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[1] We examine and model the occurrence of circular polarization ratio (CPR or mc) values
greater than unity in terrestrial and planetary radar observations as a guide to the range of
associated surface morphology. Lunar crater deposits exhibit maximum mc values at
12.6 and 70-cm wavelength of 2 to 3. CPR values for Maxwell Montes on Venus range up
to about 1.5 at 12.6-cm wavelength. Echoes from SP Flow in Arizona exhibit mc up to 2
at 24-cm wavelength. Scattering from rock edges and cracks (dipole-like) produces mc

of unity for single scattering and up to about 2 for multiple reflections. Scattering from
natural corner reflectors (dihedrals) formed by pairs of rock facets can yield an average mc

of 3–4, but likely requires non-random or scale-limited surface roughness properties
in order to dominate the observed echo. The dihedral mechanism is required to satisfy the
highest lunar mc observations, while echoes from SP Flow and Maxwell Montes could
be explained by just the dipole mechanism. The dihedral scenario requires rocky facets on
scales many times the radar wavelength, which the blocks at SP Flow (and the unknown
surface texture of Maxwell) may not provide. The random dipole model is less
demanding in terms of structures and scales, and likely increases the CPR of lunar or
asteroid regoliths through scattering from and between rocks.
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1. Introduction

[2] Radar observations of planetary surfaces have long
been used to infer physical properties such as topographic
roughness, rock abundance, reflectivity, and dielectric loss.
A major advantage in such applications is information on the
polarization of the reflected signal. Current airborne and Earth-
orbiting radar sensors often measure the complete scattering
matrix for each image pixel in “quad-pol” format [van Zyl
et al., 1987], which permits analysis of the surface scattering
behavior in all possible configurations of the transmitted and
received signal polarization. A number of decomposition
models have been proposed that use this polarimetric infor-
mation to estimate the contributions of various surface scat-
tering mechanisms to the observed echo [e.g., van Zyl, 1989;
Campbell et al., 1989; Freeman and Durden, 1998].
[3] For planetary work, a dual-polarization or hybrid-

polarization format is used for most Earth-based observations
[e.g., Campbell et al., 2007] and for two recent lunar-orbiting
radars [Raney, 2007]. These radar systems transmit a single
polarization and measure reflections in two orthogonal

polarization components. The “dual-pol” format allows for a
Stokes-vector representation of the echo, and application of
techniques that can indicate the degree of subsurface scat-
tering [e.g., Carter et al., 2004, 2011]. The more limited
polarimetric information contained in the dual-pol format
poses a challenge to understanding surface physical proper-
ties from radar remote sensing.
[4] The circular polarization ratio (mc or CPR) is measured

in both the quad-pol and the typical planetary dual-pol
observing format. The CPR, defined as the ratio between
power reflected in the same sense of circular polarization (SC)
as that transmitted and the echo in the opposite sense (OC) of
circular polarization, is strongly modulated by roughness-
induced changes in scattering on or beneath a target surface.
We have observations of mc in a wide range of terrestrial
[Campbell et al., 1993; Rignot, 1995; Plaut et al., 2004;
Campbell, 2009] and planetary settings: Mars [Harmon et al.,
1999; Harmon and Nolan, 2007], the Galilean satellites
[Campbell et al., 1978; Ostro et al., 1992], Venus [Campbell
et al., 1999; Carter et al., 2004], Mercury [Harmon et al.,
1994, 2001, 2011], Titan [Black et al., 2011], asteroids
[Shepard et al., 2008; Benner et al., 2008], and the Moon
[Campbell et al., 2006, 2009; Spudis et al., 2010].
[5] From these analyses, it is evident that there is con-

siderable information to be gained from the CPR about the
physical properties of the surface. For “typical” rough sur-
faces, such as the suite of textures found in Hawaiian lava
flows, mc exhibits an increase with incidence angle and
topographic roughness on horizontal scales comparable to
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the observing wavelength, and a maximum value of about
0.6 [Campbell, 2009]. In other geologic settings, however,
much higher values of the CPR have been observed, raising
questions about the scattering mechanism and associated
physical properties of the surface or subsurface. For any
rocky planetary body, understanding the plausible scattering
geometries is directly relevant to understanding the processes
that form and modify the surface or regolith. The question
here is how various geologic attributes (rock or plate sizes,
shapes, proximity, volume distribution in a soil, etc.) may
contribute to a strong CPR enhancement.
[6] Water ice that occurs in sheets or slabs at least a few

