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Since Cassini arrived at Saturn in 2004, its moon Titan has been thoroughly mapped by the RADAR instru-
ment at 2-cm wavelength, in both active and passive modes. Some regions on Titan, including Xanadu
and various bright hummocky bright terrains, contain surfaces that are among the most radar-bright
encountered in the Solar System. This high brightness has been generally attributed to volume scattering
processes in the inhomogeneous, low-loss medium expected for a cold, icy satellite surface. We can test
this assumption now that the emissivity has been obtained from the concurrent radiometric measure-
ments for nearly all the surface, with unprecedented accuracy (Janssen et al., and the Cassini RADAR
Team [2009]. Icarus 200, 222–239). Kirchhoff’s law of thermal radiation relates the radar and radiometric
properties in a way that has never been fully exploited. In this paper we examine here how this law may
be applied in this case to better understand the nature of Titan’s radar-bright regions. We develop a quan-
titative model that, when compared to the observational data, allows us to conclude that either the
reflective characteristics of the putative volume scattering subsurface must be highly constrained, or,
more likely, organized structure on or in the surface is present that enhances the backscatter.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

To varying degree, the satellites of the outer planets show radar
reflectivities that are large compared to other bodies in the Solar
System (Campbell et al., 1977; Muhleman et al., 1990; Ostro
et al., 2006). A generally accepted explanation is high-order vol-
ume scattering caused by inhomogeneities in a low-loss matrix
such as water ice, made possible by the low microwave absorptiv-
ity of ice at cryogenic temperatures. Coherent backscattering such
as from scatterers embedded in a weakly absorbing medium can
explain both the large radar cross sections and unusual polariza-
tion ratios observed for the Galilean satellites using Earth-based
radar (Hapke, 1990; Ostro, 1993; Black et al., 2001). Prior to Cas-
sini’s arrival at Saturn, Earth-based measurements of Titan showed
a radar cross section that was small compared to the Galilean icy
satellites (Muhleman et al., 1995), taken at the time to indicate
more surface contaminants (Lorenz, 1998). However, the high spa-
tial resolution achieved by the Cassini RADAR has revealed Titan’s
surface to be varied and complex, with many areas where the radar
reflectivities in fact equal or exceed those of the most highly scat-
tering icy satellites: Europa, Enceladus, and Tethys.

Radar reflectivity and thermal radiometry for any surface are re-
lated through Kirchhoff’s law of thermal radiation, and the com-
parison of these quantities offers an approach to understanding
ll rights reserved.
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the nature of planetary surfaces that is complementary to that
using either radar or radiometry alone. There is a long history of
using radar reflectivity and emissivity to study Earth, Moon, and
Venus to date; however, little has been done to exploit Kirchhoff’s
law in any quantitative sense, largely because of the paucity of rel-
evant data, uncertainties inherent in their interpretation, and the
typically much lower spatial resolution of radiometry compared
to radar. De Pater et al. (1984) compared the Galilean satellite
brightness temperatures obtained from VLA measurements to ra-
dar albedos using a simplified model based on Kirchhoff’s law, not-
ing the general consistency of the derived physical surface
temperatures with those obtained by other means. Muhleman
et al. (1995) noted the inverse relationship between radar cross
section and disk brightness temperature for the Galilean satellites
and Titan, although without comment on the quantitative nature
of this relationship. More recently Ostro et al. (2006) demonstrated
this relationship in a plot of radar albedo vs. emissivity using disk-
averaged passive and active observations of the saturnian satellites
obtained by the Cassini RADAR, again without quantitative analy-
sis. In this paper we take advantage of the extensive and uniquely
calibrated radiometric observations of Titan obtained concurrently
with the radar mappings at closest approach to quantitatively
examine how comparison of these quantities can contribute to
understanding the nature of Titan’s surface, particularly its radar-
bright regions.

In Section 2 we develop a model that describes the relationship
of radar backscatter to emissivity for the case of backscatter
measured in a single linear polarization, as applies for the Cassini
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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RADAR. This combined emission-backscatter (CEB) model pre-
sumes a diffuse volume scattering medium such as might be ex-
pected for a cold, low-loss icy surface, generalized to include
polarization, coherent backscattering, and a possible specular com-
ponent. Following this, in Section 3, we describe the observational
data on Titan for radiometry and radar reflectivity. In Section 4 we
compare the model to observations and draw conclusions about
the applicability of the CEB model and possible surface character-
istics. We discuss implications for Titan’s radar-bright regions in
the concluding section.

