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Abstract

The Radar instrument on the Cassini spacecraft can be used in a passive radiometric mode to map the microwave emission from
Titan: these will be the 5rst resolved microwave emission measurements of an icy satellite. Observation plans and the theory for their
interpretation is presented: these data should be able to provide crude composition maps of Titan’s surface, con5rm equator-to-pole
temperature gradients without the in9uence of the atmospheric e:ects which a:ect infrared observations and place constraints on surface
and subsurface temperature variations. Additionally, passive radiometry will also provide some bistatic re9ection measurements, using
the sun as a source, which may be used to constrain roughness of ethane seas.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Although microwave remote sensing is most often asso-
ciated with active sensing by Radar, passive measurements
can provide important information. Microwave radiometry
and spectroscopy is widely used in the study of planetary
atmospheres (e.g. Janssen, 1993) and on Earth, passive mi-
crowave radiometers (e.g. Skou, 1989) are routinely used
to monitor snow and ice cover, in forestry and to determine
soil moisture content and sea surface salinity and wind-
speed. Passive radiometry is a powerful complement to radar
backscatter measurement, especially in the case of a liquid
surface when measurements in orthogonal polarizations can
be made.
Microwave radiometry has been used to investigate Venus

surface properties (e.g. Pettengill et al., 1992; Johnson and
Baker, 1994), and to determine a density from the anoma-
lously high-emissivity ‘Stealth’ region on Mars (Ivanov,
1998).
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A microwave radiometer was carried on the 5rst suc-
cessful interplanetary probe, Mariner 2, to Venus in 1962.
Cassini continues the rich tradition of passive microwave
sensing with the incorporation of a radiometer in the
RADAR instrument designed to study the surface of Sat-
urn’s moon Titan. No outer planets mission has yet carried
such a microwave instrument, and in this paper we explore
some of the insights such sensing may o:er about Titan.
(NB while radar as a technique is a widely used term,
although originally an abbreviation, we refer to the Cassini
instrument speci5cally as all upper case.)

2. Cassini RADAR instrument and observation scenario

2.1. The Cassini RADAR

The Cassini RADAR instrument is a multimode mi-
crowave instrument that uses the 4 m high gain antenna
(HGA) on Cassini. The instrument operates at Ku band
(13:78 GHz, or 2:2 cm wavelength) and is described in
some detail in Elachi et al. (in press). Other relevant papers
are an early description (Elachi et al., 1991) and simulation
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Fig. 1. Timeline of a radar-dedicated encounter, marked with times before closest approach. Radiometry takes place throughout, and is the only mode
for distant observations. After 0min the sequence repeats in reverse.

work on backscatter and imaging (Melacci et al., 1998).
The RADAR’s prime operating mode is as a synthetic aper-
ture radar (SAR) mapper during Titan close approaches.
Here it uses 5ve beams, arranged in a line orthogonal to the
spacecraft groundtrack, to build a long swath of backscatter
imagery around 200 km across.
The instrument can also be operated as an altimeter, with

the main beam (Beam 3, a circular beam 0:35◦ across)
pointed at nadir, and will measure elevations along the
groundtrack with a vertical resolution of around 100 m and
a horizontal footprint of 30 km or so. A low-resolution
altimeter or scatterometric mode is also available, where a
smaller bandwidth improves signal-to-noise at the expense
of range resolution. This allows the backscatter of areas
o:-nadir to be measured, with lower spatial resolution but
at longer ranges from Titan than are possible in the SAR
mode. The long axes of the beams are aligned along the
Y -axis of the Cassini spacecraft. The E-5eld sensed by the
instrument is along the spacecraft X direction.
The instrument also measures the microwave radiation in-

cident on it between echo pulses, and hence the microwave
brightness of targets in the beam. These radiometric mea-
surements can be performed entirely passively, as for ex-
ample at long ranges (50,000–100; 000 km) from Titan, or
while active measurements are being taken in the other
modes closer in.
Internal calibrations are made with a noise diode and a

resistive load whose characteristics are known. Even with
these calibrations alone, short-term variations in microwave
brightness can be easily measured, as evidenced by the ob-
servations made during Cassini’s Earth swingby in August
1999. This observation shows clearly sea-surface character-
istics in the Paci5c ocean, the transition to land, and the low
temperature of the Andes mountains (Lorenz et al., 2001a).
Ideally, cold space would be observed during a radiome-
try sequence to establish the zero level and hence assign an
absolutely calibrated brightness temperature to subsequent
targets. Such cold-space observations, not permitted during
the Earth swingby, will be made wherever possible during
Cassini’s Saturn tour.
The instrument was also operated during the Cassini

9yby of Jupiter. There, with cold-sky calibrations and bet-

ter instrument performance models (e.g. knowing the beam
pattern accurately after cruise observations of calibration
sources like the sun) it was able to resolve synchrotron
emission with a detection limit of only a few tenths of a
K, even though such emission would be adjacent to Jupiter
itself, whose thermal emission temperature is around 170 K
(Bolton et al., 2002). At Saturn, under good conditions,
the instrument is expected to provide absolute bright-
ness temperatures good to around 2 K, and short-term
variations (depending on integration time) of around
0:1 K.

