin axis of the earth from its gravity, at that
time the earth’s spin was much faster in comparison to the
present day which was around 5 h (Crawford, 2015). It is
also believed that the moon and earth once shared the same
magnetic field and must have lost it completely by 1.5 bil-
lion years ago (Landau, 2020). The existence and its evolu-
tion played a vital role in the existence of our planet as a
large celestial body revolving around our planet made the
orbit of the earth stable. Another role is of tidal effects that
reduced the spin of the earth from 5 h to around 24 h as
earlier our planet was spinning too fast. The most impor-
tant is the lunar tides, from where the marine life from
the seas came into existence which in this case is the result
of the origination of the life of the land, too (Crawford,
2015).

The moon is also a source of most of the mineralogical
resources which can be used for future space missions as a
good product of substitute of fuels that can be used for
future deep space explorations and the colonization of
mankind on the lunar surface (Bhandari & Srivastava,
2014). The recent findings of water ice content on its poles
which is believed to be buried or mixed with the regolith
and the water ice content findings apart from the poles also
show good hope in achieving our goals in near future and
inching towards our desire for deep space exploration
(Hayne et al., 2021; Li et al., 2018; Spudis et al., 2013).
The dependence on the extraction of minerals and the eco-
nomic activity related to it has been limited to one planet.
The use of lunar resources can be used for the exploration
of the lunar surface and they can also be used for the scien-
tific and economic activity of both earth and moon as well
as for the exploration of the other celestial bodies in the
solar system. Recent studies talk about the potential
resources on the lunar surface mainly solar wind implanted
volatiles, Helium-3, water, oxygen, metals (platinum group
2

metals), Iron and siderophile elements, titanium, alu-
minium, silicon, rare earth elements, thorium, and uranium
(Bhandari & Srivastava, 2014). The continued exploration
of the lunar surface will give a positive result in our goals
that can be achieved soon.

The continuous missions to the moon in the 21st century
by several space agencies such as SELENE (commonly
known as KAGUYA, Japan), Chang’ e-1, 2, 3, and 4
(China), Lunar Reconnaissance Orbiter (LRO, USA),
and Chandrayaan-1 & 2 (India) gives insightful informa-
tion about the lunar surface and the finding of water in
its surface is a boon to several upcoming missions. In the
past few decades, there is a halt in particularly manned mis-
sions to the moon and to collect the samples but the intent
of ‘return to the moon’ and Chang’ e-5 (robotic sample
return mission) gives us hope to explore its surface that
has been unexplored till now and more findings of water
on the lunar surface will work as a catapult to several other
space missions, especially Mars and maybe future deep
space missions. The presence of water in large quantities
on the moon could be a dominant constituent in future
missions as this can be used for drinking, cooling equip-
ment, breathing, and making rocket fuel for future space
missions.

Recent studies were done by Stratospheric Observatory
for Infrared Astronomy (SOFIA) and Lunar Reconnais-
sance Orbiter (LRO) giving an insight into the water on
the sunlit moon and micro cold traps on the moon, respec-
tively (Hayne et al., 2021; Honniball et al., 2021). Remote
sensing plays a pivotal role in providing information to the
earth’s surface as well as the planetary surfaces. Synthetic
Aperture Radar (SAR) data mainly depends on system
parameters that include wavelength, polarization, and
angle of incidence and target parameters that include struc-
tural and electrical properties of the targeted object
(Woodhouse, 2006). It was first suggested by Arnold about
the possible sources of water ice at the lunar poles (Arnold,
1979). Most of the areas of lunar poles, especially the
impact craters are permanently shadowed regions that do
not receive light from solar radiation because of the small
inclination of 5� in the rotation (Li et al., 2018). As a result
of this, the surface temperatures in this region are very low
and are the probable location of water ice. These areas are
called as Permanently Shadowed Region (PSR) of the
moon. Dielectric characterization of the lunar surface espe-
cially the polar regions will give insightful information
about the possible locations of water ice.

Several studies have been done in the past to calculate
the dielectric constant values of the lunar regolith to iden-
tify the possible locations of water ice deposits in the rego-
lith and this was done by various modeling techniques
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(Shukla et al., 2020). By performing the Odelevsky model
in one of the works done by (Meng et al., 2010) to extract
the dielectric constant of the lunar regolith for the Cabeus
crater. It was done with the relation of microwave bright-
ness temperature and dielectric constant of the regolith.
This was done with the data of the microwave radiometer
onboard the Chang’e-1 satellite. The Campbell’s inversion
model (Campbell et al., 2002) was used by (Calla et al.,
2014a) for analyzing the dielectric constant over hybrid
polarimetric data of Mini-RF and it was developed on
the relationship between measured radar backscattering
and dielectric constant over Mars analogue environments
on Earth. This model works when the radar measurements
are made in vertical polarization and linear horizontal and
for rock dust surfaces. This model uses the HH and VV
polarizations for calculations of the backscattering coeffi-
cient and it also utilizes the density factor of soil as an
input parameter in addition to the storage factor to calcu-
late the loss factor. Another work was done by
(Bhattacharya et al., 2015) which used a model that was
proposed by them to predict the dielectric permittivity of
the regolith of the lunar surface. As it is known that the
hybrid polarimetry data of Mini-RF and Mini-SAR are
available in Stokes parameter and under the condition of
reflection symmetry, coherency matrix is extracted and it
is then used to calculate the particle anisotropy parameter.
The dielectric permittivity and its relationship with aniso-
tropy are used for the estimation. The use of density and
any deduced knowledge of density is not used in this
model. This model also assumes that the regolith is a ran-
dom cloud of small randomly oriented ellipsoidal particles.
The model predicts that the shape ratio and orientation dis-
tribution of the constituent regolith particles are the factors
on which the dielectric permittivity is based.

SAR data can be used to study the geophysical param-
eters of the lunar surface and it can be done with help of
polarimetric data-based scattering properties retrieval of
the lunar surface (Vashishtha & Kumar, 2021; Kumar
et al., 2022a). Polarimetric SAR (PolSAR) can differentiate
scattering elements in a single resolution cell (Babu et al.,
2022; Garg et al., 2022; Maiti et al., 2021; Verma et al.,
2022). A target area is an area that contributes to three
types of scattering patterns namely Surface scattering,
double-bounce scattering, and volume scattering and the
mixture of these scattering patterns gives precise details
about the physical properties of the target area (Kumar
et al., 2019, 2020, 2022b). Temperature, mineral content,
grain size, moisture, density, frequency, etc. are the factors
that influence the electrical properties of a material. One of
the most important electrical parameters of the lunar sur-
face that provides basic data imperative for further explo-
ration of the surface is the Dielectric constant, which can
be calculated at microwave frequency using the scattering
coefficient (Shukla, 2019; Shukla et al., 2020). The main
objective of this research is to utilize compact and fully
polarimetric SAR data for dielectric characterization of
the Hermite-A crater and comparison with the map of ice
3

clusters that were generated in the previous studies for
the permanently shadowed region (Li et al., 2018;
Tavares, 2018).
2. Study area and data

The study area chosen in this study is the Hermite-A
crater which is situated in the lunar North Pole. Hermite-
A crater is located in proximity to a large crater called Her-
mite. The diameter of this crater is approximately around
20 km and its coordinates are 87.8� N and 47.1� W. It is
also known as one of the coldest places in the solar system
as its temperature is around 26 K. Most of the part of this
crater is in PSR and it is also called a twin of Shackleton
because of its bowl-shaped structure (Calla et al., 2016).