radar wavelengths in thickness has very strong radar back-
scatter and enhanced circular polarization ratio values. This
behavior arises due to scattering by cracks and voids in the
ice, which has an intrinsically low microwave loss. Radar
signals propagating along a given scattering path through
the medium in opposite directions emerge to constructively
enhance the same sense of circular polarization as that
transmitted [e.g., Black et al., 2001]. As a result, the CPR can
have a maximum value of about 2. Values of 1.5 to 1.8 are
observed for the Galilean satellites [Campbell et al., 1978;
Ostro et al., 1992; Black et al., 2001] and the Greenland ice
sheet [Rignot, 1995]. A high CPR signature, strong overall
backscatter, and the high degree of correlation between radar-
bright features and regions of permanent shadow, are the
primary arguments for associating echo properties from polar
craters on Mercury with sheets of ice [Harmon et al., 1994,
2001, 2011]. An area of strong future interest is radar detection
of shallow ice bodies on Mars, which have been observed at
the Phoenix landing site [Smith et al., 2009] and in several
recent craters in the plains [Byrne et al., 2009]. It is thus
important to understand the scattering properties of rocky
surfaces and regoliths in order to better discriminate ice
deposits using radar echo amplitude and polarization data
[e.g., Fa et al., 2011; Thompson et al., 2011].
[7] This paper examines several rough-surface scattering

mechanisms that offer reasonable explanations for high CPR

values, and compares their predicted polarimetric behavior
with examples from lunar and terrestrial settings. Section 2
presents 12.6-cm and 70-cm Earth-based radar observations
that illustrate the upper range of circular polarization ratios
from rugged lunar impact crater interiors and ejecta. Section 3
uses a Stokes-matrix approach to illustrate how various
polarization properties can lead to elevated mc values, and
notes upper limits to the CPR under different scattering
regimes. Section 4 examines radar data for SP Flow, a blocky
volcanic deposit in northern Arizona, and shows that high-mc
pixels are better explained by multiple scattering from
random rock edges or cracks than by a dihedral scattering
model. Section 5 discusses the significance of these results
to the interpretation of current data and the design of future
radar investigations.

2. High CPR Values in Lunar Radar
Observations

[8] High values of the circular polarization ratio have been
noted for both 12.6-cm and 70-cm radar observations of the
Moon [e.g., Campbell et al., 2009, 2010; Spudis et al., 2010].
The extreme degree of localized enhancement in mc was
recognized only recently due to much finer image spatial
resolution (10s of meters to a few hundred meters), which
can identify patches of very rough or otherwise anomalous
terrain. The highest values of mc are found in the walls,
floors, and proximal ejecta blankets of impact craters. The
crater walls and floors are rough due to the presence of rocky
debris or lava-like impact melt sheets, while the proximal
ejecta is comprised of abundant surface boulders, rocks sus-
pended within the fine-grained regolith, and patches of rough
impact melt.
[9] The 86-km crater Tycho is one of the youngest large

craters on the Moon, with an age of about 100 m.y. [e.g.,
Hiesinger et al., 2010], and exhibits high values of back-
scatter strength and circular polarization ratio (Figure 1).
High-resolution (50 cm per pixel) images from the Lunar

Figure 1. Earth-based 12.6-cm wavelength radar image of the 86-km lunar crater Tycho, with circular
polarization ratio as a color overlay. North is toward top; simple cylindrical map projection. Radar inci-
dence angle at the center of the crater is about 42�. Radar look direction is approximately from the upper
right [Campbell et al., 2010]. Approximate location of the LROC image in Figure 2 is shown by the arrow.
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Reconnaissance Orbiter Camera (LROC) [Robinson et al.,
2010] show a complex array of lobes, hills, fissures, and
cracks in the crater floor, with a thin regolith cover and
abundant boulders (Figure 2). The largest boulders in this
image are 10 m or more in diameter, and most of those visible
on the surface are 3–6 m in scale. There are patches of smooth-
appearing mantling material between the boulder-rich out-
crops, but small bright spots and shadows suggest that rocky
debris is also present within or just under this cover. The mean
12.6-cm circular polarization ratio of the terrain represented
by this LROC image is 1.75.
[10] Figure 3 shows a histogram of mc values for 12.6-cm

