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Introduction: Potential water ice in the perma-

nently shadowed regions (PSRs) over the lunar poles is 
regarded as one of the most valuable resources in the 
solar system, and it also contains information concern-
ing significant questions about the Moon [1]. Radar is 
regarded as an effective tool for detecting water ice, 
because under certain conditions, ice deposits produce 
a unique backscatter signature. Recently, NASA’ and 
India’s Miniature Radio Frequency (Mini-RF) radars 
found a class of anomalous craters with high circular 
polarization ratio (CPR) only in their interior regions, 
but not exterior to their rims. Most of these craters are 
located in the permanently shadowed regions, and their 
CPR characteristics are different from those of fresh 
craters. Based on the correlation with Lunar Prospector 
neutron data and thermal conditions, these anomalous 
craters were interpreted as potential sites for water ice 
deposits [2, 3].    

New Results: We conducted an exhaustive search 
in the LRO Mini-RF CPR images and found 84 and 34 
anomalous craters over the north and south polar re-
gions (Fig. 1) [4]. In addition, we also found a large 
number of anomalous craters over the non-polar re-
gions, where water ice cannot exist. A recent study 
showed that, for anomalous craters, CPR varies with 
position relative to the crater center [5]. 

Using a quantative radar scattering model [6], we 
found that surface slope, roughness, dielectric permit-
tivity, and regolith thickness cannot explain the elevat-
ed CPR in the interior of anomalous craters. Examina-
tions in high-resolution optical images from Lunar 
Reconnaissance Orbiter Camera (LROC) show that 
there are abundant surface rocks within the interior 
region of anomalous craters, whereas no rocks outside 
of their crater rims (Fig. 2).   

To study the effect of surface rocks, a two-
component (single scattering from a rock-free surface 
and double scattering from rocks) mixed model is pro-
posed to simulate lunar surface CPR. From this model, 
CPR difference between the interior and exterior re-
gions of a crater correlates directly with the difference 
in rock abundance. Results for 8 typical craters showed 
that there is a strong correlation between CPR differ-
ence and the difference in rock abundance, which 
matches well with model prediction (Fig. 3). This indi-
cates that surface rocks are the key factor for the ele-
vated CPR in the interior of anomalous craters, instead 
of ice deposits as pointed out in previous studies [2, 3].  

Conclusions and Future Work: The enhanced 
CPRs in the interior of anomalous craters are most 

probably caused by meter-scale rocks either perched 
on the lunar surface or buried in the regolith, suggest-
ing that ice deposits, if present, are not the only physi-
cal agent causing the enhanced CPR. Future study is 
required to verify whether polar anomalous craters are 
overabundant or not. If so, does this represent the sig-
nature of water ice?   
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(2014) Icarus, 241, 66–78. [6] Fa W. et al. (2011) JGR, 116, 
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Figure 1. Distribution of permanently shadowed craters, 
anomalous craters, and fresh craters over the lunar surface.  FA AND CAI: LUNAR CPR PROPERTIES FOR ICE DETECTION

modeling in Fa et al. [2011], a surface with RMS slopes
of 20–25ı cannot produce a CPR value as large as 1.0. In
addition, the difference in RMS slope between the interior
and exterior regions of Main L is as large as 15ı, whereas
the CPR difference is only 0.04. Therefore, though surface
roughness might cause an increase in CPR, it is most prob-
ably not the key factor for the enhanced CPR in the interior
of anomalous craters.

[34] Rocks that are perched on the lunar surface or buried
in the regolith, with size at the scale of radar wavelength, are
good scatterers for radar waves. Theoretical modeling shows
that under the condition of single scattering, CPR is sensi-
tive to the shape, abundance, and orientation of buried rocks
[Fa et al., 2011]. But single scattering cannot produce a CPR
value as high as 0.5, which is the average CPR for the lunar
polar regions. Pairs of rocks with size of many times the
radar wavelength can form natural corner reflectors, which
can yield a CPR value as high as 3–4 that depends on dielec-
tric constant of rocks and incidence angle of radar waves
[Campbell, 2012]. Using LROC NAC images with a nomi-
nal spatial resolution of 0.5 m/pixel [Robinson et al., 2010],
it is possible to identify surface rocks at meter scales. This
allows us to examine whether surface rocks are the factor for
the enhanced CPR or not.

[35] As an example, Figure 5a shows an optical image
from the Kaguya Terrain Camera for the nonpolar anoma-
lous crater Cardanus E, with a spatial resolution of 7.4 m.
Figure 5b is a LROC NAC image for a region in the north-
eastern crater wall that is close to the crater rim (box 1 in
Figure 5a), where the spatial resolution is 0.47 m. It is clear
that there are several groups of rocks with size of about
2–3 m as outlined by the white curves. In addition, there
are also individual rocks with portions of them buried in
regolith. Figure 5c shows a LROC NAC image for a region
in the crater floor (box 2 in Figure 5a). As can be seen, there
are numerous individual rocks with size from about 2 to 5
m. We can even see clearly the trace of a rolling rock with a
diameter of about 5 m that is in the lower left of this image,
as indicated by the white arrows. Figure 5d shows a region
in the south outer wall (box 3), and there are no rocks at the
meter scale. We carefully examined LROC images for the
whole regions of this crater and found that there are almost
no rocks at the meter scale in the exterior region. In contrast,
abundant rocks at the meter scale exist in the interior region.