Permanently shadowed regions (PSRs) are often com-
pared to cold traps, but these are not necessarily the same
thing since energy re-radiated from illuminated slopes can
generate regions where water ice cannot survive geologi-
cally. Williams et al. (2019) provided thermal data for the
north pole and south pole from the Diviner polar temper-

ature data, which shows 5300 km2 of permanent cold traps

(110 K maximum annual temperature) and 13,000 km2

respectively for the north and south pole (Williams et al.,
2019). Williams et al. (2019) also concluded that the sea-

sonal cold traps are 17,500 km2 for the north pole and

24,300 km2 for the south (Cannon et al., 2020; Williams
et al., 2019). Li et al. (2018) concluded that around 3.5%
of cold traps exhibit ice exposures. It has been demon-
strated with spectral modeling that some ice-bearing pixels
may contain up to 30 wt% ice mixed with dry regolith. The
observation of spectral features of H 2O shows that water
ice is trapped and accumulates on the Moon in regions that
are permanently shadowed, and that in some locales, it is
exposed at the surface of the Moon’s modern optical atmo-
sphere (Li et al., 2018). There are deposits in the perma-
nently shaded craters near the south pole consistent with
a thick ferroan anorthosite regolith containing
1670 ± 890 ppm hydrogen, which would equal to
1.5 ± 0.8% weight fraction of H 2O. There is also a possibil-

ity of 1.35 � 108 (2.4 � 108) metric tons of water ice within

the area of 2250 (4000) km2 areas estimated to be in perma-

nent shade in the south and 0.62 � 108 metric tons of water

ice within the 1030 km2 of estimated shade in the north
(Feldman et al., 2000, 2001). Previously it was estimated

that the lunar cold traps occupy around 104 km2 then a
ten-meter-thick pure subsurface ice deposit in all cold traps
could account for up to 100 billion tons of water ice on the
Moon (Paige et al., 2010; Rubanenko et al., 2019). Both of
the polar regions cover a large amount of PSR and are con-
sidered to be very cold (Fisher et al., 2017; Spudis et al.,
2013; Vasavada et al., 1999).

This study utilizes the datasets of three lunar missions
Chandrayaan-1 (ISRO-India), LRO (NASA-USA), and
Chandrayaan-2 (ISRO-India), and the SAR sensors used



Table 2
Dataset detail of fully polarimetric data used.

Sr

No.

Sensor Name Date of

Acquisition

Scene-Id

ch2_sar_nrxl
Band

1 Chandrayaan-2
DFSAR

19-10-2019 20191019t011733461_d_fp_d18 L

2 Chandrayaan-2
DFSAR

16-11-2019 20191116t220423370_d_fp_d18 L
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in this mission are Mini-SAR, Mini-RF, and DFSAR
respectively. Chandrayaan-10s mission of the Indian Space
research Organisation (ISRO) took place in 2008 and con-
sisted of several payloads which included Mini-SAR as
well. The major scientific objective of this instrument was
to detect water ice in the PSRs on the lunar poles up to a
depth of a few meters (Bhandari & Srivastava, 2014).
Mini-SAR used S-band and has a wavelength of 12.6 cm
and has incidence angle of 35�. The spatial resolution of
the image strips is 75 m per pixel and the mode of acquisi-
tion is monostatic (Spudis et al., 2009). Preliminary results
that were concluded from Mini-SAR were that the CPR
values in the North Polar Regions were in the range of
0.1–0.3. A group of craters was identified that showed a
high CPR value between 0.6 and 1.7 in the interior of the
crater, but it was less on the exterior of the rim of the cra-
ter, which was around 0.2–0.4. The LRO was launched in
2009 and a developed version of the SAR instrument of
the Chandrayaan-1 mission was on board i.e., Mini-RF.
Mini-RF instrument has a hybrid polarimetry architecture
and is a side-looking radar operating in circular transmit
and linear receive mode in S-band and X-band. The
antenna beamwidth is 4.8� in azimuth and 8.5� in elevation
and it is available in monostatic and bistatic modes. Ini-
tially, it operated in the monostatic mode but after the fail-
ure of the transmitter Arecibo Observatory in Puerto Rico
was used as a transmitter at the S-band wavelength. It
focuses on the lunar poles that were unexplored earlier
for the possible locations of ice deposits, volatile, impact,
and volcanic processes on the moon. It has also mapped
the PSR of the lunar poles for the polar volatiles
(Vondrak et al., 2010). The DFSAR instrument aboard
Chandrayaan-2 is a dual-frequency monostatic system
operating at the L-band (24 cm) and S-band (12 cm) at
an altitude of 100 km. One of the main features of this
radar sensor is that it is the first L-band polarimetric
SAR that is utilized for lunar studies, which will be used
for deeper penetration into the regolith and it is also the
first fully polarimetric SAR to orbit the moon. The instru-
ment can also acquire imaging in single, dual, and hybrid-
circular polarimetry and the resolution capacities from 2 m
to 75 m in the slant range with incidence angles ranging
from 9.6� to 36.9� (Patterson et al., 2020; Putrevu et al.,
2020). The fully polarimetric mode in this aims for unam-
biguous detection and the characterization and quantita-
tive estimation of the water-ice in the permanently
shadowed region of the lunar poles. Table 1 provides infor-
mation on LRO Mini-RF data and Chandrayaan-1 Mini-
Table 1
Dataset details of Hybrid Polarimetry data used.

Sr No. Sensor Name Scene-Id Band

1 LRO Mini-RF lsz_06871_1cd_xku_88n304_v1 S
2 Chandrayaan-1

Mini-SAR
fsb_01744_1cd_xiu_85n339_v1 S
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SAR data. Table 2 provides the information on the 2 sce-
nes of the L-band DFSAR data that are used for polari-
metric characterization and dielectric estimation of the
Hermite-A crater.

Fig. 1 shows the mosaic of 60 scenes of Chandrayaan-2
DFSAR data for the north pole of the lunar surface. The
details of these scenes are shown in Table A1 of Appendix
A. The color composite of L-band DFSAR data is seen in
this mosaic which is a Lexicographic RGB representation
of level-2 Map projected, Seleno Referenced Image (SRI)
data. The Clementine Basemap has been used in the back-
ground to give a proper interpretation of the lunar surface.
The Clementine Basemap was downloaded from the USGS
Astrogeology Science Centre (https://astrogeology.usgs.-
gov/). The red areas show the PSR region on the lunar sur-
face. The PSR region of the lunar surface was taken from
the Lunar Orbiter Laser Altimeter (LOLA) and it could be
downloaded from the LROC website (https://lroc.sese.asu.
edu/psr).

As shown in Fig. 2(a) that the Hermite-A crater is seen
with the area of its PSR and its PSR ID is
NP_879520_3076780 to cover the maximum area of the
crater mosaic of two scenes of the SRI product were used
(ch2_sar_nrxl_20191019t011733461_d_fp_d18 and
20191116t220423370_d_fp_d18). Fig. 2(b) shows the Pauli
color composite of Single Look Complex (SLC) Slant
range Image (SLI) data, which also shows volume scatter-
ing in the crater.

3. Methodological approach

The methodology adopted in this study for polarimetric
characterization of Hermite-A crater for Mini-SAR and
Mini-RF datasets is shown in Fig. 3. Five decomposition
techniques have been used in this study. It includes three
decomposition techniques for Hybrid-polarimetry data of
LRO Mini-RF and Chandrayaan-1 Mini-SAR and two
for fully polarimetric L-band data of DFSAR of
Chnadrayaan-2. These are used for the characterization
of the lunar crater based on the scattering patterns involved
in these regions. The decomposition technique involved in
this study for Hybrid polarimetry data are m-delta, m-
alpha, and m-chi decomposition and for fully polarimetric
data is the Barnes decomposition technique and H-A-alpha
decomposition technique which is based on the polarimet-
ric parameters.

https://astrogeology.usgs.gov/
https://astrogeology.usgs.gov/
https://lroc.sese.asu.edu/psr
https://lroc.sese.asu.edu/psr


Fig. 1. Mosaic of the North Pole color composite images of the Chandrayaan-2 DFSAR scene with the names of the craters and permanently shadowed
region (Red polyline). Clementine base map is used in the background to show the North Polar Region.
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The data format involved in these for both LRO Mini-
RF and Chandrayaan-1 Mini-SAR is a CDR dataset that
consists of four bands, and each has different channels of
data. The Level 1 data file of Chandrayaan-1 Mini-SAR
consists of four pieces of information (Kausika, 2013;
Reid, 2011).