[Campbell et al., 2010] and 70-cm [Campbell et al., 2007]
wavelength over the entire crater and out to about one crater
radius in the Tycho ejecta blanket (Figure 1). These values
are calculated from SC and OC echo data averaged to 100 or
more independent looks. The speckle-related uncertainty
declines as the root of the number of looks, so the uncertainty
in any single power measurement, and by extension the CPR,
is about 10% (e.g., mc = 2.5 � 0.25) or less. As observed for
the example site above, the rugged Tycho deposits produce
large CPR enhancements. In the 12.6-cm data, maximum
values of 2.5 to 3 occur, while the 70-cm echoes reach
maximum values of 2 to 2.5.
[11] Values of mc up to about 2, at 70-cm and 12.6-cm

wavelength, also occur for domes in the Marius Hills, and
within/around numerous smaller to moderate-diameter craters
[Campbell et al., 2006, 2009; Spudis et al., 2010]. As an

example, Figure 4 shows a 14.8-km diameter crater, Rabbi
Levi L, in the floor of the 82-km crater Rabbi Levi. Strong
backscatter and high values of the CPR occur only in the
interior of this crater, and nearby craters have similar streaks
and patches along their inner walls. Even after spatially
averaging over a large number of independent measurements,
the circular polarization ratio along the northern and eastern
crater interior walls has maximum values approaching 3

Figure 2. Lunar Reconnaissance Orbiter Camera narrow-
angle image of the floor of Tycho crater. Background image
is averaged to 2-m spatial resolution; inset shows 50-cm res-
olution detail of crater floor fissures and surface debris. Solar
incidence angle 67�, with illumination from the left. Portion
of image M135257592LC.

Figure 3. Histograms of CPR values for the Tycho crater
floor and proximal ejecta blanket at 12.6-cm (triangles)
and 70-cm (crosses) wavelengths. Both histograms are nor-
malized to an arbitrary vertical scale. Data at 70-cm wave-
length are from Campbell et al. [2007].

Figure 4. Same-sense circular polarization, 12.6-cm radar
image of Rabbi Levi L crater (center location 34.75�S,
22.96�E), with arrows noting regions sampled for CPR dis-
tribution in Figure 5. Image size about 60 km by 60 km.
North toward top. Radar illumination is from approximately
the top of the image; radar incidence angle about 36�. Spatial
resolution of the image is 80 m per pixel.
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(Figure 5). As expected, there is an increase in mc with local
incidence angle, with the northern wall having the greatest tilt
away from the incident beam and higher polarization ratios.
There is little radar enhancement associated with the rim or
proximal ejecta blanket of 10–15 km diameter craters in the
floor of Rabbi Levi, suggesting that they are relatively old
and most near-surface ejecta blocks have been broken down
by micrometeorite bombardment. The high degree of radar
echo and CPR enhancement from the interior must thus come
from “shedding” of boulders or fragments of a competent
layer near the top of the inner walls, perhaps associated with
impact melt [Campbell and Campbell, 2006] linked with
basin-derived plains units mapped in this area by Scott
[1972].
[12] The dual-polarization Earth-based observations, and

orbital MiniRF data, also allow calculation of a “degree of
polarization” and “degree of linear polarization” from the
four measured Stokes parameters:

S1
S2
S3
S4

��������

��������
¼

〈A2
L〉þ 〈A2

R〉
2〈ALAR cosd〉
2〈ALAR sind〉
〈A2

L〉� 〈A2
R〉

��������

��������
ð1Þ

where AL and AR are the voltages measured in the left- and
right-circular polarized channels, d is their relative phase,
and 〈〉 denotes a time average. Any orthogonal polarization
set [e.g., Raney, 2007] may also be used to form the Stokes
vector terms. The degree of polarization is

