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Introduction: 

In an attempt to reduce the ambiguities associated 

with radar observations of the lunar surface, two orbital 

synthetic aperture radars—Mini-SAR on Chandrayaan-

1 and Mini-RF on the Lunar Reconnaissance Orbiter 

(LRO)—have measured monostatic radar backscatter 

from the lunar surface with the primary purpose of 

detecting distinguishable polarimetric signatures of ice 

inclusions in the shallow lunar subsurface in shadowed 

polar areas [1]. Moreover, recent observations by the 

Moon Mineralogy Mapper (M3) instrument aboard 

Chandrayaan-1 have provided spectral evidence that 

~3.5% of permanently shadowed polar craters bear 

significant ice content in their regolith [2]. Such spectral 

evidence places strong emphasis on the importance of 

conducting new quantitative analyses of both orbital and 

Earth-based radar observations of the lunar poles to 

assess the geographical extent of such volatile 

occurrence. In turn, constraining the distribution of 

dielectric properties across the lunar surface, and hence 

their role in radar surface scattering and subsurface 

penetration depth, is essential to reducing uncertainties 

associated with the identification and quantification of 

potential ice inclusions in the lunar regolith. 

To address this ambiguity, we assess the dielectric 

properties of the lunar surface as inverted from Mini-RF 

and Mini-SAR polarimetric backscattered signals. We 

measure the dielectric properties of crater fills in north 

polar and equatorial regions to constrain the range of 

variability of the dielectric constant as a function of 

latitude and crater diameter, where the latter indicates 

excavated soil depth. 

 

Polarimetric Response of Planetary Surfaces:   

Both Mini-SAR and Mini-RF consist of hybrid radar 

systems that are able to transmit circularly polarized 

waves and receive in two orthogonally polarized 

channels, horizontal H and vertical V. For a given pair 

of monostatic polarimetric images of the same area, the 

strength of the backscattered radar signal is mainly a 

function of apparent slope, surface roughness and 

regolith dielectric properties at the surface [3,4]. Crater 

fills selected for this study are flat—15 of the 17 have 

root-mean-square height of hrms < 6 m, which we 

calculate within a 200-m by 200-m grid using surface 

heights from the 59.2 m/pix digital elevation model 

generated by [3] using LRO’s Lunar Orbiter Laser 

Altimeter observations—thereby removing slope from 

the parameters affecting radar backscatter. 

Radar scattering from arbitrarily rough surfaces like 

that of the Moon typically produces a similar response 

in H and V polarizations [3,6]. Hence, a comparison 

between the backscattered return from both H and V 

polarizations presents a valuable tool for understanding 

the dielectric properties at the observing radar 

frequencies—S-band for Mini-SAR, and both S- and X-

band for Mini-RF. Historically, circularly polarized 

ratio (CPR) observations have been used for Earth-

based radar observations of the Moon since they remove 

the need for ionospheric corrections. For lunar orbital 

observations such corrections are unnecessary for LRO 

and Chandrayaan-1 monostatic SAR observations of the 

lunar surface, and linear polarizations can provide a 

more quantitative approach to understand the surface 

radar properties (i.e., dielectric and textural properties). 

Campbell et al. [1] suggest a dielectric inversion 

model for rock-poor mantling dust based on the 

normalized ratio between the H and V backscattering 

coefficients (σ0
HH and σ0

VV), whereby radar echo 

strength is comprised of only surface and subsurface 

backscatter returns. For a flat, smooth lunar surface 

(yielding quasi-specular reflections) underlain by a 

rough subsurface (yielding diffuse backscatter), we can 

assume that σ0
HH_sub = σ0

VV_sub, and that σ0
HH_surf and 

σ0
VV_surf are negligible for a rock-poor dust mantling 

surface. The ratio of radar backscattering coefficients 

between H and V is then given by [2]: 
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where ϕ is the incidence angle and εr' is the real part of 

the dielectric constant of the regolith. 

