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Outline
Radar is a useful remote sensing tool for studying planetary geology because it is 

sensitive to the composition, structure, electrical properties and roughness of the surface
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Planetary Radar
Radar measurements use all aspects of EM waves:  frequency/ wavelength, 

amplitude, polarization to acquire information

A sensitive indicator of near- surface 
roughness

Circular Polarization Ratio (CPR) = SC/OC

adapted from Farr, T. G. (1993)

Campbell et al. JGR (2009)

Neish & Carter (2014)

The ability of radar to investigate the lunar subsurface provides a unique 
perspective with which we can explore geologic processes and their 
influence on regolith development (including volatiles such as ice) 3



Radars for Lunar exploration

Compact Polarimetry
(One Tx Pol, Coherent Dual Rx)

Ground-based Radars Orbiting Radars

Arecibo Radar

World’s largest radar 

telescope till 2021

Diameter = 305 m

Tx & Rx: Circular Polarization
(Heritage since 70’s: Obtains OC and SC)

Full Polarimetry
(Orthogonal Tx Pols, Coherent 

Dual Rx)

S- & P-bands

Ch-1 Mini-SAR LRO Mini-RF

S- band S- & X-bands

DFSAR
(L- & S-bands)

Ch-2 Orbiter

Tx: Circular Polarization 
Rx: Dual-linear Polarization

Tx: Linear/Circular Polarization 
Rx: Dual-linear Polarization

All these Radar instruments can generate the CPR parameter
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Water Ice: Unique radar properties

High, anomalous CPR values

Arecibo Radar

Coherent Backscatter Opposition Effect (CBOE) a.k.a Weak Localization a.k.a Time reversal symmetry

Bruce Hapke, Icarus (1990)

Radar Observations of a target surface

Gold surface experiments

Schematic 
diagram of 
the CBOE

S- band
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Constructive interference 
between radar signals that 

follow the same path in 
opposite directions

These signals are forward 
scattered, which preserves 

the original sense of 
polarization

This leads to large “SC” 
returns, and high CPRs 

(CPR = SC/OC)

CBOE is most effective with 
closely spaced, wavelength-

sized scatterers of low 
refractive index in a weakly 

absorbing medium

Neish & Carter (2014)
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However…
High CPR can also be explained by extremely blocky surfaces

Neish & Carter, 2014

AIRSAR image of 
SP flow, Arizona

Tycho crater ejecta

S-band  Arecibo

Campbell, JGR (2012)
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Glushko crater 
melt flow

Campbell et al. Icarus (2010)Neish et al. Icarus (2014)6
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Icy Surfaces in the Solar System –
Galilean satellites

For the icy Galilean satellites there is no evidence of specular surface reflections at wavelengths from 3.5 up to

70 cm, and their entire echoes are apparently the result of multiple scattering (Campbell et al. 1978; Ostro et al.,

1992; Black et al., 2001). Hofgartner & Hand, Nat. Astro. (2023)



Comparison of measurement 
techniques for ice detection and 

characterization

Timeline of PSR exploration for the Moon

Water ice on the Moon : Background

The  three equally important components 
to the delivery and trapping process for 

lunar volatiles:
2

Transport to the 

Polar Regions

1Their Source(s)

3Ultimate storage
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Courtesy: KISS report 2014



Lunar Water ice : The Clementine bistatic
radar experiment

Orbital geometry of the 
Clementine bistatic radar 

experiment
Nozette et al. Science ( 1996)

Bistaic radar 
experiment

Measured the magnitude and polarization of 
the radar echo versus bistatic angle ‘β’, for 

selected lunar areas.

Elevated CPRs Observed in the south polar region at β 
close to zero

Results
Suggest the presence of patchy (dirty) ice 
deposits in the permanently dark areas 

of Shackleton crater

However, later studies using the same data again (e.g., 
Simpson & Tyler 1999) indicated that ambiguities still 

remained, regarding the validity of the ice/no-ice claims
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Lunar Water ice : Results from the Arecibo – Green bank  
telescopes

Radar image data 
from 24-Oct-2005, 

for a region covering 
the south pole and 

the nearside to 
latitude ~68° S

Campbell, D.B. et al. 
Nature (2006)

Takeaways

High-resolution S- and P-band radar data show no evidence that high 
CPR values in Shackleton, or elsewhere in the south polar region, that 

are correlated with solar illumination conditions.