DP ¼ S22 þ S23 þ S24
� �1=2

S1
ð2Þ

The degree of linear polarization is

DLP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S22 þ S23

p
S1

ð3Þ

where the total power in S1 is typically corrected for any
system noise component (which is canceled out by the cross-

correlation that yields S2 and S3). A strong component of
linear-polarized echo is typically associated with scattering
from subsurface rocks or rough interfaces beneath smooth
mantling material [Carter et al., 2004, 2011]. Surface scat-
tering, or a rough interface above a subsurface reflector,
rapidly diminishes the correlation between the two polari-
zation components. In this situation, the DLP is very low,
and the DP is related to the circular polarization ratio:

DP ≈
S4j j
S1

¼ mc � 1j j
mc þ 1

� �
ð4Þ

This has a maximum value of unity when mc is zero, declines
to zero when mc = 1, and rises again for larger values of the
CPR. In the 12.6-cm Earth-based radar data for the Tycho
floor and ejecta, the linear-polarized echo component is
negligible, so the degree of polarization provides no addi-
tional information on possible scattering mechanisms.

3. Scattering Mechanisms Associated
With High CPR

3.1. Scattering Matrix Representation

[13] An examination of the scattering matrix representa-
tion of radar echoes provides insight into how enhanced mc
values arise. We begin with the definition of the SC and OC
backscatter coefficients, s0ij, from elements of the 2 � 2
scattering matrix, S, where Sij describes the complex-valued
voltage measured for transmit polarization i and receive
polarization j. In the linear-polarized nomenclature for the
scattering matrix terms these polarization states are either
horizontal (H) or vertical (V). The 4 � 4 Stokes matrix [van
Zyl et al., 1987] contains the real-valued cross products of
the scattering matrix elements, and relates the radar echo
power to the polarization of the transmitted and received
signals. The two circular polarization echoes are given by
[Campbell, 2002]

s0
SC ¼ 1

4
SHHS

∗
HH þ SVVS

∗
VV þ 4SHVS

∗
HV

�
þ 4Im SVHS

∗
VV � SHVS

∗
HH

� �� 2Re SHHS
∗
VV

� �	 ð5Þ

s0
OC ¼ 1

4
SHHS

∗
HH þ SVVS

∗
VV þ 2Re SHHS

∗
VV

� �� 	 ð6Þ

where the asterisk denotes a complex conjugate. For natural
surfaces, there is no evidence of significant correlation
between the cross-polarized (HV, VH) and like-polarized
(HH, VV) linear components, so we set that term of (5) to
zero. Writing the appropriate cross products in terms of
backscatter coefficients yields

s0
SC ¼ 1

4
s0
HH þ s0

VV þ 4s0
HV � 2Re SHHS

∗
VV

� �� 	 ð7Þ

s0
OC ¼ 1

4
s0
HH þ s0

VV þ 2Re SHHS
∗
VV

� �� 	 ð8Þ

This shows that mc depends upon the relative strengths of
s0HV, s

0
HH, and s

0
VV, and on the real part of the like-polarized

correlation. We define the ratio of HH- to VV-polarized

Figure 5. Histograms of 12.6-cm CPR values for sample
sites along the northern and eastern interior walls of crater
Rabbi Levi L. Echoes in the two circular polarization states
were averaged over a total of 484 looks per sample to reduce
speckle uncertainty.
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backscattered power as a. The Re(SHHSVV*) term can be
normalized to yield a ratio termed here b:

b ¼ Re SHHS∗VV
� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2HHS

2
VV

p ¼ Re SHHS∗VV
� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s0
HHs

0
VV

p ð9Þ

This parameter has a range from �1, corresponding to an
ideal double-bounce return, to 1, corresponding to an ideal
single-bounce reflection from radar-facing surface facets
[Boerner et al., 1987; van Zyl, 1989; Freeman and Durden,
1998; Sato et al., 2005].