2. Theoretical background

2.1. Kirchhoff’s law of thermal radiation

The emissivity of a surface is complementary to its reflectivity
as expressed by Kirchhoff’s law of thermal radiation. With radar
applications specifically in mind, Peake (1959) (see also Ulaby
et al. (1981, 1982)) derived an expression for Kirchhoff’s law for
a general nonuniform surface that relates the emissivity of the sur-
face to its bistatic radar scattering coefficients. In particular con-
sider the albedo Ap, the fraction of power that is scattered from
an element of surface due to a wave of polarization p incident from
a vertical angle h and azimuth / which may be expressed in con-
ventional radar terminology as

Apðh;/Þ ¼
1

4p

ZZ
upper hemisphere

r0
ppðh;/; hs;/sÞ þ r0

pqðh;/; hs;/sÞ
cos h

$ %
dXs

ð1Þ

where r0
pp and r0

pq are the bistatic coefficients for the scattering of
the incident wave into the direction hs; /s in respective orthogonal
polarizations p and q, and dXs ¼ sin hs dhs d/s is the solid angle in the
scattering direction hs; /s. Peake showed that the emissivity epðh; /Þ
viewed from the same direction and at the same polarization is the
complement of this albedo, or

epðh;/Þ ¼ 1� Apðh;/Þ ð2Þ

No restrictions are placed on the surface other than that it is
contained in a half space in which the reflection back into the
free-space hemisphere can occur by any combination of absorp-
tion, surface and volume scattering. In particular, it is not restricted
to surfaces satisfying the Kirchhoff approximation (cf. Kang et al.,
1985).

2.2. Relating backscatter to emissivity

In practice, bistatic scattering coefficients are rarely obtained,
and never fully. Most investigations, including the present, depend
on monostatic observations in which only the backscattering cross
section is measured and, as in our case, in only one polarization. As
a consequence, we must make assumptions about how the back-
scattering relates to the hemispherical scattering properties of
the surface in order to make use of this relationship. Concerning
the emissivity, in the case of Titan’s surface as observed by the Cas-
sini RADAR, the absolute radiometric calibration is known and the
surface temperature distribution is independently determined
from other Cassini and Huygens probe measurements; conse-
quently, the emissivity can be well estimated (Janssen et al., 2009).

In this section we develop a simple but reasonably general
model to explore the relationship between the measured emissiv-
ities and backscatter for the most radar-bright regions on Titan. We
begin by considering an idealized diffuse scattering surface, which
allows us to integrate Eq. (1) and obtain a simple expression for the
Kirchhoff relationship in Eq. (2). Since the Cassini instrument mea-
sures same-sense linear polarization only, we specialize to linear
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
polarization for this and the following. We then incorporate a small
quasispecular component to the reflection and modify the expres-
sion for the Kirchhoff relationship accordingly.

The diffuse component of the reflection from many surfaces
encountered in the Solar System can be described by a cosn scatter-
ing law. In our case the approximate monostatic scattering law
takes the form

r0
pp h;/; h;/ð Þ � r0

pp ðbackscatterÞ ¼ rð0Þ cosn h ð3Þ

where the incident and reflected waves are measured in same-
sense linear polarization, and r(0) is the diffuse scattering coeffi-
cient at normal incidence. Typically 1 6 n 6 2, where the limiting
cases n = 1 and n = 2 describe isotropic and Lambertian scattering
surfaces respectively (cf. Ulaby et al., 1981, 1982). Let us outline a
simple model that follows this law and at the same time allows
an analytical solution for the albedo in Eq. (2). In particular, let us
write the sum of the bistatic scattering coefficients as