Band 1 = Horizontal channel with configuration as

jLH j2
Band 2 = Vertical channel with configuration as jLV j2
Band 3 = Real value of LH � LV �

Band 4 = Imaginary value of LH � LV �
5

There are four channels of four bytes per pixel in a strip
of LRO Mini-RF and Chandrayaan-1 Mini-SAR data.
Chandrayaan-10s Mini-SAR transmitted left circular polar-
isation and received linearly polarised horizontal and verti-
cal components of the electric field vectors. LH represents
the transmission of left circular polarisation and H and V
show the receiving of linearly polarimetric horizontal and

vertical polarisations. This is shown by jLH j2, jLV j2, real
ðLH � LV �Þ, and imaginary ðLH � LV �Þ. Horizontally
and vertically receiving intensity images are shown in

jLH j2 and jLV j2 respectively. The real and imaginary com-
ponents ðLH � LV �Þ, respectively, represent the real and



Fig. 2. (a) Lexicographic RGB presentation of level-2 Map Projected, Seleno Referenced Image (SRI) data (ID-
ch2_sar_nrxl_2019101t011733461_d_fp_d18, ch2_sar_ncxl_20191116t220423370_d_fp_d18)(PSR is shown in red polyline whose PSR ID is
NP_879520_3076780) (b) Pauli Color composite of Single Look Complex (SLC) Slant Range Image (SLI) data.
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imaginary components of the complex value for the cross
power intensity image between horizontally and vertically
receiving (Calla et al., 2014a; Mohan et al., 2011). These
are used to derive the four Stokes Parameters which are
shown in Eq. (1). S1, S2, S3, and S4 are the four Stokes
parameters.
S1

S2

S3

S4

8>>><
>>>:

9>>>=
>>>;

¼
band 1þ band 2 ¼< jLHj2 þ jLVj2 >
band 1� band 2 ¼< LHj j2 � LVj j2 >

2� band 3 ¼ 2 Re < LH :LV� >

�2ð Þ � band 4 ¼ �2 Im < LH :LV� >

8>>><
>>>:

9>>>=
>>>;

ð1Þ

6

After the evaluation of the Stokes parameters, Stokes
child parameters can be evaluated which are used in the
decomposition techniques for Hybrid Polarimetry data.

So, from Stokes child parameters m, d, and v is calcu-
lated and the degree of polarization (m) is calculated from
Eq. (2).

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2
2 þ S2

3 þ S2
4

q
S1

ð2Þ

The degree of polarization for a completely polarized
wave is 1 and for a completely unpolarized wave is 0.

The relative phase (d) denotes double bounce scattering
and is calculated as per Eq. (3).



Fig. 3. Methodological Flow Diagram.
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d ¼ tan�1ðs4=s3Þ ð3Þ

The ellipticity parameter (v) is sensitive to double
bounce scattering compared to the surface scattering and
is calculated as per Eq. (4).

Sin2v ¼ �S4=mS1 ð4Þ
3.1. m-d decomposition

This decomposition is mainly used in land and oceanic
research fields to differentiate between surface and double
bounce scattering. The parameters in this decomposition
7

are m, relative phase, and orientation angle (d) (Raney
et al., 2012). It is calculated by Eqs. (5), (6), (7).

s ¼ ½mS1

ð1þ sindÞ
2

�
1=2

ð5Þ

v ¼ ½S1ð1� mÞ�1=2 ð6Þ

d ¼ ½mS1

ð1� sindÞ
2

�
1=2

ð7Þ

Where, s = odd-bounce scattering, v = volumetric scatter-
ing, and d = even-bounce scattering.

The parameters are dependent mainly on two compo-
nents d and degree of polarization (m). d differentiates



Fig. 4. m-delta decomposition of Chandrayaan-1 (Mini-SAR) (a) Double-bounce scattering, (b) Volume scattering, (c) Surface scattering, and (d) RGB
color composite.
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between surface and double bounce which makes it an
important parameter. So, the positive value of d shows
signs of the dominance of surface scattering and the nega-
tive value for the double bounce scattering dominance.

3.2. m-v decomposition

This decomposition is widely used in differentiating
even-bounce scattering from odd-bounce scattering from
the lunar surface and the parameters that are used are m,
v, and S1. This decomposition technique was the first time
used by Raney in hybrid polarimetric data (Raney et al.,
2012) and was used in several other applications (Tomar
et al., 2019). Calculations of the parameters in this decom-
position are shown in Eqs. (8), (9), (10).

s ¼ ½mS1

ð1� sin2vÞ
2

�
1
2

ð8Þ

v ¼ ½S1 ð1� mÞ�12 ð9Þ

d¼ ½mS1

ð1þ sin2vÞ
2

�
1
2

ð10Þ

Where, s = odd-bounce scattering, v = volumetric scatter-
ing, and d = even-bounce scattering.
8

3.3. m-a decomposition

This decomposition is derived from the m-a decomposi-
tion method which is based on eigenvalue and the param-
eters are the degree of polarization (m) and polarization
angle (a) (Tomar, 2015). a is calculated from Eq. (11).

a ¼ 2jvj ð11Þ
m-a decomposition is calculated by Eqs. (12), (13), (14).

s ¼ ½mS1

ð1þ cos2aÞ
2

�
1=2

ð12Þ

v ¼ ½S1ð1� mÞ�1=2 ð13Þ

d ¼ ½mS1
ð1� cos2aÞ

2
�
1=2

ð14Þ

Where, s = odd-bounce scattering, v = volumetric scatter-
ing, and d = even-bounce scattering.

The value of alpha (a) is in the range of 0 and p/2. If the
value of a is equal to 0 then it shows surface scattering, if it
is in the range of p/4 then it shows volume scattering and if
it is equal to p/2 then it is double-bounce scattering.

CPR is a key parameter to determine the presence of
water ice content on the lunar surface. It is defined as the



Fig. 5. m-delta decomposition of LRO (Mini-RF) (a) Double-bounce scattering, (b) Volume scattering, (c) Surface scattering, and (d) RGB color
composite.
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ratio between received power in the same sense (SC) to the
transmitted in the opposite sense (OC) (Raney, 2007;
Raney, 2006; Raney et al., 2021; Kumar et al., 2022a).
CPR can be evaluated from the first and fourth Stokes
parameters (Eq. (15)). Rough surfaces have a high CPR
value which is more than unity as the incident radar wave
bounces more than once which leads to more same sense
(SC) signals resulting in high CPR. Usually, in surface scat-
tering, the CPR value is less than unity.

CPR ¼ ðs1 � s4Þ=ðs1 þ S4Þ ð15Þ
3.4. Dielectric constant

For this study, the dielectric constant is defined as a sur-
face’s response to an incident EMR, which is primarily in
the microwave band. The attenuation factor (Af) for this
is defined mathematically as shown in Eq. (16) (Shukla,
2019; Vashishtha & Kumar, 2021).

Af ¼ exp
4pf e

0 0
d

c
ffiffiffi
e0

p
� �

ð16Þ

In the above equation, f is the frequency of the incident
electromagnetic wave, c is the velocity of the electromag-
netic wave, the thickness of the surface is denoted by d
and the complex dielectric constant is e = e׳ – ie ׳׳ .
9

The real part of a target surface’s dielectric constant is
just a density of the medium parameter, which is shown
in the following Eqs. (17), (18) (Shukla, 2019; Shukla
et al., 2019; Olhoeft and Strangway, 1975).

e ¼ ð1:93� 0:17Þq ð17Þ
tan d ¼ 100:038Sþ0:312q�3:260 ð18Þ

The detailed equation parameters are derived in Shukla
(2019), Shukla et al. (2019), and Olhoeft and Strangway
(1975). In higher CPR values (>1), one can expect
double-bounce scattering or volume scattering as a result
of the small size particles made up of the lava flow (Calla
et al., 2014b). As stated earlier that CPR is a key parameter
to determine the presence of water ice content if the values
of CPR are high (Calla et al., 2015; Mohan et al., 2013).
The areas which show CPR less than unity act as a Braggs
scattering surface (Shukla and Kumar, 2018). The presence
of water ice can not be only confirmed by high CPR values
as it could be due to surface roughness (Calla et al., 2016).
The ice and regolith have similar dielectric properties which
result in difficulty distinguishing radar returns (Fa et al.,
2011; Spudis et al., 2013). Eke et al. (2014) also concluded
that the craters which show areas having CPR more than
unity can be due to the interaction of EMR to the bound-
ary of water ice which suggests that the locations can be



Fig. 6. m-chi decomposition of Chandrayaan-1 (Mini-SAR) (a) Double-bounce scattering, (b) Volume scattering,(c) Surface scattering, and (d) RGB
color composite.
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holding probable water ice deposits (Eke et al., 2014). Calla
et al. (2016) showed using the Terrestrial Analogue of
Lunar Soil (TALS), values of the dielectric constant were
found to be fairly close to those observed at the Apollo-
17 landing site, Taurus Littrow valley (Calla et al., 2014a,
2016). It was suggested by Calla et al. (2015) that the vari-
ation in received LH and LV components is affected by
polarization states (same sense-SC and opposite sense-
OC), as well as polarization parameters (m, delta-d, chi-
v, CPR) (Calla et al., 2015).

