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Regions of permanent shadow near the 
poles of the Moon are thought to contain 
volatiles such as water ice.   
 
Radars are a good tool for detecting these 
volatiles for two main reasons: 
 
1.  They are capable of ‘seeing in the dark’. 
2.  Ice has unique radar properties. 
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r Most instruments rely on external sources of 
radiation (i.e. sunlight, starlight, cosmic rays, etc.) 
as their illumination source. 
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r Radars are active instruments, providing their 
own energy source.  This allows the observer to 
‘see in the dark’. 
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Planetary Radar 751

FIGURE 12 This lava flow near Sunset Crater in Arizona is an
example of an extremely rough surface at decimeter scales and is
similar to terrestrial flows yielding large circular polarization
ratios at decimeter wavelengths.

1.0 have been measured for several asteroids (see Table 2)
and parts of Mars and Venus, implying extreme decimeter-
scale roughness, perhaps analogous to terrestrial lava flows
(Fig. 12). Physical interpretations of the diffusely scattered
echo employ information about albedo, scattering law, and
polarization to constrain the size distributions, spatial den-
sities, and electrical properties of wavelength-scale rocks
near the surface, occasionally using the same theory of mul-
tiple light scattering applied to radiative transfer problems
in other astrophysical contexts.

3.7 Jupiter’s Icy Galilean Satellites

Europa, Ganymede, and Callisto have extraordinary 3.5-
and 13-cm radar properties. Their reflectivities are enor-
mous compared with those of the Moon and inner planets
(see Table 2); Europa is the extreme example (Fig. 10), with
an OC radar albedo (1.0) as high as that of a metal sphere.
Since the radar and visual albedos and estimates of frac-
tional water frost coverage increase by satellite in the order
Callisto–Ganymede–Europa, the presence of water ice has
long been understood to be somehow responsible for the
unusually high reflectivities even though ice is less radar-
reflective than silicates. In spite of the satellites’ smooth ap-
pearances in Voyager and Galileo high-resolution images, a
diffuse scattering process and hence a high degree of near-
surface structure at centimeter to meter scales is indicated
by broad spectral shapes and large linear polarization ratios
(µL ∼ 0.5).

The most peculiar aspect of the satellites’ echoes is their
circular polarization ratios, which exceed unity. That is,
in contrast to the situation with other planetary targets,
the scattering largely preserves the handedness, or helic-
ity, of the transmission. Mean values of µC for Europa,

FIGURE 13 Radar properties of Europa, Ganymede, and
Callisto compared to those of some other targets. The icy
Galilean satellites’ total-power radar albedos do not depend on
wavelength between 3.5 and 13 cm, but plummet at 70 cm. Solid
symbols shaped like Greenland indicate properties of that
island’s percolation zone at 5.6 and 68 cm. The domain of most
of the bright polar features on Mars and Mercury is sketched.

Ganymede, and Callisto are about 1.5, 1.4, and 1.2, re-
spectively. Wavelength dependence is negligible from 3.5 to
13 cm, but dramatic from 13 to 70 cm ( Fig. 13). Significant
polarization and/or albedo features are present in the echo
spectra and in a few cases correspond to geologic features
in Voyager and Galileo images.

The icy satellites’ echoes are due not to external surface
reflections but to subsurface “volume” scattering. The high
radar transparency of ice compared with that of silicates
permits deeper radar sounding, longer photon path lengths,
and higher-order scattering from regolith heterogeneities;
radar is seeing Europa, Ganymede, and Callisto in a man-
ner that the Moon has never been seen. The satellites’ radar
behavior apparently involves the coherent backscatter ef-
fect, which accompanies any multiple-scattering process;
occurs for particles of any size, shape, and refractive index;
and was first discovered in laboratory studies of the scat-
tering of electrons and of light. Coherent backscatter yields
strong echoes and µC > 1 because the incident, circularly
polarized wave’s direction is randomized before its helicity
is randomized and also before its power is absorbed and be-
cause photons traveling along identical paths but in opposite