r0
pp h;/; hs;/sð Þ þ r0

pq h;/; hs;/sð Þ ¼ 1þ lLðh;/Þ
� �

rð0Þ cosn�1 hs cos h

ð4Þ

where the linear polarization ratio lL ¼ r0
pqðbackscatterÞ=r0

pp

ðbackscatterÞ and for a general surface may be a function of h and
/. This expression describes the total power reflected from a surface
element dA, on which the illumination is proportional to cos h,
distributed into the visible hemisphere with power proportional
to cosn�1 h—without further restriction on the distribution of
power between polarizations over the hemisphere. In particular, it
reduces to the form of Eq. (3) in the backscattering direction
(hs ¼ h; /s ¼ /þ p) if lL is constant. This expression covers diffuse
reflection without regard to its source (i.e., from the surface or sub-
surface) and the quasispecular component of the reflection, if any,
must be handled separately. After substitution into Eq. (1) we
may carry out the integration to obtain from Eq. (2)

epðh;/Þ ¼ ep ¼ 1� 1þ lLðh;/Þ
2n

r ð5Þ

Using the expression for the backscattering in Eq. (3), we arrive
at the basic model expression

ep ¼ 1� 1þ lL

2n

� �r0
ppðbackscatterÞ

cosn h
ð6Þ

where we drop the explicit notation of viewing geometry depen-
dence on lL. Note from Eq. (5) that the emissivity is a function of
only the model parameters lL, n, and r(0), where at least n and
r(0) are constant. If lL is also constant the emissivity will be inde-
pendent of emission angle and the observed polarization—such a
surface would display unpolarized thermal emission that is con-
stant with emission angle.

This model approximately describes an important class of
complex surfaces. Volume scattering from an inhomogeneous sub-
surface is of particular interest for Titan as well as for other ice-
mantled satellites in the outer Solar System because of the low
dielectric loss typical for ices at cryogenic temperatures and the
correspondingly long penetration lengths and increased opportu-
nities for scattering. Such conditions can be expected to lead to
the strong diffuse scattering component observed on Titan (e.g.,
Zebker et al., 2008). In the backscatter direction, we must further
consider the possibility of coherent backscattering. Here photons
that are multiply scattered in a weakly absorbing medium and tra-
verse the same path in opposite directions can combine coherently
in the backscatter direction to produce an increased intensity
(Hapke, 1990). In the limit of low loss, this increase can be as much
as a factor of two higher than the cross section in nearby directions,
where the angular width of the scattering enhancement depends
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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on details of the medium such as mean scattering length. If coher-
ent backscattering is considered, then we may modify Eq. (6) as

ep ¼ 1� 1þ lL

2f cben

� �r0
ppðbackscatterÞ

cosn h
ð7Þ

where 1 6 fcbe 6 2 accounts for the possible coherent backscattering
effect (CBE). This addition to the model is an approximation since
we ignore the contribution to the albedo in Eq. (1) due to the scat-
tering enhancement around the backscatter direction. Since this is
typically of small angular width, however, this approximation is ex-
pected to be of negligible significance.

So far we have neglected the possibility of a quasispecular sur-
face reflection. The low emissivities compared to low thermal
polarizations in Titan’s radar-bright regions allow us to conclude
that volume scattering is the dominant mechanism of reflection
in these regions (Janssen et al., 2009); nevertheless, let us consider
a small component of quasispecular reflection r0

ppðh;/; hs;/sÞ
added to the purely diffuse scattering model considered above.
Since these two mechanisms are independent, the total observed
backscatter can be written as

r0
pp total ðbackscatterÞ ¼ rð0Þ cosn hþ r0

pqs
ðbackscatterÞ ð8Þ

The bistatic quasispecular component will in general depend on
angle and polarization, although a surface with only moderate
roughness will tend to retain the polarization of the linearly polar-
ized incident wave. We assume a simplified model here in which
the linear polarization is retained. In particular we include
r0

pqs
ðh;/; hs;/sÞ in the integrand of Eq. (1) to obtain the quasispec-

ular albedo contribution Apqs
ðh;/Þ, which then leads to the result

for the emissivity

epðh;/Þ ¼ 1� 1þ lL

2f cben

� �r0
pp diffuseðbackscatterÞ

cosnh
� Apqs

ðh;/Þ ð9Þ

In this formulation r0
pp diffuse denotes just the diffuse backscattering

component. This expression then describes our final combined
emission-backscatter (CEB) model. The quasispecular albedo Apqs

may be estimated from the observed backscattering dependence
on incidence angle near normal incidence. We model the near-nadir
backscatter response with traditional quasispecular scattering laws
and use the retrieved dielectric constant values to estimate the full
Fresnel reflection coefficients. The Fresnel reflection coefficients de-
scribe the total power scattered from a single reflection off a
smooth surface at a given polarization and incidence angle. We
approximate the total reflected quasispecular power integrated
over all directions Apqs

by the total power scattered from a single
reflection from the smooth mean surface as given by the appropri-
ate smooth-surface Fresnel reflection coefficient.