3.2. Dihedral Scattering

[14] A frequently cited physical model for generating high
circular polarization ratios is termed dihedral scattering,
where the radar signal is reflected back to the sensor via two
mirror-like scattering events. The two-dimensional scattering
geometry of pairs of facet-like surface elements that form a
right angle can be described by a tilt angle, t, the radar
incidence angle with respect to a background plane surface,
f, and the real dielectric constant of the facets, ɛr (Figure 6).
The applicable range of t (in degrees) relative to the hori-
zontal is from �f to (90 � f). Energy impinging on the first
facet at local incidence angle f1 = (f + t) and reflecting back
to the sensor after striking the second facet at incidence angle
f2 = (90 � f1) is modulated by the Fresnel reflection coef-
ficients of the two events. The HH- and VV-polarized power
reflection coefficients for the dihedral are

RHH ¼ RH f1ð ÞRH f2ð Þ ¼ sin2 q1 � f1ð Þ
sin2 q1 þ f1ð Þ

sin2 q2 � f2ð Þ
sin2 q2 þ f2ð Þ ð10Þ

RVV ¼ RV f1ð ÞRV f2ð Þ ¼ tan2 f1 � q1ð Þ
tan2 q1 þ f1ð Þ

tan2 f2 � q2ð Þ
tan2 q2 þ f2ð Þ ð11Þ

where the transmission angles are

q1 ¼ sin�1 sin fþ tð Þffiffiffiffi
ɛr

p

 �

ð12Þ

q2 ¼ sin�1 cos fþ tð Þffiffiffiffi
ɛr

p

 �

ð13Þ

There can be a strong difference in the relative magnitude of
RHH and RVV for a dihedral feature, particularly where the
incidence angle on one of the facets is close to the Brewster
angle for that value of ɛr . We denote the ratio of HH- to VV-
polarized backscattered power for a dihedral pair, or suite of
such features, as aD. For an ideal dihedral feature, s0HV is
negligible, and b is �1. Under these conditions,

Re SHHS
∗
VV

� 	 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s0
HHs

0
VV

q
¼ �s0

VV

ffiffiffiffiffiffi
aD

p ð14Þ

and the CPR can be simplified from equations (7) and (8):

mc ¼
1þ ffiffiffiffiffiffi

aD
p� �2

1� ffiffiffiffiffiffi
aD

p� �2 ð15Þ

Any single dihedral facet pair can have arbitrarily high values
of mc, particularly where aD is close to unity. To better rep-
resent a rugged surface, we must average the dihedral
behavior shown by equations (10)–(11) over the range of
possible geometries, and use the mean RHH and RVV values to
define aD for equation (15). This averaging assumes that
every facet is of equal length, and weights the contributions
of dihedrals by the projected scattering area (cosf1cosf2)
for a given geometry. The resulting average values of aD

and the CPR as a function of ɛr are shown in Figure 7. The
value of aD peaks at ɛr � 6, then declines toward unity for
higher dielectric constants; the CPR in turn rises steadily.
Average CPR values of 3–4 are associated with dielectric
constants typical of dry geologic materials.
[15] The observed radar echo cannot arise solely from

dihedral scattering features. The HH- and VV-polarized
returns are a sum over all surface echoes, which must also
include a component of single-bounce reflections (a = 1,
b = 1, mc = 0) from favorably oriented facets. These single-
scattering facets are “brighter” than any dihedral feature,
since the double-bounce return is reduced by an additional
factor of the Fresnel reflectivity. An increase in the real
dielectric constant of one or both dihedral facets (i.e., bare

Figure 6. Diagram showing scattering geometry for a cor-
ner reflector. The vertical dashed line is the normal to the
background plane surface.