O
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Ice has unique radar properties, with high values 
of the circular polarization ratio (CPR = SC/OC) 

Multiple bounce 
backscattering on a rough 

surface randomizes 
polarization (OC ≅ SC) 

MODERATE CPR (~0.5 - 1) 
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SC = radar with same polarization as transmitted beam 
OC = radar with opposite polarization as transmitted beam 
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The !rst observations of the lunar poles in radar 
were taken by ground-based telescopes. 

making absolute measurements of the CPR difficult. Well-calibrated
100-m-resolution data from October were used to calibrate the CPR
values obtained from the April data.

Figure 1a is the OC radar backscatter image from October covering
the south pole and terrain on the lunar nearside north to about 68u S.
The CPR values overlaid on this image are shown in Fig. 1b. The
geology of the south-pole region is dominated by highland terrain
formed by overlapping ejecta from nearby craters and the major
basins. Shackleton (Fig. 2a) seems to be younger than neighbouring
craters such as de Gerlache, Shoemaker or Faustini, and probably
dates to the Eratosthenian period, consistent with earlier geological
mapping17. Low-lying areas between the highland massifs (for
example the region to the west of de Gerlache), and many of the
radar-visible older crater floors, are characterized by smooth-tex-
tured terrain that has been mapped as basin-related ejecta, most
probably from Orientale18,19. These deposits have high CPRs relative
to the surrounding terrain at both 13-cm (Fig. 1b) and 70-cm wave-
lengths18, indicating a greater abundance of centimetre-scale to deci-
metre-scale rocks within the upper few metres of the regolith.

Figure 1b shows many locations with CPRs ranging from 1.0 to 1.5
or more. The measured values of the CPR are within 20% of those
obtained from the 1992 lower-spatial-resolution 13-cm imaging16. As
was postulated on the basis of the lower-resolution data16, there is a
clear correlation between high values of the CPR and the walls and
ejecta deposits of both large and small craters. These high values raise
two questions: first, are they in any way indicative of the presence of
water ice, and second, if not water ice, then what combination of
surface morphology and scattering mechanism is responsible?

Shackleton crater (Fig. 2a) is of considerable interest for NASA’s
lunar exploration programme because of the suggested presence of
water ice on its Earth-facing inner slope2, and because a few locations

on its rim may be permanently sunlit for periods of up to 200 days
each year, making them suitable for extended human habitation20.
The upper portion of Shackleton’s Earth-facing inner rim can be seen
in both Lunar Orbiter and Clementine visible imagery, indicating
that it is sunlit at least part of the time; any detected ice deposits
would have to be located on areas lower down on the wall. Our new,
high-resolution data (Fig. 2b) show that there is no systematic vari-
ation in the CPR with distance down the (radar) visible part of the
inner slope, and high CPR values occur in seasonally sunlit regions of
the crater wall and the near-rim ejecta blanket.