3. Observations

Titan’s surface has been observed extensively at 2-cm wave-
length by the Cassini RADAR instrument, in scatterometery and
altimetry modes as well in the high-resolution synthetic aperture
radar (SAR) mode (Elachi et al., 2004; Lunine et al., 2008; Wye
et al., 2007). Radiometric data at the same wavelength have been
obtained concurrently in all Radar modes (Janssen et al., 2009).
The radiometric data were absolutely calibrated based on the sur-
face temperature measurement by the Huygens probe and inter-
pretation of radiometry collected on the northern seas and dunes
fields, as described by Janssen et al. (2009). Polarized radiometry
was used to construct a global map of effective dielectric constant,
the use of which allowed the construction of a global map of the
equivalent brightness temperature at normal incidence to an accu-
racy approaching 1 K. The published maps were based on all Titan
data collected through the T30 pass in May 2007, and we have
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
subsequently extended these maps using the additional data
obtained through the T65 pass in January 2010.

The radiometry map was used to obtain a map of emissivity at
normal incidence using a model for Titan’s surface temperature.
The Huygens probe measurement was extended globally based
on an equator-to-pole gradient of about 2 K inferred from mea-
surements of atmospheric temperature near the surface by CIRS
(Jennings et al., 2009) and occultation observations obtained by
the Radio Science experiment (Schinder et al., 2008). Other tem-
perature variations are expected to be small (�1 K) because of
the atmosphere’s large thermal inertia, Titan’s modest topograph-
ical variations (Stiles et al., 2009), and expected small diurnal vari-
ations (e.g., Lorenz et al., 2003; Janssen et al., 2009). The resulting
map of emissivity is estimated to be accurate to about 2%.

The radar reflectivity of Titan’s surface has been measured in
both real aperture (scatterometry) and synthetic aperture (SAR)
mode. Both approaches are valuable for this study. The radiometry
in SAR mode has the highest spatial resolution (approaching 6 km)
and hence the best ability to discriminate among diverse terrains
(Paganelli et al., 2007); further, the incidence angles used in SAR
mode are only 10–30� removed from nadir where the emissivity
is best determined. The scatterometry on the other hand covers
the full range of incidence angle, which is important to determine
the monostatic scattering laws for various terrains (Wye et al.,
2007, 2008) and to look for the presence of a quasispecular compo-
nent. The radar data have been calibrated to about 1.3 dB, or 35%,
quoted at the 3-r level by West et al. (2009). For purposes of com-
paring active with passive measurements we use the 1-r value of
12% for this error, applicable for both SAR and scatterometry.
4. Discussion

We first examine the relationship between active and passive
measurements in SAR mode, comparing the radiometric brightness
observed in the real-aperture beam footprint with the averaged va-
lue of r0 over the same footprint, using the measured beam pattern
for the averaging. While SAR maps are typically ‘‘corrected’’ to nor-
mal incidence values using an assumed scattering law, we use the
calibrated but ‘‘uncorrected’’ value here. Although the radiometry
is taken at the same incidence angle as the concurrent SAR data,
the radiometric calibration process to remove the strong sidelobe
contribution at close range to Titan results in brightness tempera-
tures that are strictly referenced to their equivalent values at nor-
mal incidence. Hence it is necessary to adjust the calibrated values
back to the actual emission angle of the observation, which we
accomplish using the dielectric map and a model for the emission
angle dependence of the brightness (White and Cogdell, 1973). For
the terrains examined here and the typical range of incidence an-
gles used in SAR mapping (10–30�) the correction is less than
1 K, however, so that errors in this adjustment do not contribute
significantly to the net uncertainty in the derived emissivity.