The Apollo-17 mission was the final landing moon mis-
sion of the Apollo program in which the samples of the
landing site Taurus Littrow valley were collected. The land-
ing site is located at the coordinate 30�44058.300 east longi-
tude by 20�9050.500 north latitude. The location of the site is
quite interesting as Taurus and Littrow are the surrounding
mountains and a crater respectively from which the name
of the location site is derived from. The landing site is a
part of the Serenitatis basin and is located on its southeast-
ern rim. The landing site is surrounded by mountains or
massifs which are north massif, south massif, and east mas-
sif (Wolfe et al., 1981). An interesting point to note is that a
dark material is present on the surface of the floor and its
composition shows that it is not part of the highland region
of the moon, but it is of volcanic origin. The regolith of the
landing is rich in basalt ejects, especially the uppermost
part and is 1400 m thick (Wolfe et al., 1981). The last
10
Apollo mission also included the Lunar Roving Vehicle
(LRV) and the Extravehicular Activity (EVA) done by it
included the sample data collection. From the return sam-
ples and the experiments done in the laboratory, the max-
imum values of dielectric constants were calculated which
were between 2 and 3.2 (Bhattacharya et al., 2015; Gold
et al., 1976; Wolfe et al., 1981). Vashishtha & Kumar
(2021) also calculated the dielectric values of this site from
the Gaussian Model which came out to be 3.9867 in aver-
age value (Vashishtha & Kumar, 2021). The Gaussian
model has been used in this study to determine the values
of the dielectric constant. Calla et al. (2014a) also measured
the values of the dielectric constant with the Terrestrial
Analogue of Lunar Soil (TALS) which was around 3.61–
4.22.
3.5. SAR backscatter modeling

The computed backscatter energy is dependent on vari-
ous elements such as the dielectric constant, surface rough-
ness, wavelength of EMR, frequency of EMR, incidence
angle, and type of polarisation. Retrieving dielectric con-
stant values from the radar backscatter coefficient is a dif-
ficult operation. As a result, separating the contributions of
each of these components and determining the value of
each factor is difficult. After computing the equations of
theoretical empirical models to generate enormous data-



Fig. 7. m-chi decomposition of LRO (Mini-RF) (a) Double-bounce scattering, (b) Volume scattering, (c) Surface scattering, and (d) RGB color
composite.
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sets, any inversion approach is used to recover the value of
any particular parameter, such as the dielectric constant in
this work. Many electromagnetic backscattering models
are available, such as the Kirchhoff Model, the Small Per-
turbation Model, and the Integral Equation Model (IEM),
which can be used to generate simulated datasets. The
range of roughness, which differs among different models,
is the criterion for these models. To generate the simulated
values in this work, the latest model IEM was used. IEM is
a radiation transfer model based on a theoretical (physical)
model. It is suitable for different roughness conditions and
spatial independence by combining the Kirchoff model and
the small disturbance model (SPM). Compared with other
empirical models, this method is more suitable for extrater-
restrial weathering layers, because its parameters depend
on the location and have a wide range of surface roughness
(Shahsavarhaghighi et al., 2013).

A.K Fung was the first to design the full version of the
IEM model. It depends on a more detailed description of
the integral equation of the electric field (Fa & Cai,
2013). The like-polarized backscattering coefficient r0 can
be represented in the Integral Equation Model (IEM)
(Shukla et al., 2019).

r0
pp¼

k2

2
e�2k2zr

2
h

X1
n¼1

r2n
h jInppj2Wnð�2kx; 0Þ

n!
ð19Þ
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Where,

Inpp ¼ ð2kzÞnfppe�r2
h
k2z þ kn

z Fpp �kx; 0ð Þ þ Fppðkx; 0Þ
� �

2
ð20Þ

As a function of the Fresnel reflection coefficient, the
IEM equation parameters fvv and fhh can be expressed as
follows (Shukla, 2019).

fvv = 2Rv/cos h, fhh = �2Rh/ cos h.

Fvv �kx; 0ð Þ þ Fvvðkx; 0Þ½ � ¼ 2 sin2h ð1þ RvÞ2
cosh

� 1� 1

e

� �
þ e� sin2h� ecos2h

e2cos2h

� �
ð21Þ

Fhh �kx; 0ð Þ þ Fhhðkx; 0Þ½ � ¼ � 2 sin2h 1þ Rhð Þ2
cos h

e� 1

cos2h

� �

ð22Þ

where, e: complex dielectric constant, kz = k cos h, kx = k
sin h.

Rh and Rv: Fresnel reflection coefficients for horizontal
and vertical polarizations are given by Eqs. (23), (24).

Rh ¼
cosh�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� sin2h

p
coshþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� sin2h

p ð23Þ



Fig. 8. m-alpha decomposition of Chandrayaan-1 (Mini-SAR) (a) Double-bounce scattering, (b) Volume scattering,(c) Surface scattering, and (d) RGB
color composite.
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Rv ¼ e cosh�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� sin2h

p
e coshþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e� sin2

p
h

ð24Þ

Wn (u,v) is represented by the Fourier transform of the
nth power of surface correlation function q(x,y) and given
by Eq. (25).

Wn u; vð Þ ¼ 1

2p

Z 1

�1
qn x; yð Þe�jux�jvydxdyð25Þ

The Gaussian surface correlation functions are given by
Eq. (26).

q x; yð Þ ¼ e
� x2

L2x
�y2

L2y
ðGaussianÞ ð26Þ

Lx and Ly are given by correlation length in the x and y
directions.

A simulation was performed using Eqs. (19)-(26) and the
simulated data were used for training the Artificial Neural
Network (ANN) based model. Compact/Hybrid-pol Mini-
SAR and Mini-RF data-based dielectric constant retrieval
were performed using the Nonlinear Multi-Layer Percep-
tron (MLP) Regression by Artificial Neural Network
(ANN) as mentioned in the research carried out by
Vashishtha & Kumar (2021). Backpropagation algorithm
(as mentioned in Hayklin, 1994) that was performed on
fully polarimetric L-band DFSAR data was used for model
12
fitting (Hayklin, 1994). The details of the algorithm for
retrieval of dielectric values for Hermite-A crater using
DFSAR data are given in Appendix B.
3.6. Decomposition models for the fully polarimetric dataset

For characterization of L-band DFSAR of
Chandrayaan-2 fully polarimetric dataset, two decomposi-
tions techniques have been used in this study namely Bar-
nes Decomposition and H-A-Alpha decomposition.
Barnes decomposition is based on the ‘wave dichotomy’
and H-A-Alpha decomposition is based on eigenvalue
and eigenvector (Kumar et al., 2022a). The use of these
two decompositions in this study was to minimize the over-
estimation of particular scattering (Shafai & Kumar, 2020;
Bhanu Prakash & Kumar, 2021a, 2021b; Ramya & Kumar,
2021) in a target area which is easily seen in the model-
based decomposition techniques.