2.2. Titan encounter scenario

Cassini will make around 44 Titan encounters during its
nominal mission. A typical encounter (Fig. 1) is at 6 km s−1

with a closest approach distance of 1000–2500 km. RADAR
observations will not be made at all 9ybys, since some will
be devoted to optical remote sensing (ORS—these instru-
ments are mounted orthogonally to the Z-axis along which
the RADAR beam is oriented), and others are devoted to
radio science, where the HGA is oriented towards the Earth
for doppler tracking for gravity 5eld measurements (or to-
wards the Earth’s refracted radio image for radio occultation
measurements of the atmosphere).
On a RADAR-dedicated 9yby, observations would begin

several hours before closest approach, at a range of around
100; 000 km. After a warm-up period to stabilise the noise
diode reference and cold-skymeasurements, the beamwould
be pointed at Titan. At a range of 100; 000 km, the beam
footprint is around 500 km across (a resolution of 1/10th
of Titan’s disk, or a little poorer than present-day optical
imaging of Titan by groundbased speckle and adaptive optics
techniques in the near-infrared and by HST). The beam will
be moved in a spiral or raster pattern to cover the whole
disk. Various coning rates and strategies are possible (e.g.
see Fig. 2): an important element in the observing strategy
is to control the polarization of the beam.
Since the radiometer is linearly polarized, rotating the

spacecraft at the same rate as a spiral scan can allow the
polarization vector to be always radial to the target—thus



R.D. Lorenz et al. / Planetary and Space Science 51 (2003) 353–364 355

Fig. 2. Sinusoidal projection of a simulated spiral scan at some distance from Titan. The beam footprint diameter is of course proportional to distance—this
spiral is inward during approach. The beam 9ux is measured many times per second, but footprints are shown here only every half minute. The spiral
rate will be limited by the spacecraft attitude control system: by rotating the whole spacecraft about the Z-axis, the polarization vector can be selected.

the vertically polarized radiance of the target is sensed. On
the other hand, an orientation that is circumferential to the
spiral would force the polarization to be horizontal. An-
other approach would be to perform a mosaic or spiral in
one polarization (e.g. with the axis along the pole vector of
Titan) rotate the spacecraft and repeat in two other orien-
tations to solve for the horizontally and vertically polarized
emissions.
The optimum suite of observations for a given observation

period have not yet been determined, since the choice of
spiral rate or mosaic-type depends in part on spacecraft turn
rate and sun constraint considerations which have not yet
been modeled in the Cassini pointing design tool (PDT) for
all 9ybys. SuLciently rapid scanning may allow multiple
looks (polarizations and incidence angles) at each point from
a single 9yby. The root mean square temperature error for
1 s of integration is 0:025 K, so signal-to-noise is not a
signi5cant limitation—spacecraft turn rates are the limiting
factor. For the early encounters presently being planned, the
strategy adopted is a set of rasters (since a square raster
obtains cold-sky calibrations on every leg, to maximize the
radiometric precision of the measurement) at 3 polarizations
rotated by 60◦ covering most of Titan’s disk.
Within 25; 000 km range (about 1 h before closest ap-

proach) active scatterometer measurements become possi-
ble, and the RADAR may be operated actively. Radiometer
observations can of course continue, although the incidence
angles, etc. may be optimized for scatterometry, rather than
the ridealong radiometry (see Fig. 3).

Fig. 3. During closest approach at altitudes of 4000 km or less, all 5
beams will be used to build an image swath. While the synthetic aper-
ture imaging mode achieves high resolution through frequency-domain
processing, radiometry data can also be obtained simultaneously. The ra-
diometry will be con5ned to horizontal polarization (since the beams are
aligned orthogonal to the polarization direction of the antenna) at inci-
dence angles driven by the imaging requirements (typically 10–30◦).