Fig. 1 shows the relationship between the emissivities thus ob-
tained in SAR mode and the concurrently obtained averaged values
of r0 for selected regions on Titan’s surface. These regions are
placed in geographical context in Fig. 2 and include the bright core
of Xanadu, hummocky bright terrains outside of Xanadu, dunes
and radar-gray regions (which are what Lopes et al. (2010) classi-
fied as undifferentiated plains) seen in SAR swaths obtained during
the T13 (Xanadu core), T3 (hummocky terrains), T21 (hummocky
and radar-gray terrains), T41 (radar-gray terrains), and T43 (dunes
and Xanadu core) flybys. Xanadu is of special interest in this
work, particularly its core, which we identify in Fig. 3 as its most
radar-bright and least emissive region. Regions outside of the
radar-bright terrains of Xanadu and the hummocky mountains
are presented to show that a much different correlation is seen
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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Fig. 1. Scatter plot of emissivity vs. r0 for selected regions on Titan, with emissivity obtained as described in the text and r0 uncorrected for incidence angle (see Fig. 2 for
location). The terrains include radar-bright regions within and outside Xanadu as well as others that show much different behavior. Representative CEB model curves are
shown in which we assume h = 0 and no quasispecular contribution (Apqs

¼ 0) to provide the maximum value of diffuse r0 for each emissivity. Specifically, we have (curve a),
the extreme maximum case for a given emissivity consisting of a Lambertian surface (n = 2) with maximum coherent backscattering (fcbe = 2) and full conservation of same-
sense linear polarization (lL = 0); (curve b) n = 2 and midrange values for lL and fcbe (lL = 0.5 and fcbe = 1.5); (curve c) n = 2 with unpolarized reflection and no coherent
backscattering (lL = 1 and fcbe = 1); and (curve d) the extreme minimum case including an isotropically scattering surface (n = 1) with lL = 1 and fcbe = 1. The uncertainties in
emissivity and radar cross section are indicated for a representative point. The left-hand vertical scale shows the backscattering coefficient r0 on a linear scale, while the
right-hand scale shows the commonly used logarithmic equivalent.

Fig. 2. Location of selected regions used in the scatter plot of Fig. 1. The top panel shows a map of all values of r0 obtained in SAR mode through the prime mission. Regions
examined in this paper are indicated by the colored boundaries using the same color code as for the points plotted in Fig. 1. The bottom panel shows the corresponding map of
radiometric brightness temperature.
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between the radiometry and the radar cross sections over the rest
of Titan—the latter remain to be studied and will not be considered
further here. The model curves shown in Fig. 1 are CEB models for
purely diffuse scattering (i.e., the quasispecular albedo Apqs

¼ 0) in
which the parameters n, lL, and fcbe are chosen to illustrate the
range of possibilities. The distribution of the observed emissivities
in the bright terrains show an approximately linear relationship
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
with r0 as predicted by the modeling, but with only parameters
tending toward the extreme case (n = 2, lL = 0, and fcbe = 2) able
to match the slope.

In general we must take into account the angular dependences
of the measured backscatter and emissivity for comparison with
the models. As a first step we examined the emission angle depen-
dence of the emissivity in Xanadu and its core. Fig. 4 shows plots of
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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Fig. 3. Maps of Xanadu observed by the RADAR radiometer as emissivity at normal incidence (upper left panel), dielectric constant (upper right panel), the Radar in real-
aperture mode (lower left panel), and the Imaging Science Subsystem (ISS) instrument at near-infrared wavelengths (lower right panel). The black boundary depicts Xanadu,
while the inner, purple boundary defines what we call the Xanadu core for the purposes of this paper. The two boundaries are chosen by following the joint contours in the
radiometry and real-aperture radar maps.