Figure 7. Circular polarization ratio (solid curve) and aD,
the ratio of HH-polarized to VV-polarized backscatter (dot-
ted line), averaged over a distribution of randomly oriented
dihedral facet pairs, as a function of the real dielectric con-
stant of the facets.
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rock versus regolith) enhances the relative contribution of
double-bounce echoes to the overall return, as will coherent
enhancement arising from reversed scattering paths [Jin and
Lax, 1990]. In order to obtain CPR values of 2 to 3, however,
the number of dihedral scattering paths within a radar reso-
lution cell must still significantly exceed the population of
single-scattering facets. This requirement is perhaps fulfilled
only by surface roughness that yields a “sawtooth” structure,
such as tilted plates, jointing, or closely spaced boulders
preferentially larger than the illuminating wavelength.
[16] Diagnostic attributes of a dominantly dihedral scat-

tering component include the high value of a and negative
value of the like-polarized correlation term (and b). The
latter behavior is sometimes noted in quad-pol decomposi-
tion models as a HH-VV phase term approaching 180� from
vertical features like reeds or forest growth [Ulaby et al.,
1987; Freeman and Durden, 1998]. We also note that the
CPR of randomly oriented dihedral features will rise with

the surface dielectric constant, which could be important in
radar studies of high-reflectivity regions on Venus [e.g.,
Campbell et al., 1999].

3.3. Scattering From Dipole Elements

[17] The dihedral scattering model requires locally smooth
facets, at least a few radar wavelengths in extent, which form
backscattering right-angle pairs. Even allowing for the three-
dimensional nature of a real surface, and the possibility that
reflecting facets may be separated by some distance and still
satisfy the double reflection geometry, dihedral features may
be uncommon in geologic settings. A more ubiquitous type
of scattering feature is ground cracks or rock edges that
behave as dipole-like elements. Each such element has a
signature dependent on its orientation with respect to the
incident signal polarization. Taken as a collection of ran-
domly oriented dipoles, a rough surface has these average
backscatter properties:

s0
HH ¼ s0

VV ¼ 3s0
HV ¼ 3

8
RP0 ð16Þ

b ¼ 1=3 ð17Þ

where P0 is the illuminating power and R is a scaling
factor that captures the effective gain or reflectivity of the
individual dipoles [Campbell et al., 1993; Freeman and
Durden, 1998; Campbell, 2002]. Plugging these values
into equations (7) and (8) shows that mc = 1. The single-
scattering model of randomly oriented dipoles appears to
explain much of the depolarization in radar echoes from a
range of surfaces [Campbell et al., 1993; Freeman and
Durden, 1998; Plaut et al., 2004; Campbell, 2009], but
does not produce the maximum degree of enhancement
observed in rugged lunar settings.
[18] If the energy scattered by a collection of random

dipoles is intercepted and scattered a second time by a
dipole-like feature, the net backscatter is

sD
HH ¼ 3R

8

� �
sS
HH þ R

8

� �
sS
HV

¼ 3R

8

� �
3RPo

8

� �
þ R

8

� �
RPo

8

� �
¼ 5R2Po

32
ð18Þ

sD
HV ¼ R

8

� �
sS
HH þ 3R

8

� �
sS
HV

¼ R

8

� �
3RPo

8

� �
þ 3R

8

� �
RPo

8

� �
¼ 3R2Po

32
ð19Þ

where the D and S superscripts refer to the echoes from
the double-bounce and single-bounce events. We see that
the double-bounce scenario leads to a substantially higher
degree of depolarization (s0HV/s

0
HH = 3/5) for a linear-

polarized illuminating signal. Another diagnostic aspect is
that b declines from the 1/3 value of the single-scattering
dipole case, and for a cloud distribution will approach zero
[Oh et al., 2002; Mattia et al., 1997]. The s0HH/s

0
VV ratio, a,

is again near unity.
[19] While a double-bounce event between dipole-like

rock edges will be perhaps 10% the strength of a single-

Figure 8. Radar image of SP cone and lava flow, Arizona
(AIRSAR scene CM6453). Image height 6.9 km. Opposite-
sense circular polarization; radar wavelength 24 cm. Radar
illumination is from the left. The black box shows region
used for analysis of echo statistics in Figure 9. The radar
incidence angle for this sample region is about 34�.
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bounce event (given typical rock reflectivity of 0.1), there
are potentially far more opportunities for this type of scat-
tering to occur in rugged terrain. Dipole-like elements are
effective scatterers in any position on the surface. The issue
is simply visibility – how often can energy scattered by an
initial dipole element encounter another such feature and
return to the sensor? The ideal situation is a cloud-like dis-
tribution in space, where almost every dipole can intercept
energy from every other. The other end-member is cracks in
a horizontal planar surface, which reflect on the first bounce
but allow few multiple-scattering events. Rugged surfaces
progressively allow more double-bounce interactions as the
vertical scale of the roughness increases. Setting a = 1, the
ratio of equations (7) to (8) is

mc ¼ 1þ 2
s0
HV

s0
HH

� b
� �

= 1þ bð Þ ð20Þ

When double-bounce scattering among dipole-like ele-
ments is strong, then b approaches zero and s0HV/s