Initially, for L-band data, the calibration was performed
on the polarimetric channels of SLC data at the linear
scale. The radiometric calibration of the DFSAR data
was performed using Eq. (27) (Bhiravarasu et al., 2021;
Kumar et al., 2022a).

r0 linearð Þ ¼ DNi;j

10
k
10

ð27Þ
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4. Results and discussion

4.1. Characterization of Hermite-A crater

Hermite-A crater is a small crater which is situated near
the Hermite crater in the North Pole. Hermite-A does lie in
the PSR region. The characterization of this crater is on
three decomposition techniques and CPR for Hybrid-Pol
data of Chandrayaan-1 and LRO which is of S-band.
For Fully polarimetric data of DFSAR of Chandrayaan-
2, the Barnes decomposition technique and H-A-a decom-
position technique has been used to analyze the different
scattering mechanisms and polarimetric parameters includ-
ing the CPR.

4.1.1. m-d (m-delta) decomposition

In this decomposition, the analysis is being made based
on three scattering mechanisms which are surface, double-
bounce, and volume scattering. The RGB composite image
from all these scattering mechanisms has been made for the
crater to analyze the scattering pattern and the extent of
ejecta around the rim of the crater. The colors like cyan,
magenta, and yellow have been included to indicate the
mixing of the scattering patterns.
Fig. 9. m-alpha decomposition of LRO (Mini-RF) (a) Double-bounce scatt
composite.
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Fig. 4 shows the RGB composite of the m-d decomposi-
tion of the Hermite-A crater of Mini-SAR of
Chandrayaan-1 data which shows the dominance of vol-
ume scattering in the crater walls, whereas the crater base
and the surrounding area around the rim show the domi-
nance of surface scattering and double bounce scattering.
The crater base and the surrounding areas are smooth, so
the surface scattering is more prominent in these regions.
The small peak present in the crater floor depicts volume
scattering. Double-bounce scattering is visible in the crater
base and outside the crater rim which can be because of the
natural dihedral structure in the surroundings. The mean
values of volume scattering are 0.136, for surface scatter-
ing, it is 0.125 and for double-bounce scattering, it is 0.117.

Fig. 5 shows the RGB composite of the m- d decompo-
sition of the Hermite-A crater seen from Mini-RF from
LRO, which shows that the dominance of volume scatter-
ing is found in the crater walls suggesting that the walls
of the crater are of the rough surface as it was seen in m-
d decomposition and the m-v decomposition of the Mini-
SAR data. The crater base also has double-bounce and sur-
face scattering in some of the regions, but the small peak
present in the crater base is showing volume scattering
and some of the regions of the crater walls are showing
ering, (b) Volume scattering, (c) Surface scattering, and (d) RGB color



Fig. 10. Barnes decomposition for Chandrayaan-2(DFSAR) (a) Full
scene of the data covering Hermite-A crater (b) Zoomed view of Hermite-
A crater.
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both double-bounce and surface scattering elements. The
crater walls are clearly showing all the scattering and the
crater walls, but volume scattering is seen as dominant.
The Magenta color in the crater base and the surrounding
around the rim show the combination of double-bounce
and surface scattering. The mean values of the volume scat-
tering are 0.219 and for the double-bounce is 0.19 which is
the lowest and for surface scattering is 0.2.

4.1.2. m-chi decomposition

Fig. 6 shows the RGB composite of the m-v decomposi-
tion of the Hermite-A crater seen from Mini-SAR data of
Chandrayaan-1, which shows that the dominance of vol-
ume scattering is found in the crater walls suggesting that
the walls of the crater are of the rough surface as it was
seen in m-d decomposition. The crater base has double-
bounce and surface scattering as in dominance, but the
small peak present in the crater base is showing volume
scattering. The crater walls are clearly showing all the scat-
tering and the crater walls are much more visible in this
decomposition technique in comparison to the m-delta
decomposition. The Magenta color in the crater base and
the surrounding around the rim show the combination of
double-bounce and surface scattering. The mean values
of the volume scattering are 0.136 and for double-bounce
is 0.117 and surface scattering is 0.118 which is nearly the
same.

Fig. 7 shows the RGB composite of the m-v decomposi-
tion of the Hermite-A crater seen from Mini-RF from
LRO, which shows that the dominance of volume scatter-
ing is found in the crater walls suggesting that the walls
of the crater are of the rough surface as it was seen in m-
d decomposition and the m-v decomposition of the Mini-
SAR data. The crater base also has double-bounce and sur-
face scattering in some of the regions, but the small peak
present in the crater base is showing volume scattering
and some of the regions of the crater walls are showing
both double-bounce and surface scattering. The crater
walls are clearly showing all the scattering and the crater
walls, but volume scattering is seen as dominance. The
Magenta color in the crater base and the surrounding
around the rim show the combination of double-bounce
and surface scattering. The mean values of the volume scat-
tering are 0.219 and for double-bounce is 0.186 which is the
lowest and for surface scattering is 0.201.

4.1.3. m-alpha decomposition
Fig. 8 shows the RGB composite of m-a decomposition

of Hermite-A crater seen from Mini-SAR data of
Chandrayaan-1, which shows that the dominance of vol-
ume scattering is found in the crater walls suggesting that
the walls of the crater are of the rough surface as it was
seen in m-d and m- v decomposition. High volume scatter-
ing is seen in the crater walls as it was seen in the other two
decompositions i.e., m-d and m-v. But in this, the crater
base shows the dominance of surface scattering, and it is
also seen on the outside of the crater rim. A very small scat-
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tering of double bounce is seen in the rim connected to the
crater which can be because of the presence of natural dihe-
dral in the region. The peak in the crater base also shows
the volume scattering. The small craters in the region out-
side the crater also show volume scattering whereas, the
surface scattering outside the crater shows the area to be
smooth which was not in the case of the other two decom-
positions. The mean values of volume scattering are 0.136
which is similar to all the decompositions and the surface
scattering is 0.166 which is higher than the volume scatter-
ing whereas the mean values of double scattering are very
low.

Fig. 9 shows the RGB composite of the m-a decomposi-
tion of the Hermite-A crater seen from Mini-RF from



Fig. 11. Parameters of eigenvalue and eigenvector based decomposition and polarimetric decomposition (a) Entropy, (b) Alpha angle, (c) Anisotropy (d)
H-A-Alpha decomposition (e) CPR.
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LRO, which shows that the dominance of volume scatter-
ing is found in the crater walls suggesting that the walls
of the crater are of the rough surface as it was seen in m-
d decomposition and the m-v decomposition of the Mini-
SAR data. The crater base shows surface scattering in some
of the regions, but the small peak present in the crater base
is showing volume scattering and some of the regions of the
crater walls are showing surface scattering, making double-
bounce scattering visibility low in the region. The region
outside the crater shows the dominance of surface scatter-
ing and the smooth surface in the crater walls also depicts
surface scattering. The mean values of the volume scatter-
ing are 0.219 and for surface, scattering is 0.27 and for the
double bounce is 0.028 which is very low in comparison to
the volume and double-bounce.

4.1.4. Barnes decomposition
Fig. 10 shows the RGB composite image of the Hermite-

A crater highlighted in the red box (Fig. 10(a)) in the left
15
image, which is Barnes decomposition for the DFSAR of
Chandrayaan-2 data in the L-band. This decomposition
shows the crater in a very good perspective in comparison
to the S-band of Mini-SAR and Mini-RF of Chandryaan-1
and LRO respectively. The volume scattering is seen in
dominance in the crater walls and the ejecta outside the
crater rim (Fig. 10(b)). Some parts of the crater floor are
showing surface scattering which was also seen in the S-
band earlier depicting the crater floor is smooth. But the
peaks situated inside the crater show volume scattering.
The ejecta outside the crater rim can be easily identified
in this scene as it is showing the extent of the ejecta to a
good level. The craters which are seen in this scene can also
be identified as it is showing volume scattering. The rego-
lith or the lunar floor is showing surface scattering which
is in blue depicting the surface to be smooth in the regions
where the area of the crater is not present. Double bounce
scattering is not seen but it is seen as a mixed scattering
with the other scattering in some regions.