Shackleton is morphologically similar to the 17 km crater
Schomberger G (77.1u S, 7.7u E; Fig. 2c). Both seem to have layered
outcrops, or terraces, within the upper few hundred metres of their
interior rim deposits, which could make access to the interior walls
very challenging. The CPR values for the inner Earth-facing slope of
Schomberger G (Fig. 2d), which is sunlit during the lunar diurnal
cycle, are almost identical to those of Shackleton. The inner and outer
walls and floor of the nearby 31-km Copernican-period crater
Schomberger A (78.8u S, 24.4u E) have CPR values of 1.5 and greater
(Fig. 1b), as do many other smaller young craters. It is clear that CPR
values greater than 1 do not require the presence of water ice and are
therefore not necessarily indicative of the presence of ice. For
Schomberger A and G, and numerous other craters, the high ratios
must instead be associated with scattering from the rocks and blocky
material that comprise the proximal ejecta or that have cascaded
down the steep inner slopes. This scattering could exhibit an opposi-
tion effect that, like its optical counterpart, includes a component
arising from a CBOE. High CPR values are not confined to the Moon.
They have also been observed for three near-Earth asteroids with
measured values between 1.0 and 1.2 (ref. 21), for Maxwell Montes
on Venus with similar values22, and for the SP lava flow near Flagstaff,
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Figure 1 | Radar image data from 24 October
2005, for a region covering the south pole and
the nearside to latitude ,686 S. The south pole
is on the left rim of Shackleton. North is 3.5u
anticlockwise from the centreline of this image
(0u longitude grazes the east rim of Moretus).
Spatial resolution 100 m per pixel; polar
stereographic projection. a, OC radar image at
100 m resolution. Major craters labelled: Sh,
Shoemaker; Fa, Faustini; dG, de Gerlache; WJ,
Wiechert J. b, CPR at 500 m resolution presented
as a colour overlay on the radar backscatter
image. Note the very high CPRs for Schomberger
A and many other smaller craters.
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As you approach the poles, there are more and 
more radar shadowed regions.  An orbital radar is 
needed to probe many PSRs. 
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Arizona, USA, which has CPR values of up to 2.0 at 24 cm wave-
length23. Water ice clearly has no function in radar scattering from
these surfaces.

Strong evidence that the CPR values in Shackleton are due to a
component of volume-scattering ice must certainly include a high
degree of correlation between the occurrence of high CPR values and
the transition from seasonally sunlit to permanently shadowed por-
tions of the crater wall. Although available topographic data24 do
not show the precise location of this transition, it is within the area
viewed by our mapping. The area of strongest CPR within Shackleton
(at about the 8 o’clock position in Fig. 2b), cited as supporting the
existence of a CBOE effect in the shadowed terrain on the basis of the
lower-resolution 1992 data2, is resolved here into a collection of high-
CPR points that occur in both permanent shadow and seasonal illu-
mination. In the absence of any strong difference in properties with
solar illumination, the possibility that these features are linked with
rocky debris, as observed at Schomberger G and elsewhere, remains
the more likely explanation.

Neutron spectrometer measurements from the Lunar Prospector
orbiter in 1998 indicated the presence of significant concentrations of
hydrogen in the lunar regolith at the south pole3. Assuming that the
hydrogen is in the form of water molecules, modelling25 shows that
the neutron measurements are consistent with a concentration of
1.5 6 0.8% by mass of ice in the upper 1 m or so of the lunar regolith.
If this ice is distributed as grains in the regolith at this concentration,
or locally at higher concentrations, then it would not be observable
with radar. If it is in the form of deposits of ice that are decimetres to
1 m or more thick, then it might be observable with radar by means of
the CBOE.

Our high-resolution radar data show no evidence that high CPR
values in Shackleton, or elsewhere in the south polar region, are
correlated with solar illumination conditions. Rather, these high
CPR values are associated with the rugged inner walls and proximal

ejecta of impact craters. This is consistent with the presence of any
water ice being only as disseminated grains at 1–2% abundance25.
Any planning for future exploitation of hydrogen at the Moon’s
south pole should be constrained by this low average abundance
rather than by the expectation of localized deposits at higher con-
centrations.
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Figure 2 | Comparison of the radar-scattering properties of Shackleton and
Schomberger G craters from the 16 April 2005 data. a, The SC radar image
at 20 m resolution for the 19-km diameter Shackleton crater at an incidence
angle of ,83.5u. c, A similar image for the 17-km Schomberger G crater at an
incidence angle of ,70u. The two craters seem to be of similar ages. Terraced
structures can be seen in the top few hundred metres of the interior deposits,
and the inner wall of Schomberger G shows evidence for down-slope mass
wasting. b, d, The CPRs for Shackleton (b) and Schomberger G (d) at 220 m
resolution overlaid on the radar images. The CPRs have been adjusted to be
identical to the calibrated but lower-resolution values of Fig. 1 (see the text).
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Image courtesy of Andy McGovern 

Arecibo Observatory 
visibility into 
permanently shadowed 
regions at the lunar 
south pole: Nov. 9 2013 

BISTATIC CAMPAIGN: NEXT STEPS 

Arecibo visibility into 
PSRs on Nov. 9, 2013 
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Forerunner operated 
at S-Band (12.6 cm) 
with a resolution of 
150 m (baseline). 