Fig. 4. Emissivity of the Xanadu core as a function of emission angle as determined from accumulated radiometric measurements. The colored points identify the dominant
polarization: red, within 30� of parallel to the plane of incidence (V), and blue, within 30� of the perpendicular to the plane of incidence (H). The small differences are
consistent with a surface of effective dielectric constant of about 1.3.
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brightness temperature vs. emission angle collected from all
brightness temperature measurements that resolve Xanadu and
its core and require minimum correction for the contribution from
the disk of Titan seen in the beam sidelobes. The Xanadu core
and the remainder of Xanadu are examined separately and shown
in the two respective panels. Because we want to examine the
emission angle dependence explicitly, we must correct individual
measurements for the sidelobe contamination rather than use
the map-making process described above that yields normal inci-
dence maps. We used the far sidelobe model obtained in Janssen
et al. (2009) to accomplish this, selecting only data obtained from
ranges outside of 10,000 km where the uncertainty in the sidelobe
correction is less than about 2 K. We further sorted the data by
polarization, assigning observations made with polarization angles
within 30� of perpendicular or parallel to the plane of incidence to
the respective H and V polarizations. The average emissivity at nor-
mal incidence is shown by the diamond along the ordinate in each
panel. While some residual systematic errors are apparent, the net
results show little or no emission angle dependence from normal
incidence to 70� in all cases, consistent with the CEB model and
a value of lL that is independent of viewing geometry. In particular
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
the small (�0.02) emissivity difference between the H and V polar-
izations in each panel is consistent with the small dielectric con-
stant 1.2–1.4 obtained from the polarization map for the Xanadu
core (Fig. 3, upper left panel), and is consistent with the presence
(if not magnitude, see below) of a small quasispecular component.

All of the active radar data (SAR, scatterometry, and altimetry)
collected from Xanadu and the bright hummocky terrains were
then examined to obtain the angular dependence of the measured
backscatter as well as to look for evidence of a surface reflection
that could possibly explain the high backscatter observed. These
data are all calibrated and processed in the same real-aperture
sense (e.g., see above and Wye et al. (2007, 2008)) and use a self-
consistent calibration procedure. Fig. 5 shows all such real-aper-
ture measurements of r0 obtained on Xanadu’s core, the remainder
of Xanadu, and the hummocky terrains, grouped into regions. The
left-hand panels describe the fit of an empirical scatterometry
model to the respective data sets as discussed next, while the
right-hand panels compare the CEB model to the same data, dis-
cussed following.

The light blue points in the upper left-hand panel represent the
real-aperture SAR values obtained in the T13 and T43 passes in the
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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Fig. 5. Incidence angle dependence of r0 for Xanadu and hummocky bright terrains. The terrains are considered in three groupings, the Xanadu core (upper panels), Xanadu
outside of the core (middle panels), and the hummocky terrains (lower panels). The Xanadu core is the most radar-bright region on Titan, which we consider separately from
the remainder of Xanadu, with the respective boundaries defined in Fig. 3. The left-hand panels show accumulated real aperture data for these terrains, with fits to the data
(inverse backscattering models) using the composite scattering law described in the text (blue solid curves, diffuse component A cosn h only; red solid curves, Gaussian
quasispecular plus diffuse component). The right-hand panels show the predictions of the CEB model (forward models) for the retrieved parameters n and Aqs obtained from
the inverse fits assuming extreme values lL = 0 and fcbe = 2, and considering the diffuse component only (dashed blue curves) and Gaussian quasispecular plus diffuse
component (dashed red curves).
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Xanadu core, while the remainder represent real-aperture observa-
tions collected in the other active modes (scatterometry and altim-
etry) throughout Xanadu (gray) and in the core only (purple). The
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
middle left-hand panel shows the data collected in Xanadu outside
the core, and the lower panel shows the data collected in the hum-
mocky bright terrains. Following the modeling procedure of Wye
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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et al. (2007), the solid curves in each of the left-hand panels show
the results of empirical fits to the respective data sets using a com-
posite scattering law that is the sum of a diffuse component mod-
eled with an A cosn h dependence and a quasispecular component
that we find is best modeled with the traditional Gaussian back-
scatter law

r0
G ¼

qC
cos4 h

exp �C tan2 h
� �

ð10Þ

where q ¼
ffiffiffi
e
p
� 1ffiffiffi

e
p
þ 1

� �
and C ¼ 1= tan2 hrms:

For example, the Xanadu core data are best described with val-
ues A = 1.27 and n = 1.45 for the diffuse term, and rms slope
hrms ¼ 11:2� and dielectric constant e = 2.1 for the quasispecular
term. The solid blue curve is the diffuse component fit alone, while
the solid red curve is the composite fit. Using other common quasi-
specular laws, such as Hagfors’ law or an exponential scattering
law, or combinations of the various laws, would negligibly affect
our results and conclusions for all the terrains depicted. In fact,
we find that the Gaussian law typically yields lower dielectric con-
stant estimates than the other laws, thus tending towards a lower
bound on Apqs

and subsequently an upper bound on the CEB
backscatter.