Within 10; 000 km, altimeter observations may be more
useful, and the spacecraft will be held nadir-pointing.
Again, simultaneous radiometry will be performed. The
simultaneous radiometry and altimetry will be of par-
ticular meteorological interest, since elevated terrain
should be cooler by about 1 K=km due to the radiative–
convective temperature pro5le of Titan’s atmosphere (see
later).
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Fig. 4. Raster beam pattern. The observation shown here is the 5rst one Cassini will make of Titan, on the inbound leg of 9yby Ta. This raster, with
individual beam footprints shown at 5 s intervals, is in fact for designed for scatterometry of the Huygens probe landing site (black ellipse), with
incidence angles of only a few degrees. A second, smaller raster zooms in on the landing site from closer range, at a slightly di:erent incidence angle.
The background is a basemap made from Hubble Space Telescope images (see Smith et al., 1996) with the leading-face bright region on the right.

At 4000 km range, the spacecraft will turn to orient its
5 beams sideways for SAR imaging (Fig. 4). This will
continue for about 20 min through closest approach until
4000 km range is exceeded outbound. Again, radiom-
etry can be performed (through all 5 beams). As well
as augmenting the interpretation of backscatter measure-
ments, these radiometer observations will supplement the
broader-coverage, but lower spatial resolution, measure-
ments made during distant spirals. Because of the beam
orientation, these radiometer measurements will be in
H-polarization.
Outbound, the altimeter, scatterometer and radiometry

spiral observations may be repeated in reverse order: now
the spacecraft sees the antipode of the incoming observa-
tions (the Cassini spacecraft trajectory is only slightly bent
by the Titan encounter).
Many Titan 9ybys are likely to be shared with other

instruments, so isolated observations or combinations of
the individual observations above may be performed on
any given 9yby. For example, an incoming asymptote on
the day side of Titan might be devoted to optical remote
sensing, while the closest approach and outgoing asymp-
tote are devoted to RADAR. These plans are presently be-
ing formulated, and will doubtless change in any case af-
ter the 5rst few encounters. At present, it is expected that
SAR data will be taken on around 15–20 passes, cover-

ing about 20% of Titan’s surface. As for radiometry, 4
half-passes are anticipated in the 5rst year of the tour, start-
ing with outbound-only radiometry on Ta in October 2004,
with inbound radiometry on T4 in March 2005 and both
in- and out-bound asymptotes devoted to radiometry on
T8 in October 2005. Subsequent years of the tour are ex-
pected to include 6–8 half-passes of radiometry per year.
Titan’s surface will be essentially covered completely at
some incidence and polarization, with some repeat coverage
to look for seasonal change and exploit multiple incidence
angles.

3. Titan

3.1. Titan surface observations

The earliest observations known to probe Titan’s sur-
face (as opposed to its atmosphere) were at microwave
wavelengths. Ja:e et al. (1980) using the newly developed
very large array (VLA) telescope, determined a microwave
brightness at 6, 2, and 1:3 cm wavelength just prior to the
Voyager 1 encounter (which measured the actual radius and
temperature by radio occultation.) A microwave brightness
temperature of around 87 K was reported, with an estimated
radius of 2440 km.
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A similar brightness temperature (86± 17 K at 3:5 cm; a
weighted mean of all cm-wavelength data was 83:8±6:4 K)
was determined by Muhleman et al. (1990). This brightness
temperature, assuming the surface temperature of 94 K and
the known radius of 2575 km, corresponds to a microwave
emissivity of around 0.85, and would be broadly consistent
with a spherical body covered either in ice, or liquid or solid
hydrocarbons.
It should be noted that the radar re9ectivity of Titan

(Muhleman et al., 1990) is substantially di:erent from that
of the Galilean satellites—see the discussion in Lorenz
and Lunine (1997). In particular, the exceptionally high
backscatter and polarization ratio for Europa, interpreted
to be due to a coherent backscatter mechanism that relies
upon scatterers distributed in relatively clean and cold (and
therefore microwave-transparent) water ice, does not occur
at Titan. Something is defeating this mechanism—perhaps
impurities in the ice, and/or a low concentration of eLcient
scatterers.
More recently, near-infrared observations—both disk-

integrated spectroscopy, and imaging using space tele-
scopes (e.g. Smith et al., 1996), speckle imaging (Gibbard
et al., 1999) and adaptive optics (e.g. Combes et al., 1998;
Coustenis et al., 2001) have shown that Titan’s surface is
variegated, at least on scales down to the limiting resolution
of ∼ 300 km ‘Bright’ regions may be water ice plus other
materials: ‘Dark’ regions are known (Gibbard et al., 1999)
to have optical re9ectivities of ¡ 5%, which is highly
suggestive of hydrocarbon lakes. A mixed surface of ‘ice’
(which may include ammonia, rock and organics as well as
water ice) and hydrocarbon lakes appears to be consistent
with all the presently understood constraints.