0
HH = 3/5

from equations (18)–(19), so mc has a maximum possible
value of 2.2. In neither dipole model does the dielectric
constant of the surface impact the upper bound on the cir-
cular polarization ratio, but enhanced surface reflectivity

will increase the relative importance of any double-bounce
component.

4. High CPR Values From SP Flow

[20] SP Flow in northern Arizona is a geologic surface
that might allow efficient multiple scattering of a radar signal
due to abundant decimeter-scale, smooth-sided boulders
[Schaber et al., 1980; Campbell et al., 1993]. We utilized
24-cm wavelength radar data collected by the quad-pol
NASA/JPL AIRSAR instrument. The study area is shown
in Figure 8, and we averaged the original 4-look pixels with
a 5 � 5 boxcar filter to yield ratio values with about 10%
uncertainties. A histogram of CPR values over the sample
area shows that mc is often >1 but is limited to less than �2
(Figure 9a).
[21] We can use the correlations between radar polariza-

tion ratios to infer the dominant scattering mechanism for
this rugged surface. First, there is no correlation between mc
and the s0HH/s

0
VV ratio (Figure 9b); such correlation is a

key attribute of dihedral scattering (15). Second, there is
a strong positive correlation between mc and the s0HV/s

0
HH

ratio (Figure 9c), which is expected for both the single- and
double-bounce dipole models. Finally, we note the negative
correlation between mc and b (Figure 9d), consistent with a

Figure 9. (a) Histogram of circular polarization ratio (CPR) values at 24-cm wavelength for sample area
of SP flow noted on Figure 8. (b) Average value of the CPR for the sample region as a function of the ratio
between the HH- and VV-polarized echoes. (c) Average value of the CPR as a function of the ratio
between HV- and HH-polarized echoes. (d) Average value of the CPR for the sample region as a function
of the normalized HH-VV correlation, b. Solid lines in Figures 9b–9d denote the behaviors expected for
single-scattering, randomly oriented dipoles.
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decline in coherence between the HH- and VV-polarized
returns with increasing amounts of either dipole-scattering
mechanism relative to any facet-like echo component.
[22] These behaviors, the upper limit of about 0.5 on

s0HV/s
0
HH, and the lower limit of about 0.05 on b, are all

consistent with the double-bounce dipole model for creating
the highest CPR enhancements from SP Flow. It should be
noted that the average behavior over the entire study area is
mc � 1 and s0HV/s

0
HH � 1/3, so in many parts of the flow

the single-scattering, dipole-like model predominates. Strong
dihedral scattering may be responsible for pixels with high
s0HH/s

0
VV ratios, but this mechanism does not cause elevated

CPR values (Figure 9b) as it does in urban settings [e.g.,
van Zyl, 1989].

5. Discussion and Conclusions

[23] Any surface of moderate or greater roughness will
exhibit backscatter components from all of the mechanisms
discussed (facets, dihedrals, and dipoles). Each of these
mechanisms may also arise in scattering from objects or
interfaces in and beneath a planetary regolith, with their
contributions to the total observed echo diminished by
attenuation in the material and the reduced dielectric contrast
between rocks and soil (relative to rocks and vacuum).
Efforts to decompose radar echoes into physically meaningful
components using their polarization properties typically
exploit the full range of information contained in the quad-
pol format [e.g., Freeman and Durden, 1998]. The dual-pol
measurements used in planetary studies are more limited in
their degrees of freedom, and for many rough surfaces the
correlation measured by the Stokes-vector S2 and S3 terms
(1) may be negligible. The analysis of SP Flow shows how
important the fully polarimetric data are to understanding the
dominant scattering mechanisms and associated geologic
properties.
[24] The circular polarization ratio does provide signifi-