Fig. 12. Value of CPR for Hermite-A crater (a) Chandrayaan-1(Mini-SAR) (b) LRO (Mini-RF).
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4.1.5. H-A-alpha decomposition

Fig. 11 shows the Entropy, Alpha, and Anisotropy
derived from the H-A-alpha decomposition. These are
the polarimetric parameters that are used to characterize
the Hermite-A crater. The RGB composite image of the
H-A-Alpha decomposition (Fig. 11(d)) has also been used
to differentiate the scattering present in the scene and the
crater. As it was seen in the Barnes decomposition
(Fig. 10) of this scene, the crater gives the dominance of
the volume scattering present in the walls and the floor of
the crater which is in green color. The peaks situated at
the crater floor and the parts of the crater wall also show
volume scattering. This gives an interpretation of the rough
surface present in the crater. A very small portion of the
crater floor gives surface scattering and a mix of double
bounce scattering in the crater floor. This gives an idea
about the crater floor which is smooth on the surface in
comparison to the crater walls. The other small craters in
the scene are also identified which gives volume scattering
and the area which is in blue gives the interpretation of
the scattering from the smooth surface, which is surface
scattering. The eigenvector-eigenvalue parameters Entropy
and Alpha angle also go well with the results obtained from
Barnes decomposition and H-A-Alpha decomposition
models. The entropy values in the crater are higher and
are around 1 in the crater region (Fig. 11(a)), which corre-
sponds that it is because of the volume scattering present in
the crater.. It was also seen that the entropy values were
16
higher in the regions where volume scattering was high
which was in the crater walls and the peaks situated at
the crater floor and crater walls. The value of the alpha
angle is around 45� in the crater region (Fig. 11(b)), which
again corresponds to volume scattering present in the cra-
ter. This supports the results of the decomposition tech-
nique obtained in the form of the dominance of
volumetric scattering. The value of Anisotropy in the
major portion of the crater is zero (Fig. 11(c)), which rep-
resents that the scattering is obtained from three pure tar-
gets. Fig. 11(e) also shows the value of CPR obtained from
the DFSAR datasets for the Hermite-A crater. The CPR
was obtained from the simulated/hybrid pol SAR data
for this. High CPR values of more than 1 could be easily
seen in the crater. The crater shows CPR values of around
1.5 on the left side of the crater walls. The crater walls show
volume scattering in both of the decomposition techniques
(Barnes and H-A-alpha) performed on the datasets. This
indicates that the regions of the crater show high volume
scattering along with the high values of CPR. With these
results, it can be withdrawn that the crater shows volume
scattering in both the datasets and high CPR values on
the decomposition models that were applied.
4.1.6. Analysis of CPR

Fig. 12 (a) shows the values of CPR from the Mini-SAR
of Chandrayaan-1 in the crater. The high values of CPR,
which is more than 1 in the Hermite-A crater depict that



Fig. 13. IEM-based dielectric constant values of Hermite-A crater using S-band Chandrayaan-1 Mini-SAR data.
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the crater has some areas which can be a probable location
of water ice deposits. The values which are below 1 relate to
the lunar regolith and other materials. The high values of
CPR can be also due to the scattering by the rough surface,
which can be because of double bounce scattering or vol-
ume scattering. The locations of the crater walls show high
CPR which is close to 1.15, particularly in the crater walls
on the left side and some areas on the floor of the crater.
The areas outside of the crater show a low CPR value
which can be caused due to the surface scattering. Fig. 12
(b) shows the value of CPR which is seen from the Mini-
RF of LRO data of Hermite-A crater. Here, the value of
CPR is much higher in comparison to the Mini-SAR.
The values are near 1.81 on the left of the crater walls
and in some areas on the floor of the crater. The value of
around 1.4 is also seen in those areas which are also quite
higher in these regions in comparison to the Mini-SAR
data. Here, the lowest value is less than the Mini-SAR
which is around 0.15 which depicts the region of surface
scattering which is present on the crater floor and the areas
outside the crater. It can be seen that the region where the
value of the CPR is more than 1 those regions showed vol-
ume scattering in the decomposition.
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4.2. Dielectric characterization of Hermite-A crater

Fig. 13 shows the map of the dielectric constant values of
the Hermite-A crater from the Mini-SAR of Chandrayaan-
1 data with the Clementine base map in the background.
The red encircled area shows the PSR of the crater with
the PSR Id NP_879520_3076780. The materials with the
dielectric constant value of 3.17686 lie in the range of the
dielectric constant of water-ice in the left, center, and right
sides of the crater The middle part of the crater shows the
crater base and the right side of the crater shows the region
of the crater walls. A surface ice cluster may be responsible
for the dielectric constant of 3 in these areas. The high val-
ues shown in crater walls on the right can be because of sur-
face ice clusters or radar look direction. This can be further
explored in future exploratory missions. There are some
regions too that show the dielectric constant values around
3 but, when compared with the m-chi decomposition of the
same region, they do not show volume scattering in these
regions. So, it can be noted that these locations are not
the possible locations of water ice deposits.

Fig. 14 shows the map of the dielectric constant values
of the Hermite-A crater from Mini-RF LRO data with



Fig. 14. IEM-based dielectric constant values of Hermite-A crater using S-band LRO Mini-RF data.
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the Clementine base map in the background. The red encir-
cled area shows the PSR of the crater with the PSR Id
NP_879520_3076780. The values of the dielectric constant
which is 3.18476 lie in the range of the dielectric constant of
water-ice in locations on the left, center, and right sides of
the crater. The middle part of the crater shows the crater
base and the right side of the crater shows the region of
the crater walls. A surface ice cluster may be responsible
for the dielectric constant of 3 in these areas. The high val-
ues shown in crater walls on the right can be because of
surface ice clusters or radar look direction which can be
explored further in future missions. So, these locations of
the crater can be probable locations of water ice deposits.
In the study, Fa et al. (2011) proposed a model with several
modeling parameters for it and one of the parameters
includes the dielectric constant of the water ice which
should be around 3.15 + i(0.0001–0.1) (Fa et al., 2011).
As the range of dielectric constant for both of the sensors
is around 3 for the Hermite-A crater, it can be said that
these locations may be having water-ice deposits. The
range of dielectric constant derived from the Mini-SAR
18
of Chandrayaan-1 and Mini-RF of LRO is pretty similar
which is 1.04466 to 5.22099 and 0.2016 to 5.53129. The
relationship between CPR of Mini-SAR and Mini-RF with
other polarimetric parameters like degree of polarization
(m), relative phase (d), ellipticity parameter (v) and polar-
ization angle (a) did not give any meaningful relationship
between them.

The dielectric values of the Hermite-A crater may fur-
ther be investigated with the help of dual-frequency SAR
and other available sensor datasets.

Fig. 15 shows the map of the dielectric constant values
of the Hermite-A crater from the DFSAR of
Chandrayaan-2 data with the Clementine base map in the
background. The red encircled area shows the PSR of the
crater with the PSR Id NP_879520_3076780. To cover
the maximum area of the crater, the mosaic of two scenes
of the SRI product was used (ch2_sar_nrxl_20191019t011
733461_d_fp_d18 and ch2_sar_ncxl_20191116t220423370_
d_fp_d18). The dielectric constant for the DFSAR data-
based Integral Equation Model (IEM) in which the Gaus-
sian model has been used to retrieve the values of the



Fig. 15. IEM-based dielectric constant values of Hermite-A crater using L-band DFSAR Chandrayaan-2 data.
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dielectric constant. The materials with the dielectric con-
stant value of 3.64 to 5.66 lie in the range of the dielectric
constant of the water-ice on the left of the crater. The mid-
dle part of the crater shows the crater base and the right
side of the crater shows the region of the crater walls which
show high values of dielectric constant in blue and the
range is around 7.68 to 11.73. Though the highest value
of the dielectric constant is around 11.73 on the crater floor
and some parts of the crater walls on the right side, most of
the crater floor and the left side of the crater walls have
lower values which lie in the range of dielectric constant
values of water ice. A small portion of the wall on the right
side of the crater show values of 5.66 to 7.68, in which
small patches can be seen having values around 3.64. The
high values of the dielectric constant may be because of
the slope of the crater and the incidence angle of SAR data-
sets. Further analysis can be made with the S-band of
DFSAR Chandrayaan-2 of the same region and can be
compared along with the S-band of Mini-RF of LRO
and Mini-SAR of Chandrayaan-1.