3.2. Surface materials and dielectric properties

Titan’s place in the solar system and its bulk density
of 1880 kg m−3 suggest it is roughly 50% rock and 50%
ice. Titan is large enough that accretional heating would
have melted the ice component and allowed the bulk of the
rocky material to sink to the center to form a rocky core
(e.g. Stevenson, 1992). The outer layers and surface should
be dominated by water ice and other volatiles. The latter al-
most certainly includes organic materials—perhaps surface
reservoirs of methane and the products of methane pho-
tolysis, including ethane, acetylyne and its polymers, other
condensed organics, and the complex refractory photolysis
product ‘tholin’ that appears to make much of the haze that
obscures Titan’s surface at optical wavelengths.
Another component that may be signi5cant on Titan’s

surface is ammonia (Lorenz, 1998). Titan is likely to have
incorporated much ammonia during its formation (princi-
pally as ammonia hydrates). Much of this material may
have been photolysed rapidly into molecular nitrogen, some
of which forms the bulk of the 1.5 bar atmosphere, some
may be dissolved in ethane/methane surface liquids, and a

large amount may have been lost early in Titan’s history, as
suggested by the present-day nitrogen isotope ratios.
However, substantial amounts of ammonia may remain on

Titan as a subsurface ocean or liquid mantle. The depression
of the water freezing point by ammonia is signi5cant—to
around 176 K. The water–ammonia peritectic composition
at 176 K (approximately 30% ammonia) is the most likely
composition for cryovolcanic 9ows, which may be super-
imposed on an ammonia-poor ice crust.
Late impact events, after a solid ice lithosphere formed,

may have deposited some amounts of silicate or metallic
material on Titan’s surface, but the amount, geographical
distribution and rate of subsequent burial of this material is
completely unknown.
The dielectric properties of these materials are summa-

rized in Table 1.
There are some particular points to note. First, because

of the low liquid water content of these very cold materials,
they are in general much more transparent to microwave ra-
diation than terrestrial rocks and solid (with the exception
of dessicated iron-poor desert sands and the very cold ice
in central Greenland). This implies that much of the radia-
tion that will be observed comes from several m or tens of
m below the surface. The exceptions are ammonia-rich ice,
and meteoric (silicate/iron) materials. Some polyacetylenes
and nitriles are polar and could be absorbing in high con-
centrations (see, e.g. Thompson and Squyres, 1990) but
are unlikely to be concentrated enough to be absorbing,
although this is somewhat uncertain in the case of poly-
acetylenes.
The microwave absorptivity of ammonia-rich ice depends

on the ammonia concentration and (strongly) on temper-
ature. It is not yet clear whether ammonia-rich ice is ab-
sorbing because of the ammonia molecule itself (which has
an inversion absorption at 35 GHz, the far wings of which
may be responsible for the measured absorption at longer
wavelengths) or because of thin conducting 5lms of liq-
uid that form at grain boundaries. The latter explanation
seems somewhat more probable, since near-DC absorption
has been shown to rise dramatically between 80 and 150 K
(Lorenz and Shandera, 2001).
The second point to note is that the various classes of ma-

terial di:er in the real part of their dielectric constant. In par-
ticular, there are clear jumps between the values for liquid
organics (1.6) to water ice (3.1) to ammonia-rich ice (4.5).
These di:erences indicate promise that microwave obser-
vations may be able to discriminate between these di:erent
surface materials.
It may be noted that in ratio terms (usually the determi-

nant factor for re9ection and emission of electromagnetic
radiation) the range of these dielectric constants is rather
higher than is typical for dry terrestrial materials, although
lower than the range between wet and dry terrestrial mate-
rials: land/sea contrasts will not be as high on Titan as on
Earth, although they are well within the capabilities of the
instrument.
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Table 1
Physical properties of possible Titan surface materials at 94 K

Material Dielectric Loss Density Thermal Likelihood Comment
constant tangent (kg m−3) conductivity

(Wm−1 K−1)

Water ice 3.12(G72) 2× 10−5(LT) ∼ 900 ∼ 5@90 K Major LT 1:25 cm wavelength
(RK)

Water- 4.5 (L98) ∼ 0:01 (LS) ∼ 900 1-2 (LS) Major? Loss tangent depends on ammonia
ammonia 1:5@130 K concentration and temperature
ice (RK)
Sludge 2.0–2.4 10−4? ∼ 800? 0.5? Major? Mostly simple organics, but

higher loss due to various alkynes
and nitriles (TS)

Meteoric 8.6 (P92) 0.9 2700 2 Minor (Strongly depends on iron content)
material
Methane As ice? As ice? 900 0.4 (Rk) ? Tetrahydrofuran clathrate—
clathrate methane clathrate similar
CO2 ice 2.2 (S80) ¡ 0:005 (S80) ∼ 1600 1 (RK) Possible Thermal conductivity extrapolated
Lakes 1.8 10−5 650 0.25a Major? weighted average of Ethane,