 
 

From November 2008 through August 2009, the 
Indian Space Research Organisation (ISRO) 
operated the Chandrayaan-1 mission, carrying 
with it a miniature radar dubbed Mini-SAR or 
Forerunner. 

Chandrayaan-1 

M3 
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Forerunner acquired nearly complete (>90%) 
coverage of the lunar polar regions, and limited 
coverage of the equatorial regions (~ 20 strips) 

Fo
re

ru
nn

er
 

North Pole South Pole 
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M
in

i-R
F On June 18, 2009 the Lunar Reconnaissance 

Orbiter launched, carrying with it a radar dubbed 
Mini-RF 

 
Mini-RF can operate at 

two wavelengths: 
 

S-Band (12.6 cm) 
X-Band (4.2 cm) 

 
And two resolutions: 

 
15 x 30 m (zoom) 
150 m (baseline) 
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Mini-RF acquired data over 66% of the non-polar 
regions of the Moon (< 70°), and nearly full 
coverage over the two poles at S-Band 
 

First radar views of the lunar far side! M
in

i-R
F 

0° (near-side) -180° 180° 
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•  Observation: The lunar poles do not look like 
the mercurian poles in radar 

•  Question:  Is there radar evidence of lunar 
volatiles? 

•  Test case: LCROSS 
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•  Reports from LCROSS indicate the presence of water 
and water ice in Cabeus crater (~5 wt. %) 

LC
RO

SS
 

Colaprete et al. 2010 
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Low radar return indicates that there is no near-
surface, thick deposits of ice in Cabeus crater 
•  This water must therefore be interspersed in the regolith 

as small grains less than ~10 cm in size 
 Chandrayaan-1 LRO 

= approximate location of LCROSS impactor 

LC
RO

SS
 

Neish et al., 2011 
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BUT there are many “anomalous” craters near the 
north pole which are good candidates for ice 

ex. “Anomalous” craters like this one in Rozhdestvensky have high 
CPR (>1) inside the crater, and low CPR outside the crater 
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about the scattering properties of illuminated and perma-
nently dark areas of the lunar poles near optimum (45°)
viewing geometry [Spudis et al., 2009]. From February to
April 2009, the Chandrayaan‐1 Mini‐SAR mapped over
95% of the lunar poles (latitude > 80°) at 150 m radar
resolution. The instrument utilizes a hybrid polarity archi-
tecture [Raney, 2007] which transmits circular polarization
and receives two orthogonal linear polarizations coherently.
This configuration allows us to reconstruct the four Stokes
parameters of the backscattered field that are equivalent to
those which would be measured by a conventional radar
astronomical telescope that transmitted and received exclu-
sively in circular polarizations.

2. Results

[5] The average CPR of the lunar surface is on the order
of 0.2 to 0.4 at 45° incidence for typical terrains [Campbell
et al., 2006; Thompson et al., 2008; Carter et al., 2009]. The
north polar region displays many areas of elevated CPR
(Figure 1). In some cases, this enhancement is clearly asso-
ciated with morphologically fresh, young impact craters