A recent study shows the distribution of ice clusters pre-
sent in the lunar north pole (Li et al., 2018). Various studies
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in the past that have been carried out state the importance
of CPR for water ice detection on lunar poles (Nozette
et al., 2001; Spudis et al., 2013; Thomson et al., 2012). It
may be possible for regions where CPR values are greater
than unity to be caused by EMR interacting with the
boundary of water ice and hence may be possible locations
of water ice deposits (Eke et al., 2014). It can also be con-
cluded that values of high CPR may be possible because of
the lunar boulders or the rough surface present in the lunar
regolith (Fa & Cai, 2013). It is a bit difficult to conclude
that the detection of the water-ice present in the regolith
is because of the high values of CPR. As high volume scat-
tering is also present in the crater and it is clear in all the
decomposition techniques. A recent study which was car-
ried out by Li et al. (2018) showed the distribution of ice
clusters in the region (Li et al., 2018) (Fig. 16) from the
Moon Mineralogy Mapper (M3) aboard Chandrayaan-1
which shows Hermite-A crater in the encircled region and
it can be seen that the surface ice clusters are present in
the walls. So, it can be concluded from the results that
the high volume scattering and high CPR and the values
of dielectric constant which lie in the range of water-ice



Fig. 16. Clusters of surface ice at the Lunar North Pole, detected by NASA’s Moon Mineralogy Mapper instrument of ISRO’s Chandrayaan-1 mission
(Credit: NASA). (a) The white circle is the Hermite-A crater (b) Zoomed view of the Hermite-A crater.
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which is around 3.15 + i(0.0001–0.1) are not because of
boulders or rocks but it may also be due to the presence
of water-ice present in the regolith of the crater (Fa
et al., 2011).
5. Conclusions

The main objective of this research is to utilize compact
and fully polarimetric SAR data for dielectric characteriza-
tion of the Hermite-A crater and comparison with the map
of ice clusters that were generated in the previous studies
for the permanently shadowed region which was done with
the combination of the polarimetric parameters, decompo-
sition techniques, and dielectric constant values. To achieve
this objective the m-delta, m-chi, and m-alpha decomposi-
tion have been used for the Hybrid polarimetric data and
Barnes decomposition and eigenvector and eigenvalues
based H-A-Alpha decomposition model have been used
for fully polarimetric data. The scattering patterns that
were obtained from these decompositions were supported
by Entropy, Alpha angle, and Anisotropy parameters.
The dielectric constant values also supported these pat-
terns. The crater showed very high volume scattering in
the walls of the crater and which was obtained in all the
decompositions applied to the scenes. The value of the
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CPR was also more than unity in the regions where the vol-
ume scattering was high in all the datasets used. The dielec-
tric constant values of the water-ice in the crater were in the
optimum range which is around 3 in the regions where the
volume scattering was high and the values of CPR were
high. The values of the dielectric constant for L-band
DFSAR data of Chandrayaan-2 were relatively higher
than the Mini-SAR and Mini-RF data but, there were
some regions whose values were in the range of 3 on the left
side of the crater walls. The region was also compared with
the surface ice distribution map done by Li et al. (2018), it
is found that the reason for getting high volume scattering
and high CPR and the dielectric constant of water ice was
also in the range and it is because of the water-ice present
in the PSR of the lunar north polar crater. From all the
above conclusions made from the study, it is clear that
the part of the areas of Hermite-A crater can have probable
locations of water ice deposit and future explorations can
be done to identify those areas of the crater with in-situ
experiments on the lunar surface. For the dielectric charac-
terization of the Hermite-A crater, fully polarimetric L-
band DFSAR datasets of the Chandrayaan-2 mission
and compact/hybrid polarimetric Mini-RF and Mini-
SAR datasets of LRO and Chandrayaan-1 missions have
been used in this study. The potential of fully polarimetric
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L- and S-band data of the DFSAR sensor should be used
for the detection of surface ice clusters by including lunar
regolith’s dielectric behavior and dual-frequency PolSAR-
based scattering properties in the permanently shadowed
regions in addition to geomorphological parameters and
in-situ measurements.
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Table A1
Description of Chandrayaan-2 mission’s L-band DFSAR data that were used to generate the mosaic for the lunar North Pole, as shown in Fig. 1.

Product name Date of

acquisition

Line/pixel Spacing

(meters)

Azimuth & Range

Resolution (meters)

Look angle

(degrees)

Scene center coordinates

(Lat & Long)

Spacecraft altitude

(meters)