Methane, Nitrogen
Ethane 1.95 (UL) ¡ 10−5? 650 0.27a (B92) Major

1.83 (TS) ¡ 10−3 (S92)
1.9 (S92)

Methane 1.71 (UL) ¡ 10−5? 450 0.21a (B92) Major
1.65 (TS)

Nitrogen 1.51 (TS) ¡ 10−5? 800 0.2? Minor

Abbreviated references: B92 Birchley et al. (1992); G72 Gough (1972); L98 Lorenz (1998), LS Lorenz and Shandera (2001); LT Lamb and Turney
(1949); M98 Maetzler (1998); P92 Picardi et al. (1992); RK Ross and Kargel (1998); S80 Simpson et al. (1980); S92 Sen et al. (1992); TS Thompson
and Squyres (1990); UL Ulamec et al (1992).
aNB liquid deposits are likely to be convective.

3.3. Thermal environment

The Voyager 1 Radio Occultation experiment (e.g. Von
Eshleman et al., 1983) determined refractivity pro5les of Ti-
tan’s atmosphere down to the surface. The inversion of these
pro5les into temperature requires an assumed atmospheric
composition. The two refractivity pro5les were essentially
identical; as expected the diurnal temperature changes in
Titan’s dense lower atmosphere were unmeasurably small.
The two radio occultation points (6◦N, 258◦E and 8◦S
76◦E) did not di:er signi5cantly in latitude (Lindal et al.,
1983).
McKay et al. (1997) re-analyze the radio occultation data

with di:erent assumptions regarding methane humidity: for
plausible humidities near the surface of 0.6, lapse rates of
1–1:4 K=km are encountered in the lowest 4 km of the at-
mosphere.

4. Theory—thermal emission from a dielectric surface

Passive microwave measurements by themselves or in
conjunction with radar measurements have proven valu-
able in determining thermophysical properties of planetary
surfaces. Much of this early work was stimulated by ef-
forts to understand the Moon, and fundamental techniques
were developed decades ago to interpret lunar radio data

in terms of surface properties (Hagfors, 1970). Troitsky
(1957) 5rst advanced the idea that the e:ective dielectric
constant of the Moon’s surface could be determined from
polarized microwave brightness measurements across the
lunar disk. This was followed by a series of observations
(Soboleva, 1962; Heiles and Drake, 1963, and others fol-
lowing) that culminated in a fairly complete description of
the frequency-dependent dielectric constant of the lunar sur-
face and its signi5cance by the early 1970s (e.g. see White
and Cogdell, 1973).
The basic approach is best understood with reference to

a smooth dielectric sphere at a constant temperature as de-
scribed by Heiles and Drake, the brightness distribution
across which would display a unique polarized pattern that
would allow the determination of its dielectric constant �.
For any portion of its surface viewed at an incidence angle
	, re9ection coeLcients Rv and Rh for the vertical and hor-
izontal polarizations, respectively, are given by the Fresnel
relations:

Rh(	) =

∣∣
∣∣∣
cos 	−

√
�− sin2 	

cos 	+
√
�− sin2 	

∣∣∣∣
∣

2

;

Rv(	) =

∣
∣∣∣
∣
� cos 	−

√
�− sin2 	

� cos 	+
√
�− sin2 	

∣∣∣
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2
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Fig. 5. Vertically and Horizontally polarized microwave brightness tem-
perature for a smooth surface at 94 K. The vertically polarized radiation
increases to a peak at the Brewster angle and then drops. The horizontally
polarized radiation falls monotonically with angle: measured emission is
fairly insensitive to polarization for small incidence angles.

The brightness temperature Tb sensed for polarization p =
(h or v) is given by

Tb(	) = (1− Rp(	))Ts;
where Ts is the physical or thermodynamic temperature of
the surface.
Fig. 5 shows the brightness temperature in both polariza-

tions as a function of incidence angle for pure ice (�=3:1).
The zero-incidence brightness temperatures are the same for
both polarizations, and are slightly lower than the physical
temperature because of the imperfect dielectric matching of
the surface to free space. The horizontally polarized radi-
ation decreases monotonically with incidence angle, while
the vertically polarized brightness temperature rises slowly
to a peak and then drops.
This peak occurs (i.e. Rv is zero) where 	 has the value

arctan(�0:5), the Brewster angle. At this angle, vertically po-
larized radiation is completely transmitted into or out of
the material and no radiation is re9ected. This phenomenon
has been used to in bistatic radar scattering experiments on
planetary surfaces, where a plot of scatter power against
angle has a minimum (zero) at the Brewster angle, allow-
ing the dielectric constant of the surface material to be
estimated.
Here, a curve of brightness temperature has a maximum,

equal to Ts, at the Brewster angle. This is of importance
for two reasons. First is that the dielectric constant can be
similarly estimated from a curve of measured brightness
temperatures against incidence angle (although we note that
in the presence of noise, it is easier to determine the peak
of an emission as here, than to determine the minimum of
re9ectance—radiometry is therefore a more secure method
of performing this analysis than is bistatic scattering). Sec-
ond, by making measurements at or close to the Brewster