The Xanadu core data are plotted again in the upper right-hand
panel, where the dashed curves show values for the CEB model
using (1) the average emissivity for the core at normal incidence,
taken to be independent of emission angle as justified by the re-
sults shown in Fig. 4, (2) parameters for the quasispecular compo-
nent found from the above analysis and (3) extreme values lL = 0
and fcbe = 2. In particular we solve Eq. (9) for r0

pp diffuse, using the sin-
gle Fresnel reflection approximation for Apqs

, assuming perpendicu-
lar polarization (the polarization used for SAR data collection)
where the dielectric constant is set to the values retrieved from
the quasispecular model. We add the quasispecular backscatter
r0

G modeled by Eq. (10) to r0
pp diffuse to obtain the curves shown.

We note that the presence of the quasispecular component gener-
ally reduces the backscatter at large angles. In effect, the observed
emissivity constrains the amount of reflectivity into the upper
hemisphere, and if that total reflectivity includes quasispecular
surface scatter (or any vertically enhanced backscatter whatever
the cause), then less power is available to explain the diffuse scat-
tering levels away from the specular reflection.

We see that the extreme CEB model provides only a marginal fit
to the Xanadu core data, although perhaps within range if we allow
radar calibration errors exceeding the one-sigma level. The
remainder of the Xanadu data are poorly fit even with the extreme
version of the diffuse CEB model (middle right panel) because of
the apparent presence of a strong quasispecular component. On
the other hand the hummocky terrain appears to be easily within
reach of the CEB model (lower right panel).

The CEB model thus provides a possible fit, although tightly
constrained, to the observations for the Xanadu core; namely, the
surface must perfectly preserve the incident linear polarization
while the coherent backscattering is at its maximum. Many natural
surfaces have been shown to demonstrate small values for lL,
sometimes even approaching zero (e.g., rain forests in which dou-
ble-bounces from tree trunks to wet ground dominate the reflec-
tion, Rignot, 1995). On the other hand it is not clear that a
surface such as Xanadu that absorbs at least 70% of all incident
radiation can produce a coherent backscattering enhancement
approaching fcbe = 2. The fit with emission angle might be im-
proved by allowing lL to vary, but at the expense of increasing
the amplitude discrepancy.

How general is this model? For the diffuse component as given
in Eq. (4) the angular dependence of the reflected power per unit
Please cite this article in press as: Janssen, M.A., et al. Anomalous radar backsc
surface area (i.e., the bistatic cross section) from a given incidence
angle is assumed to be the same as the angular dependence of the
measured backscatter per unit surface area (the monostatic cross
section). While this is a reasonable assumption for high-order mul-
tiple scattering in a low-loss subsurface, it is not necessarily a gen-
eral property of surfaces; e.g., it is not true for the quasispecular
component of the reflection (and may not be true for the diffuse
component of a surface reflection, although this is expected to be
small in our case and we have subsumed it into the diffuse compo-
nent of our CEB model). Nevertheless some model is required to in-
fer the bistatic scattering distribution into the visible hemisphere
based on our measurement of the backscattering. If, for example,
the bistatic cross section for the scattering of total power were to
decrease away from the angle of incidence faster than the mea-
sured backscatter response would suggest, then the CEB model
would overestimate the reflectivity and hence underestimate the
emissivity for that angle of incidence. This could possibly happen
if lL were allowed to vary with incidence angle, but then the emis-
sivity would vary as well. There is no evidence this, however,
which implies that whatever peculiarity may exist in the bistatic
scattering coefficient for Xanadu at a given angle must be the same
at other incidence angles. In particular, the measured backscatter
appears to consistently overpredict the surface reflectivity at all
incidence angles; i.e., the backscattering is enhanced by some pro-
cess not included in the CEB model.