cant information on the physical characteristics of the target
surface. Given the upper limits of the dipole scattering
model, we may infer that the highest mc values of 2.5 to 3 for
Tycho and other rough sites on the Moon are caused by
dihedral scattering between nearby rocks or between rock
faces and the soil surface. Achieving these high values
requires that double-bounce backscattering paths within a
target area be significantly more numerous than single-
bounce geometries, implying non-random roughness struc-
tures and scales. At SP Flow, high-CPR areas are more
consistent with multiple scattering among rock edges or
cracks. The lack of obvious dihedral signatures at SP, when
they appear so necessary to explain the high mc values for
Tycho, may be due to a difference in the scales of roughness.
There are abundant smooth rock faces across the surface
of SP flow, but these are typically a few decimeters in
extent. The floor of Tycho is populated by boulders and
blocks 3–10 m in diameter (Figure 2), and thus provides the
necessary smooth patches for effective dihedral structures.
[25] The Maxwell Montes on Venus also display high mc,

with maximum values at 12.6-cm wavelength of about 1.5
[Campbell et al., 1999]. This same study found that the
linear polarization ratio, analogous to s0HV/s

0
HH, has a

maximum of about 0.5. As with other regions of Venus
above about 6053-km planetary radius, Maxwell Montes has

enhanced surface reflectivity, consistent with a real dielectric
constant of 20 or more and a potentially very high imaginary
component [e.g., Simpson et al., 2009]. From Section 3, we
expect that echoes arising from the dihedral mechanism will
exhibit a steady increase in CPR as the real dielectric con-
stant rises. While mc for Maxwell Montes does rise with
surface reflectivity, values measured to date at few-km
spatial resolution do not exceed 2, and the s0HV/s

0
HH ratio

approaches the 0.6 limit noted in equations (18)–(19). A
combination of single and multiple scattering from randomly
oriented dipoles is thus at least adequate to explain the cur-
rent Maxwell observations.
[26] The dominance in these rough settings of scattering

behavior similar to that of randomly oriented dipoles also
suggests that this is a common “background” component in
the lunar CPR signature. In areas where the loss tangent of
the regolith is relatively low, such as highland material or low-
ilmenite mare basalt, both single scattering and some degree of
multiple scattering could occur from/between wavelength-
scale rocks suspended in the soil [Thompson et al., 1970].
This would enhance the CPR above that expected from sur-
face scattering by individual rocks. Campbell et al. [2010]
observe a rise in 12.6-cm wavelength mc for the lunar maria
with lower ilmenite content, consistent with an increasing
role for these subsurface echoes as the regolith becomes more
radar-transparent. The same mechanism may occur in scat-
tering from regolith on asteroids.
[27] In orbital radar studies of Mars, as with Earth-based

radar studies of Mercury [Harmon et al., 2011], detection
and mapping of clean ice in shallow, dust-covered patches
[e.g., Byrne et al., 2009] will exploit the distinctive polari-
zation properties of the coherent backscatter mechanism
[Black et al., 2001]. The enhanced CPR and strong echoes of
slab-like ice will be readily distinguishable from the average
properties of a lunar-like regolith [Campbell et al., 2010].
Ambiguities arise mainly where the ice is at low volume
fractions [Thompson et al., 2011; Fa et al., 2011] or the
terrain of interest is on the rugged walls or proximal ejecta of
impact craters. In contrast, most northern plains regions of
Mars have CPR values [Harmon and Nolan, 2007] well
below the maximum of 0.6 found for “typical” rough sur-
faces [Campbell, 2009]. This study suggests that fully
polarimetric radar can provide stronger constraints on the
dominant scattering regime, and thus focus work on regions
with signatures most consistent with subsurface ice. Previous
work shows that longer wavelength radar echoes exhibit
lower mc for any given surface roughness or population of
suspended rocks [Campbell, 2009], and greater penetration
depth in mantling materials [Campbell et al., 2004], so
moving toward lower frequencies (L- or P-band in contrast
to X-band or S-band) will further reduce ambiguities in the
search for Martian ice deposits.
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