Fig. 6. Vertically polarized brightness temperature as a function of inci-
dence angle and surface composition. The curves for di:erent materials
are quite distinct, and could be 5t by observations at di:erent incidence
angles. Even without performing a full curve 5t to determine the tem-
perature at the Brewster angle, the surface temperature can be estimated
with reasonable accuracy for the materials here by measuring at 60◦.

angle, the brightness temperature can be straightforwardly
interpreted as a physical surface temperature, independent
of composition.
Fig. 6 shows the vertically polarized brightness tempera-

ture for a variety of surface materials (dielectric constants).
It can be seen that the curves are quite distinct, allowing
composition identi5cation from measurements at several in-
cidence angles—combining data from several looks at the
same spot during spiral or mosaic scans could be performed,
or a spot of speci5c interest could even be ‘spotlighted’ dur-
ing a 9yby, measuring a curve directly. Since the Brewster
angles of the various materials lie in the range 51–65 de-
grees, brightness temperatures at 60◦ incidence can be in-
terpreted directly as a real surface temperature with only
a 0:5 K error. If further observations are available (e.g. at
other incidence angles) to constrain the dielectric constant,
this error can be reduced signi5cantly. Note that if the bore-
sight of the beam intersects the surface at an angle 	, then
the instrument will sense the sum of contributions from parts
of the surface at a range of angles, roughly from 	 − � to
	 + � at the near- and far-ends of the footprint, where �
is the half-beamwidth. Also, if the boresight is aligned to
be exactly vertically polarized, the left and right edges of
the beam will not be exactly vertical, so there will be some
H-pol contribution.
Another approach to data interpretation is to compare the

brightness temperatures in the two polarizations.
As seen in Fig. 5, these diverge with incidence angle, so

maximum contrast occurs at high incidence angles. There
will be a tradeo: in that signal-to-noise will degrade and
incidence angle uncertainties increase at higher incidence.
We show in Fig. 7a ‘carpet’ plot of the two brightness tem-
peratures at 50◦ degrees incidence, an achievable incidence
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Fig. 7. Carpet plot—points de5ned by horizontal and vertical brightness
temperatures at moderate incidence angles map directly to physical tem-
perature and composition. The ellipse in the lower left shows a ±0:1 K
relative measurement uncertainty: absolute uncertainty is around 2 K.

angle (and approximately that used routinely by terrestrial
radiometers and scatterometers). Measurements at both po-
larizations for a location on Titan’s surface can be plotted
on this chart and the dielectric constant of the surface, and
its physical temperature, can be simply read o:. The dif-
ference in horizontally polarized brightness temperature be-
tween di:erent surface compositions is 1–2 orders of mag-
nitude above the measurement uncertainty.
In practice departures from the idealized case of a smooth

sphere must be accounted for; e.g., surface roughness and
temperature variations among others. In the analysis of lunar
observations it was noted that the consideration of percent-
age polarization (Tbv − Tbh)=(Tbv + Tbh) e:ectively made
the interpretations independent of temperature e:ects. Sur-
face roughness was a major e:ect—surface variations on
scales much larger than the wavelength of measurement
were accounted for by describing each measurement point
as an appropriate average over an ensemble of planes whose
local verticals are distributed in a cone around the nomi-
nal vertical. Shadowing was a related consideration impor-
tant at large incidence angles. Observations over an other-
wise uniform sphere could then be interpreted in terms of
both the dielectric constant and a parameter describing the
roughness; e.g., the standard deviation of the local vertical
around the nominal. This approach was successfully used
to determine a frequency-dependent lunar-average dielec-
tric constant with a value that varied monotonically from
1:34±0:04 at 3 mm wavelength (White and Cogdell, 1973)
to 2:1 ± 0:3 at 21 cm (Heiles and Drake, 1963), with cor-
responding surface roughness standard deviation ∼ 20◦ at
short wavelengths to e:ectively zero at the longest wave-
lengths. The roughness variation was readily interpreted as

due to relative smoothing at longer wavelengths, but taken
as a caution in the interpretation by White and Cogdell that
scattering e:ects on the order of a wavelength become im-
portant at the shorter wavelengths. Such e:ects are more
diLcult to model and hence interpret. Regional variations
in dielectric constant did not appear to be signi5cant in the
analyses.
Our approach for Titan will be based on this approach.