ch2_sar_ncxl_20190927t084045646_d_fp_d18 27-09-2019 0.550128, 9.593359 10.806951, 19.986164 26.014494 82.931296, �75.382467 107,381
ch2_sar_ncxl_20190927t004913859_d_fp_d18 27-09-2019 0.548935, 9.593359 10.806763, 19.986164 26.002062 82.90285, �72.068359 107,412
ch2_sar_ncxl_20190928t061731393_d_fp_d18 28-09-2019 0.533676, 9.593359 11.461908, 19.986164 26.001711 82.093898, �84.263099 104,281
ch2_sar_nrxl_20191009t132320814_d_fp_d18 9/10/2019 0.576534, 9.593359 11.475, 19.986164 26.00119 84.26193, 117.559828 114,020
ch2_sar_nrxl_20191012t160410765_d_fp_d18 12/10/2019 0.581692, 9.593359 10.8, 19.986164 26.000105 88.298004, 69.782136 115,115
ch2_sar_nrxl_20191012t215748426_d_fp_d18 12/10/2019 0.580213, 9.593359 11.475, 19.986164 26.000289 88.322857, 66.561263 114,685
ch2_sar_nrxl_20191014t190846230_d_fp_d18 14-10-2019 0.486244, 9.593359 13.5, 19.986164 25.997859 87.730314, 39.231134 117,994
ch2_sar_ncxl_20191016t003658177_d_fp_m65 16-10-2019 0.583254, 9.593359 10.122075, 19.986164 25.998085 87.95326, 15.159874 116,285
ch2_sar_ncxl_20191016t063036242_d_fp_gds 16-10-2019 0.482886, 9.593359 12.650652, 19.986164 25.999045 87.909772, 9.329852 116,561
ch2_sar_nrxl_20191017t115825864_d_fp_d18 17-10-2019 0.583398, 9.593359 10.8, 19.986164 26.000811 87.506973, �14.519421 116,072
ch2_sar_nrxl_20191017t234531221_d_fp_d18 17-10-2019 0.570474, 9.593359 11.475, 19.986164 25.998569 87.483649, �22.178085 112,471
ch2_sar_nrxl_20191019t011733461_d_fp_d18 19-10-2019 0.556473, 9.593359 11.475, 19.986164 25.998984 87.586037, �34.181945 109,500
ch2_sar_ncxl_20191021t061949649_d_fp_gds 21-10-2019 0.523482, 9.593359 11.473073, 19.986164 25.999791 87.621437, �63.365228 102,459
ch2_sar_nrxl_20191022t213646453_d_fp_d18 22-10-2019 0.531336, 9.593359 12.15, 19.986164 25.999746 87.860159, �80.426619 104,200
ch2_sar_ncxl_20191023t210330686_d_fp_d18 23-10-2019 0.486599, 9.593359 12.801045, 19.986164 26.001395 88.123578, �81.162548 94,832
ch2_sar_ncxl_20191024t163255084_d_fp_d18 24-10-2019 0.490309, 9.593359 12.795208, 19.986164 26.000375 88.169761, �85.376036 95,678
ch2_sar_ncxl_20191026t113849791_d_fp_m65 26-10-2019 0.503275, 9.593359 12.825, 19.986164 26.000499 87.572494, �100.383422 98,194
ch2_sar_ncxl_20191027t111245662_d_fp_g26 27-10-2019 0.509141, 9.593359 12.130965, 19.986164 26.001314 87.902608, �120.013863 99,380
ch2_sar_ncxl_20191029t042657221_d_fp_d18 29-10-2019 0.491038, 9.593359 12.796586, 19.986164 26.004718 88.040534, �149.108000 95,485
ch2_sar_nrxl_20191101t105916773_d_fp_d18 1/11/2019 0.530194, 9.593359 12.15, 19.986164 26.003334 87.747836, 145.764459 104,008
ch2_sar_ncxl_20191102t043950913_d_fp_d18 2/11/2019 0.535972, 9.593359 12.15, 19.986164 26.002499 87.911710, 136.798127 105,240
ch2_sar_ncxl_20191103t120442214_d_fp_d18 3/11/2019 0.557860, 9.593359 11.475, 19.986164 26.001475 87.851856, 115.726776 109,978
ch2_sar_ncxl_20191103t175805919_d_fp_mad 3/11/2019 0.564027, 9.593359 11.475, 19.986164 26.001832 87.843557, 113.025163 111,405
ch2_sar_ncxl_20191104t113812494_d_fp_d18 4/11/2019 0.571224, 9.593359 10.774084, 19.986164 26.001926 87.795187, 103.223744 113,027
ch2_sar_ncxl_20191105t150651511_d_fp_d18 5/11/2019 0.555221, 9.593359 11.475, 19.986164 26.00228 87.66181, 101.740069 109,495
ch2_sar_nrxl_20191106t144032517_d_fp_d18 6/11/2019 0.541162, 9.593359 12.15, 19.986164 26.002042 87.942643, 98.568529 106,446
ch2_sar_nrxl_20191107t161214271_d_fp_d18 7/11/2019 0.540642, 9.593359 12.15, 19.986164 26.002902 88.130627, 89.910400 106,331
ch2_sar_ncxl_20191108t095230000_d_fp_d18 8/11/2019 0.551101, 9.593359 11.475, 19.986164 25.991862 88.006451, 82.219519 108,535
ch2_sar_ncxl_20191108t154556810_d_fp_d18 8/11/2019 0.553176, 9.593359 11.475, 19.986164 26.002017 88.008182, 79.774392 108,992
ch2_sar_ncxl_20191108t213931684_d_fp_m65 8/11/2019 0.552081, 9.593359 11.475, 19.986164 26.000272 88.209455, 74.248754 108,860
ch2_sar_ncxl_20191109t211314716_d_fp_mad 9/11/2019 0.546414, 9.593359 12.15, 19.986164 26.000353 88.122131, 64.201509 107,514
ch2_sar_nrxl_20191109t151947658_d_fp_d18 9/11/2019 0.547993, 9.593359 12.15, 19.986164 26.002091 88.161332, 67.066511 107,827
ch2_sar_ncxl_20191111t122919492_d_fp_d18 11/11/2019 0.566197, 9.593359 11.475, 19.986164 26.002133 87.805069, 34.423731 111,695
ch2_sar_ncxl_20191112t215211667_d_fp_d18 12/11/2019 0.560947, 9.593359 10.787579, 19.986164 26.000625 87.867583, 4.599795 110,663
ch2_sar_ncxl_20191112t100519040_d_fp_gds 12/11/2019 0.556343, 9.593359 11.475, 19.986164 26.001229 87.868613, 17.874104 109,567
ch2_sar_ncxl_20191113t212534045_d_fp_d18 13-11-2019 0.553257, 9.593359 11.475, 19.986164 25.999351 87.425005, �11.574374 108,860
ch2_sar_nrxl_20191115t104333906_d_fp_d18 15-11-2019 0.524934, 9.593359 12.15, 19.986164 26.004897 87.710308, �33.925365 102,898
ch2_sar_nrxl_20191115t223022448_d_fp_d18 15-11-2019 0.522318, 9.593359 12.15, 19.986164 26.000199 87.9378, �43.783440 102,291
ch2_sar_ncxl_20191116t220423370_d_fp_d18 16-11-2019 0.509064, 9.593359 12.130173, 19.986164 26.000195 88.319717, �70.051244 99,458
ch2_sar_ncxl_20191117t035728803_d_fp_m65 17-11-2019 0.502798, 9.593359 12.140465, 19.986164 26.000793 87.581983, �55.026475 97,923
ch2_sar_ncxl_20200309t172100282_d_fp_d18 9/3/2020 0.548561, 9.593359 21.615409, 19.986164 26.001482 89.144226, �126.879954 107,235
ch2_sar_ncxl_20200310t225605388_d_fp_d18 10/3/2020 0.538573, 9.593359 22.912646, 19.986164 26.000736 89.237406, �134.147540 105,145
ch2_sar_ncxl_20200311t183930803_d_fp_d18 11/3/2020 0.544870, 9.593359 22.896085, 19.986164 26.000366 89.14718, �143.073214 106,484
ch2_sar_ncxl_20200312t003431195_d_fp_d18 12/3/2020 0.544264, 9.593359 22.89576, 19.986164 26.000919 89.062678, �145.092282 106,496
ch2_sar_ncxl_20200313t235435381_d_fp_d18 13-03-2020 0.535031, 9.593359 22.92549, 19.986164 25.997164 88.730591, �175.902524 104,094
ch2_sar_ncxl_20200313t001429993_d_fp_d18 13-03-2020 0.520629, 9.593359 22.959883, 19.986164 26.000005 88.989595, �160.779604 101,330
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ch2_sar_ncxl_20200314t233439044_d_fp_d18 14-03-2020 0.532377, 9.593359 22.932062, 19.986164 25.998766 88.424408, 163.398760 103,571
ch2_sar_ncxl_20200315t231331198_d_fp_d18 15-03-2020 0.538747, 9.593359 22.904088, 19.986164 25.999341 85.780869, �176.521152 105,826
ch2_sar_ncxl_20200315t112336308_d_fp_d18 15-03-2020 0.5 28915, �168.475885 103,067
ch2_sar_ncxl_20200319t001122747_d_fp_d18 19-03-2020 0.4 47378, 139.487960 116,727
ch2_sar_ncxl_20200319t060621723_d_fp_d18 19-03-2020 0.4 7046, 135.608213 118,176
ch2_sar_ncxl_20200320t034747289_d_fp_d18 20-03-2020 0.4 69284, 125.511457 119,676
ch2_sar_ncxl_20200320t233054415_d_fp_d18 20-03-2020 0.4 32902, 117.546217 117,312
ch2_sar_ncxl_20200322t050550808_d_fp_d18 22-03-2020 0.5 61848, 107.943805 113,235
ch2_sar_ncxl_20200325t115928013_d_fp_d18 25-03-2020 0.5 04669, 68.665651 114,096
ch2_sar_ncxl_20200327t111927967_d_fp_d18 27-03-2020 0.4 99572, 35.930259 116,909
ch2_sar_ncxl_20200506t164747745_d_fp_d18 6/5/2020 0.5 08625, �126.396589 86,641
ch2_sar_ncxl_20200508t175741536_d_fp_d18 8/5/2020 0.5 80788, �161.558742 89,295
ch2_sar_ncxl_20200515t051643228_d_fp_d18 15-05-2020 0.5 36503, 115.649989 100,630
ch2_sar_ncxl_20200517t003228873_d_fp_d18 17-05-2020 0.5 05775, 97.355907 100,307
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Backward Computation:
� By going backward, layer by layer, computing the d’s

(local gradients) of the network:
d Lð Þ
j nð Þ ¼ e Lð Þ

j nð ÞojðnÞ½1� oj nð Þ] for neuron j in output

layer L.

d lð Þ
j nð Þ ¼ y lð Þ

j nð Þ½1� y lð Þ
j nð Þ]Pk d

lþ1ð Þ
k nð Þw lþ1ð Þ

kj nð Þ for neu-

ron j in hidden layer l.

� Adjusting the weights,
w lð Þ
ji nþ 1ð Þ ¼ w lð Þ

ji nð Þ þ a w lð Þ
ji nð Þ � w lð Þ

ji n� 1ð Þ
h i

þ gd lð Þ
j nð Þy l�1ð Þ

j ðnÞ
where g is the learning-rate parameter and a is the

momentum constant.

� Iterating the computation (epochs) until the average
square error computed over the entire training set is at
a minimum or acceptably small value.
Testing data is used to validate the regression results.
Once the model is fitted and the error is optimized.
The model can be used to predict new data.
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