(red circles; Figure 1). This phenomenon is well known;
the youngest features on the Moon are the roughest, with
newly formed craters excavating large quantities of ejecta,
having impact melt sheets with roughly textured flow sur-
faces and cracks, and throwing out many angular blocks
[Schultz, 1976; Wilhelms, 1987; Heiken et al., 1991]. High
CPR is found both within and outside of such features
(red circles; Figure 1); high‐resolution images of sunlit,
fresh impact craters indicate a high degree of wavelength‐
scale surface roughness both within and outside the crater’s
rims [Schultz, 1976]. As features degrade and weather with
time, the micrometeorite bombardment of the Moon slowly
grinds rocks and small‐scale textures into powder, gradu-
ally erasing the rough surface signature of fresh craters
[Schultz, 1976; Wilhelms, 1987; Heiken et al., 1991] and
merging the craters into the low CPR background of the
lunar surface. These processes are continuous, cumulative,
and progressive.
[6] The crater Main L (81.2°N, 22.7°E; 14 km diameter)

is illuminated by sunlight both inside and outside its rim
over the course of a lunar day. It is a fresh, Copernican‐age
impact crater and hence, is expected to display youthful

Figure 1. CPR map of the north polar region of the Moon. Normal appearing fresh craters are indicated by red circles
while anomalous craters having high CPR in their interiors are shown by green circles. Although both crater types are
found throughout the map area, anomalous craters (green) are concentrated at the higher latitudes and have at least some
portion of their floors in permanent shadow. The red arrow points to Main L (Figure 2); the green arrow is the crater
shown in Figure 3.
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HOWEVER, high CPR can also be explained by 
extremely blocky surfaces (CPR = SC/OC) 

Multiple bounce 
backscattering on a rough 

surface randomizes 
polarization (OC ≅ SC) 

MODERATE CPR (~0.5 - 1) 

Blocky surfaces may act as 
corner re"ectors, causing 

double bounce backscatter 
(OC << SC) 

HIGH CPR (> 1) 

SAR SAR 

rough blocky 

SC = radar with same polarization as transmitted beam 
OC = radar with opposite polarization as transmitted beam 
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HOWEVER, high CPR can also be explained by an 
extremely blocky surface (CPR = SC/OC) ra

da
r 

SP Flow in northern Arizona, as 
observed by AIRSAR 

0.0                  CPR                 2.0 
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At a beta angle of zero, high CPR is not a unique 
indicator of water ice. Rough, blocky surfaces can 
also produce CPR > 1. Need a bistatic 
measurement to distinguish between the two 
possibilities. 
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At a beta angle of ~10°, we can distinguish rocky 
surfaces from buried ice. 
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Step 1: Characterize the CPR curve for rocks. 

Patterson et al., NLSI, 2013 

Note: phase angle = bistatic angle 
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Cabeus 
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Step 2: Determine CPR curve for PSRs. 

Patterson et al., NLSI, 2013 

phase angle = bistatic angle 
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A two spacecraft radar mission would allow us to 
more effectively probe the permanently shadowed 
regions. 

β 
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Previous bistatic attempts: 
1.  April 1994: Clementine (controversial results) 
2.  August 2009: C1/LRO (failed) 
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the SPA. Because of its location inside -this
topographic low, the elevation of the south
pole is likely to be several kilometers below
the mean lunar radius, resulting in zones of
permanent shadow (27, 28). As the Clem-
entine laser altimeter did not operate for
lunar latitudes greater than 700, there is no
altimetry data for the polar regions. How-
ever, multiring basins tend to preserve con-
centric symmetry (30), thus the lunar south
pole is estimated to lie about 5 to 8 km.
below the highest point of the basin rim
(29). If the elevation of the SPA rim crest
on the near side is about 1 km, as suggested
by the global map (31 ), then the pole would
lie at an elevation of about -4 to -7 km.
Study of the illumination conditions near
the south pole of the moon during the
mission reveal near constant illumination
of several points within 30 km of the pole as
well as darkness for other areas. Not all dark

regions observed by Clementine are perma-
nently dark, as the images were obtained
during southern winter, near the time when
the lunar spin axis obtained its maximum
tilt away from the sun (1.6°). Initial analysis
suggested that up to 30,000 km2 near the
south pole was dark during the mission
(27). Further analysis of the Clementine
images of the south pole taken over a two-
month period showed that some of this
region was illuminated for a small portion
(<10%) of the lunar month. Images of the
north pole taken on alternate orbits (10
hour intervals) during the first month and
images of the south pole taken during the
second month were registered and added
together to make composite images showing
the extent of illuminated and darkened ar-
eas (Fig. 2). These composite images show
the extent of darkness near the south pole is
much greater than that around the north