Although we anticipate that there will be signi5cant re-
gional variations in surface parameters if both solid and
liquid phases are present on the surface, we have a dis-
tinct advantage over lunar observations because we may
tailor our scheme to observe a given location at di:erent
angles to determine its unique incident-angle polarization
dependence.
As with the moon, large-scale surface roughness will be

readily determined using this model. However, we have no
knowledge of what the small-scale roughness might be and
how this may a:ect the results. In this we include the case
where the typical low loss tangent of low-temperature ices
coupled with internal scattering of unknown but possibly
signi5cant magnitude leads to emittance properties quite un-
like those encountered on the Moon. Such e:ects can lead to
results that depart signi5cantly from the lunar-based model.
We expect that our challenge will be (1) to identify such
anomalous regions, and (2) to combine the radiometer data
with radar scattering and other relevant data to expand our
model so that we may determine additional physically in-
teresting parameters describing these regions. On the other
hand, liquid regions with depths exceeding the penetration
depth will present the most simple case for which a precise
and unambiguous dielectric constant may be obtained.

5. Scienti!c observations by Cassini

In this section, we outline some speci5c science goals for
Cassini and investigate how radiometry will address them.

5.1. Variation of temperature with latitude

Voyager infrared spectra have been re-analyzed
(Samuelson et al., 1997) and con5rm the earlier 5nding
that shows a drop in brightness temperature with latitude at
530 cm−1, a wavelength believed to sound the temperature
of the atmosphere just above the surface. The inferred tem-
peratures drop from about 93 K near the equator, to 89 K at
around 60◦ latitude. It is possible that these brightness tem-
peratures are in9uenced by stratospheric emission (where
the temperature contrast is rather larger) and so the thermo-
dynamic temperature on the contrast is small and consistent
with pre-Voyager estimates of latitudinal temperature con-
trast (¡ 0:1 K), but it has been noted (Lorenz et al., 2001b)
that the 4 K contrast is consistent with a principle of maxi-
mum entropy production (MEP) by latitudinal heat 9ow, a
principle that appears to hold for the Earth and Mars.
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Since the microwave brightness temperatures are not
signi5cantly a:ected by stratospheric emission, the Cassini
radiometer observations we simulate in this paper should
be easily able to discriminate between the 0.1 and 4 K
temperature contrasts described above.

5.2. Altitude discrimination of surface features

Another important e:ect we hope to look for is variation
of brightness with altitude, due to the radiative–convective
temperature pro5le of Titan’s atmosphere. A dry adiabat
near Titan’s surface is around 1:3 K=km; the moist adia-
bat for methane-nitrogen is around 0:6 K=km (e.g. McKay
et al., 1997). Recently, Courtin and Kim (2002) found an
anomalous region on Titan in analyses of Voyager infrared
data—this feature, at around 35◦N, 340◦E has a 530 cm−1

brightness temperature ∼ 3 K cooler than comparable areas,
suggesting that it is a low emissivity area, physically colder
and/or elevated relative to the surrounding terrain, or was
obscured by a cloud. Microwave radiometry measurements
will be una:ected by clouds and are therefore well-poised
to resolve this issue.
The simultaneous altimeter and radiometer observations

will be of particular relevance here and (assuming a con-
stant composition along the groundtrack) can be interpreted
as relative temperature, noting that the incidence angle is
zero. For example, during the Earth swingby—the cold, dry
Andes lay on a dry adiabat, whereas Eastern South America
followed a wet adiabat more closely (Lorenz et al., 2001a).
Additional observations (either radiometry at o:-nadir in-
cidence angles or backscatter measurements) would be re-
quired to determine any composition di:erences.

5.3. Bulk composition of surface units

In addition to the light-dark variegation seen in Hubble
Space Telescope and other images of Titan’s surface, there
may be changes in surface cover with latitude. One expla-
nation of the symmetric surface temperatures inferred from
the Voyager IRIS data is that the polar temperatures are
‘pinned’ by a large liquid nitrogen-methane reservoir, a sit-
uation much like that on Mars, but with liquid polar ‘caps’
(Stevenson and Potter, 1986).
In addition to the pure temperature changes with alti-

tude there may be additional e:ects. For example, higher
terrain may receive more rainfall, perhaps washing the icy
surface clear of dark organics to yield the bright regions
seen by HST. Condensation phenomena like frosts are
conceivable (although given our present understanding of
methane-nitrogen thermodynamics, unlikely—see Lorenz
and Lunine, 2002). Indeed, metallic tellurium frost has been
inferred from microwave measurements of high-altitude
regions on Venus (Tyler et al., 1991; Pettengill et al., 1992,
1996), although both backscatter and emission data led to
this interpretation.