[36] Figure 6a shows an optical image for the nonpolar
fresh crater Dollond E from the Kaguya TC with a spatial
resolution of 7.4 m. Figure 6b shows a LROC NAC image
for a region in the northwestern inner wall near the crater
rim (box 1 in Figure 6a). As can be seen, there are groups
of rocks that are perched on the surface, as indicated by the
white curves. Figure 6c shows a NAC image for a region in
the crater floor (box 2), and rocks with size of 3–20 m are
visible on the rugged surface. Figure 6d shows a NAC image
for a region in the south of the outer crater wall (box 3).
There are abundant individual rocks with size from about
3 to 40 m. For the exterior region, rocks are even visible
in the Kaguya TC image with a spatial resolution of 7.4 m
(Figure 6a).

[37] We also examined LROC images for the other two
equatorial craters, Byrgius C and Stevinus A. We found
that for nonpolar anomalous craters, meter-scale rocks are
ubiquitous in the interior region of crater rim and there
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Figure 7. (a) A LROC NAC mosaic for Hermite B, where
the spatial resolution is 1.8 m. (b) A LROC image showing a
region in the northern crater wall (box 1). (c) A LROC image
for a region in the south of outer wall (box 2). Figures 7b
and 7c are taken from LROC M186664839LE with a spatial
resolution of 1.78 m.
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in the crater floor (box 2 in Figure 5a). As can be seen, there
are numerous individual rocks with size from about 2 to 5
m. We can even see clearly the trace of a rolling rock with a
diameter of about 5 m that is in the lower left of this image,
as indicated by the white arrows. Figure 5d shows a region
in the south outer wall (box 3), and there are no rocks at the
meter scale. We carefully examined LROC images for the
whole regions of this crater and found that there are almost
no rocks at the meter scale in the exterior region. In contrast,
abundant rocks at the meter scale exist in the interior region.

[36] Figure 6a shows an optical image for the nonpolar
fresh crater Dollond E from the Kaguya TC with a spatial
resolution of 7.4 m. Figure 6b shows a LROC NAC image
for a region in the northwestern inner wall near the crater
rim (box 1 in Figure 6a). As can be seen, there are groups
of rocks that are perched on the surface, as indicated by the
white curves. Figure 6c shows a NAC image for a region in
the crater floor (box 2), and rocks with size of 3–20 m are
visible on the rugged surface. Figure 6d shows a NAC image
for a region in the south of the outer crater wall (box 3).
There are abundant individual rocks with size from about
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in the Kaguya TC image with a spatial resolution of 7.4 m
(Figure 6a).
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that for nonpolar anomalous craters, meter-scale rocks are
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Figure 7. (a) A LROC NAC mosaic for Hermite B, where
the spatial resolution is 1.8 m. (b) A LROC image showing a
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modeling in Fa et al. [2011], a surface with RMS slopes
of 20–25ı cannot produce a CPR value as large as 1.0. In
addition, the difference in RMS slope between the interior
and exterior regions of Main L is as large as 15ı, whereas
the CPR difference is only 0.04. Therefore, though surface
roughness might cause an increase in CPR, it is most prob-
ably not the key factor for the enhanced CPR in the interior
of anomalous craters.
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2–3 m as outlined by the white curves. In addition, there
are also individual rocks with portions of them buried in
regolith. Figure 5c shows a LROC NAC image for a region
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equatorial craters, Byrgius C and Stevinus A. We found
that for nonpolar anomalous craters, meter-scale rocks are
ubiquitous in the interior region of crater rim and there
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Figure 7. (a) A LROC NAC mosaic for Hermite B, where
the spatial resolution is 1.8 m. (b) A LROC image showing a
region in the northern crater wall (box 1). (c) A LROC image
for a region in the south of outer wall (box 2). Figures 7b
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Figure 2. (a) A LROC NAC mosaic for Hermite B. (b) A 
LROC image showing a rocky region (box 1) in the northern 
crater wall. (c) A LROC image for a rock free region in the 
south of outer wall (box 2).  

0.0

0.4

0.8

1.2

1.6

C
PR

0.00 0.02 0.04 0.06 0.08 0.10
fs 

(a)

0.0

0.2

0.4

0.6

ΔC
PR

−0.03 0.00 0.03 0.06 0.09
Δfs 

(b)

0.0

0.4

0.8

1.2

1.6

C
PR

0.00 0.02 0.04 0.06 0.08 0.10
fs 

(a)

Polar anomalous
Polar fresh
Non−polar anomalous
Non−polar fresh

−0.2

0.0

0.2

0.4

0.6

ΔC
PR

−0.03 0.00 0.03 0.06 0.09
Δfs 

Polar anomalous
Polar fresh
Non−polar anomalous
Non−polar fresh

0.0

0.5

1.0

1.5

2.0

C
PR

0.00 0.02 0.04 0.06 0.08 0.10
fs 

 
Figure 3. CPR difference between the interior and exterior 
regions versus the difference in rock abundance from model 
prediction (black line) and observations (dots).  
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