Fig. 2. Composite Clementine orbital images of the poles of the moon, where more than 50 separate
images have been summed together over one lunar day. In these views, areas of near permanent
illumination are white and areas of near permanent darkness are black. Within 100 km of each pole,
the south pole (A) shows considerable darkness (= cold traps) whereas the immediate surroundings
of the north pole (B) show at least an order of magnitude greater illumination, and are therefore
warmer. The scale bar is 100 km.

pole. Mapping of the shadowed areas within
a 2.50 latitude (75 km) radius circle of both
poles reveals at least 6361 km2 of darkness
around the south pole while only 530 km2
of darkness is measured around the north
pole. A conservative analysis suggests an
upper limit of 15,500 km2 of south pole
terrain is likely to be in permanent dark-
ness. As the cold trap area at the south pole
is more extensive than at the north pole, it
would be expected (2) to retain more
trapped volatiles.

In April 1994, during the times when
the Earth passed through the Clementine
orbital plane, the lunar axial tilt toward the
Earth as viewed from the NASA Deep
Space Network (DSN) was relatively large
(4.5° to 5.5°). This favorable alignment
occurred once for each pole during the
month. At these times the spacecraft, lunar
target, and Earth-based receiver were co-
planar with the spacecraft orbital plane, and
included the polar ,3 = 0 condition (Fig. 1).
Clementine transmitted an unmodulated S-
band (2.273 GHz, 13.19 cm wavelength)
right circular polarization (RCP) signal
with a net power of about 6 W through its
1.1 m high gain antenna (HGA), toward a
specific lunar target. One of the DSN 70-m
antennas served as a receiver. On 9 and 10
April 1994, bistatic radar observations were
made of the south pole region during orbits
234, 235, 236, and 237. On 23 and 24 April
1994, observations of the north pole were
conducted on orbits 299, 301, and 302.
Analytical results for orbits 234, 235, 301,
and 302 are presented here. The other or-
bits had systematic errors originating in the
spacecraft and the ground stations that
made the data unusable. Interpretation of
the surface physical properties involved
comparison of the measured echo compo-
nents with scattering models (32). In the
initial analysis, the polarization ratio was
compared to 1B and local surface angle of

Fig. 3. (A) Circular polar- A B 17
ization ratio (RCP/LCP) 3 LCP 235
as a function of ,B for or- 16C std = 0.11
bit 234 for a 2.50 radius std = 0.11 dB Orbit 234
latitude band centered 13 5 15
on the lunar south pole 14
and for orbit 235, for a m -4
2.50 radius periodically il- Xv 13-
luminated band cen- I3 -4.5 LCP234
tered at 82.50S, and for \Orbit301 Z12-
orbits 301 and 302, orig- c .5 11
inating from a 2.50 radius RCP 235
band centered at the Orbit 235 10 P
north pole. The area
sampled is approximate- 9Orbit302 9

ly 45,000 km2 (orbits -6 RCP234
234, 301, and 302) to -5 -4 -3 -2-1 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5
170,000 km2 (orbit 235). 13 (degrees) 1 (degrees)
(B) Individual polarization
channel (RCP and LCP) echo power response used on a frequency bin-by-bin basis to compute the orbit 234 and 235 polarization ratios.
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Nozette et al. 1996, 2001 
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There is evidence for ice in permanently 
shadowed regions near the poles of the 
Moon. 
 

In some craters, such as Cabeus, the ice 
appears to be present as small grains (< 
10 cm) mixed into the regolith. 
 

Bistatic radar observations can be used 
to distinguish radar returns caused by 
thick deposits of ice and those caused by 
rocky surfaces.  
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