Rather, these high CPR values are associated with the rugged inner 
walls and proximal ejecta of impact craters

Campbell, B. A. et al. 
Nature (2003)
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Spudis et al. GRL (2010); JGR (2015)

Polar anomalous craters from Mini-RF: Water ice

Takeaways

The high CPR confined inside rims of anomalous craters is probably 
not caused by surface roughness

The elevated CPR, geological occurrence and setting of these features 
(confined within PS polar regions) and low epithermal neutron flux are 

all consistent with the presence of water ice in these craters
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Polar anomalous craters from Mini-RF: 
Surface Roughness

Ice particles are indistinguishable from silicate-rich rock particles unless we can 
be certain that ice plays a major role in the shape of the particles

No apparent differences in the CPRs between the polar, potentially icy, and non-
polar, not icy craters
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Cabeus crater and the LCROSS impact

= approximate location of LCROSS impactor

Not consistent with the presence of thick deposits of 
nearly pure water ice within a few meters of the lunar 
surface, but does not rule out the presence of small 
(<∼10 cm), discrete pieces of ice mixed in with the 

regolith
Neish et al. JGR(2011)

Bhiravarasu et al. LPSC (2021)

L-band DFSAR resultsS-band Mini-RF radars

PSR =   0.18 ± 0.13

Non-PSR = 0.18 ± 0.12

PSR =   0.32 ± 0.1

Non-PSR = 0.35 ± 0.08
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CBOE : Need for non-zero phase angle 
measurements

Hapke & Blewett, Nature (1991)
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Mini-RF bistatic radar observations of Cabeus

The opposition surge observed for the 
floor of Cabeus differs from that of crater 
ejecta and appears unique with respect to 

all other lunar terrains observed. 

(Patterson et al. Icarus, 2016)

Modelled after Hapke et al. [2012] 

and Hapke and Blewett [1991] 

CBOE Theory Bistatic Mini-RF 

Mini-SAR, Mini-RF, 

DFSAR

Arecibo 

Mini-RF S-band bistatic images of 
Cabeus region at the lunar south pole

15

However, understanding the differences between Mini-RF 
bistatic observations of Cabeus and observations gathered by 

monostatic DFSAR & Mini-RF, and ground-based radar 
observations of the crater, remains an open issue



A tale of two poles: Mercury vs the Moon
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Neish & Carter (2014)

Chabot et al. 2017

South 
Pole

Virkki & Bhiravarasu, JGR (2019)

The 
Moon 

S- band

1

The PSRs of the Moon and
Mercury have very cold 

temperatures (<120 K) and 
as a consequence act as 

traps for volatile materials

2

Stunning contrast in the 
radar properties of the 

polar deposits on 
Mercury and the Moon

3
One of the most important unanswered 

questions is why the PSR volatile 
concentrations at the Moon and Mercury 

are so different

Mercury



Lunar Water ice : Status quo 

Dirty / 
Subsurface ice

Ice may be “dirty” and/or 
present at depths beyond 

radar penetration

Mercury vs 
Moon

Regions of less pure ice within 
Mercury’s PSRs are characterized by 
CPR < 1, which may also be occurring 

on the Moon

Bistatic
Observations

Only Cabeus floor has shown a 
response so far; and not comparable 

with monostatic results

Current State

Example scenarios for modelling of 
lunar ice

Courtesy: Thompson et al. JGR (2011)

17



Lunar Water ice : Way Forward
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Realistic scattering models to understand the radar return 
from terrains where: (i) the regolith contains ice inclusions (ii) 

ice is buried beneath regolith, and (iii) ice includes a significant 
volume fraction of rocks

Analysis of CPR<1 regions at lunar poles with new radar data (e.g. 
fully polarimetric DFSAR, monostatic vs bistatic) in conjunction 

with other wavelength observations (e.g. TIR, Neutron data)

Need more polar bistatic observations !
e.g.: DFSAR Tx with Rx at ground (DSS, GBO) at multiple 

incidence and phase angles

Ongoing / Future work

Dirty / 
Subsurface ice

Ice may be “dirty” and/or 
present at depths beyond 

radar penetration

Mercury vs 
Moon

Regions of less pure ice within 
Mercury’s PSRs are characterized by 
CPR < 1, which may also be occurring 

on the Moon

Bistatic
Observations

Only Cabeus floor has shown a 
response so far; and not comparable 

with monostatic results

Current State

Fa et al. JGR (2011) model to 
quantify how the dielectric 
constant and CPR vary as a 

function of the abundance of ice 
in the regolith: in this ice model, 
the surface layer is a mixture of 

silicate grains, ice grains, and 50% 
vacuum



Thank you !

DFSAR Polar maps