We suggest that this enhancement may be due to some wave-
length-scale organized structure on the surface analogous to
reflective paint or pearlescent coatings for movie screen at visible
wavelengths. Even the quasispecular peak seen in the upper right
panel of Fig. 5 could be due to a vertically focused backscattering
element on the surface unrelated to an actual specular component,
which for example might explain the discrepancy between the rel-
ative quasispecular power in the backscattering from the Xanadu
core (�3%) and that predicted from the polarized thermal emission
(0.2%). The much stronger apparent quasispecular power seen in
the rest of Xanadu (�7%, middle right panel of Fig. 5) may be a clue.
If this were truly due to surface reflection, specular emission mod-
els for moderately rough surfaces indicate that the polarization of
the thermal emission should be well in excess of that actually seen
(Janssen et al., 2009), providing a stronger argument for vertically
focused backscattering instead of quasispecular reflection.

The apparent discrepancies between backscatter and emissivity
could possibly be accounted for by underestimated errors in emis-
sivity (±0.02) and r0 (±12%). The uncertainty in emissivity is well
bounded by observation as discussed in Janssen et al. (2009). Radar
calibrations are more difficult to verify and depend on knowledge
of transmitter power, receiver path losses, receiver gain, and beam
solid angle. West et al. (2009), describe validation of receiver path
losses and receiver gain by observation of thermal power from Sat-
urn in the radar receiver band, while the determination of beam
solid angle and power loss through sidelobes is based on thorough
radiometric measurements using the instrument’s radiometer
channel (Mizzoni, 2006; Janssen et al., 2009). The transmitter
power was measured prior to launch at 48 W. This power would
have to have somehow doubled to explain the discrepancy, which
we consider unlikely.
5. Conclusions

Many models can explain the observed strong backscattering on
icy satellites; however, we have shown that concurrent radiometry
places a significant constraint on the magnitude of this backscat-
tering. In the case of at least some of the radar-bright regions in
Xanadu, no plausible high-order random-scattering process such
as studied by Black et al. (2001) appears capable of explaining
atter from Titan’s surface?. Icarus (2011), doi:10.1016/j.icarus.2010.11.026
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the observed backscattering in a way that is consistent with the
relatively modest decrease seen in emissivity, even if such a sur-
face can be shown to both preserve incident linear polarization
while providing the maximum coherent backscatter.

As an alternative we suggest the presence of ordered structure
on or within the surface that enhances backscatter. There are many
theoretical possibilities for such an enhancement, for example a
layer of corner cube reflectors, while the challenge is to select
those that are geologically plausible. For example, Le Gall et al.
(2010) have examined a possibility that can explain the otherwise
puzzling radar-bright channels seen in many regions of Titan, pro-
posing that the enhanced backscatter is due to layers of rounded
ice ‘‘river rocks’’ created by fluvial processes. While this is an
unlikely explanation for rough terrain in Xanadu not otherwise
associated with flows, such surface structures are likely, with
implications for the geology of these regions. Goldstein and Green
(1980) have shown that low-loss fractured ice can explain the unu-
sual polarization ratios observed for some icy satellites, although it
remains to be shown that such a model can both preserve linear
polarization and produce coherent backscatter. Hagfors et al.
(1997) have discussed generic processes based on refractive scat-
tering that can result in the unusual polarizations observed in icy
satellites while allowing a radar cross section that is enhanced be-
yond the coherent backscattering model. As an example, they note
the unusual cross sections seen in the percolation zone of the
Greenland ice sheet, modeled as due to ice cylinders (Rignot
et al., 1993; Rignot, 1995). A systematic ordering of fracturing such
as that seen to occur in some types of cooled surficial lava flows on
Earth that produce columnar basalts may occur following water
flows on Titan, leading to cylindrical structures that could behave
like those in the Greenland ice sheet (Rignot, 1995). Deposits of
solutes carried to the surface by capillary action of liquid can form
pinnacles such as seen in the exposed salt beds of the Devil’s Golf
Course in Death Valley, California. Such structure could be pro-
duced by organic solutes in methane evaporating from Titan’s sur-
face. Pinnacles, as well as cylinders or oblate spheroids amenable
to non-random orientation on the surface, could produce the kind
of vertically focused backscatter suggested for Xanadu, particularly
in the region outside its core.

Finally, the interpretation of the data presented here is limited
by the lack of information on the polarization properties of the ra-
dar return signal. Radar polarimetry is a well-known technique
used in Earth-based applications (cf. Ulaby and Elachi, 1990). The
present analysis indicates that this is a powerful approach for the
investigation of icy satellite surface properties and is recom-
mended for subsequent missions to the outer planets.
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