The H/V ratio is directly obtainable from Mini-SAR 

and Mini-RF measurements and ϕ is specified for each 

 
Figure 1. LRO Mini-RF radar images (~60-m/pix) of two crater fills 

and corresponding high-resolution LROC images showing the m-

scale smoothness and decameter flatness of crater floors. LROC 
image resolution of Descartes C is 0.7 m/pix and Aratus is 1.4 m/pix. 
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measurement, so the only remaining variable is εr', 

which can be obtained for a given surface from the 

corresponding Mini-SAR or Mini-RF polarimetric 

image. For a given H/V ratio, (1) can therefore be 

applied to estimate εr' directly. Our results are therefore 

applicable to smooth, flat surfaces with no 

concentrations of exposed or buried rocks in the lunar 

regolith layer. The simple craters considered in this 

study (~1-20 km in diameter) have smooth, fine-grained 

homogenous crater fills, as confirmed at m-scales by 

high-resolution optical images acquired by the LRO 

Camera (LROC), two of which are shown in Fig. 1 [5]. 

Results and Analysis:   

Fig. 2 shows monostatic radar backscatter images of 

a 3.6-km diameter crater inside Amundsen crater near 

the south pole acquired by Mini-SAR at S-band and 

Mini-RF at X-band in both H and V polarizations. Radar 

backscatter is normalized across all images to correct 

the slight difference between the angles of incidence of 

the X-band receiver on LRO and S-band receiver on 

Chandrayaan-1 (i.e., a difference of <13°). 

The observed similarity in radar backscatter 

between H and V is consistent with the hypothesis of an 

arbitrarily rough surface [1,4]. Additionally, weak 

variation in backscatter between the S and X bands 

supports our working hypothesis of a smooth crater fill 

on the scale of the observing radar wavelengths (cm to 

dm), allowing us to perform the dielectric inversion 

using the rock-poor mantling dust model by [2]. 

The inverted dielectric properties of the simple 

crater fills analyzed in this study includes 29 north polar 

craters and 17 equatorial craters. In Fig. 3, we plot the 

surface dielectric constant of crater fills as a function of 

crater diameter. We find that the dielectric properties of 

lunar regolith within crater fills are not characterized by 

a single dielectric constant, but vary with on the size of 

the crater and subsequently with the excavation depth of 

the central crater fill material (where excavation depth 

is ~1/10 of the transient crater diameter [6]; and where 

the transient crater diameter is ~85% of the apparent 

crater diameter [7]). This result suggests that there is a 

vertical gradient in εr' of lunar regolith that may be 

attributed to heterogeneous density, composition and/or 

volatile content within the lunar regolith. The inferred 

dielectric-depth gradient stops beyond the depth 

excavated by ~5–8 km diameter craters, implying that 

εr' of simple crater fills have a constant value of εr' ≈ 3.3 

for excavation depths greater than ~400–700 m.  

The observed variability of εr' in crater fills is most 

likely due to the presence of small rocks at the surface 

and in the shallow subsurface ≲0.5-m in diameter. This 

suggests that the abundance of cm-dm sized rocks in the 

shallow subsurface of simple crater fills increases with 

crater size, reaching maximum abundance for diameters 

≳8 km, for which εr' is constant at ~3.3. 

 

Implications for Ice Detectability in Crater Fills: 

To identify candidate craters on the Moon for 

potential ice presence, our results set new constraints on 

the electrical properties of crater fill materials in 

addition to known thermal requirements for the stable 

presence of ice in the lunar regolith. Specifically, we 

suggest that simple crater fills with anomalously low εr' 

(relative to the best-fit exponential curve in Fig. 3) are 

potential candidates for ice inclusions, since the 

occurrence of porous ice would lower εr' from the value 

of dry, ice-poor lunar regolith. This suggests that future 

S- and X-band radar observations should target the 

crater fills of craters ≳5 km in diameter to maximize the 

detectability of water-ice, since the dry crater-fill 

material in these craters has the highest dielectric 

contrast with porous ice inclusions. Lastly, simple crater 

fills with anomalously high εr' can be explained by the 

presence of higher density material (e.g., a potentially 

younger crater with higher cm-dm rock abundance at 

the surface and shallow subsurface). 
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Figure 3. The surface dielectric constant of simple lunar crater fills as 
a function of crater diameter, inverted from dual-polarimetric S-band 

monostatic radar images acquired by Mini-RF aboard LRO. 

 

Figure 2. Linearly polarized radar backscatter images at 60-m/pix of 

a 3.6-km-diameter crater inside Amundsen crater near the south pole. 

Radar illumination is coming from the bottom-right. 
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