It should be noted that Brewster angle e:ects are more
easily explored at Titan where materials have typical dielec-
tric constants of 1.5–5, and therefore Brewster angles of
52–65◦, whereas terrestrial rocks and soils have higher
dielectric constants, and therefore Brewster angles that
are higher, corresponding to near-grazing incidence and
thus more susceptible to incidence angle uncertainty
e:ects.

5.4. Detection of geothermal anomalies

Approximately, the penetration depth of microwave radia-
tion into (and thus the depth sounded by passive radiometry)
for icy/organic materials (�∼ 2–4) is∼ =(10∗loss tangent),
with  the wavelength. Loss tangents of 10−4–10−5 seem to
be typical for ice and organics at these low temperatures—
see Table 1—(quite possibly because these are the lowest
losses that can be reliably measured. Thus, the penetration
depth for our 2 cm wavelength may be as high as 2–20 m.
If the surface is ammonia-rich, the loss tangent may be
higher and we may penetrate only a few cm, comparable
with typical imaging radar penetration into rocks or soil on
Earth.
Taking chondritic radiogenic heat production for Titan’s

core and thermal conductivity of ice yields a subsurface
temperature gradient of about 1–2 K=km. Thus, on a glob-
ally averaged basis, the subsurface temperature in9uence
on brightness temperature should be below our detection
threshold of∼ 0:1 K. Note, however, that the global average
may be misleading. For example, the geothermal heat 9ow
over the entire Yellowstone basin is about 20× the terres-
trial average: a corresponding enhancement (perhaps with
an attendant 5eld of methane geysers, Lorenz (2002)) on
Titan might be detectable, since the temperature gradient a
could be 20–40 K=km, and thus detectably higher tempera-
tures would be sounded by the radiometer.

5.5. Solid state greenhouse

There is the faint possibility of detecting diurnal subsur-
face temperature contrasts with microwave radiometry. Di-
urnal temperature contrasts are expected to be small, since
the thick atmosphere will convect away solar heating de-
posited in a thin opaque surface layer.
However, if the surface layer is partly transparent to

sunlight (speci5cally that red and near-infrared sunlight
that reaches the surface, having been absorbed neither by
methane nor the reddish haze) energy may be deposited
deep enough in the surface not to be immediately convected
away. The insolation spectrum comprises about 10% of the
solar 9ux incident on the top of the atmosphere. At red and
near-IR wavelengths, water ice has an absorption length
of about 1 m. Thus, over a Titan day of ∼ 5 × 105 s, the
temperature rise of a meter cube, assuming no loss to the
atmosphere or by radiation, would be around 0:1 K.
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The 10% number derives from radiative transfer models
(McKay et al., 1989) tuned to 5t visible albedo measure-
ments. It is possible that there is some seasonal variation in
this quantity—in particular the southern hemisphere may be
rather clearer of haze during the Cassini mission (late south-
ern summer) and thus diurnal insolation may be higher.
A positive observation places signi5cant constraints on

the surface consitution. No diurnal change will be observed
if the surface is optically dirty and thus the sunlight is ab-
sorbed in the top few centimeters where it can be convected
away, while in the unlikely case the surface is very transpar-
ent, the volume over which the sunlight is absorbed is too
large to permit a signi5cant temperature rise. Similarly, if the
microwave penetration depth is too small or too large, the
volume a:ected by the temperature rise will not be matched
to that probed by the microwaves, and the heat pulse will
be diluted into nondetection.

5.6. Depth estimation of lakes and seas

We will obtain some strips of radiometry when the space-
craft is performing SAR measurements, at 10–30◦ inci-
dence. These will have footprints of 5–50 km, so we should
obtain several resolution elements across features like crater
lakes 300–500 km across.
If we assume that with other data (from previous global

spiral scans or mosaics) we can determine the composition
of the bedrock (land) and of the liquid (assuming the center
of the feature is deep enough that we only sense the liq-
uid itself) then the radiometer data may be interpretable as
lake-bottom topography.
The problem of a low-loss dielectric layer above a

semi-in5nite space is well-known in terrestrial remote sens-
ing, for the measurement of lake ice—see for example
Ulaby et al. (1986, p. 1598)—and is essentially a combi-
nation of two re9ection coeLcients taking into account the
absorption in the layer.
The e:ect is most strongly seen in horizontally polarized

radiation between about 40◦ and 70◦ incidence angle, when
the transition from ‘shallow’ to ‘deep’ changes the bright-
ness temperature by a little over 2 K. At nadir, or the low
incidence (10–30◦) associated with near-Titan SAR and
altimetry measurements when the beam footprint will be
small, the change is about 1:5 K—certainly enough to be de-
tected. However, the interpretation of the data this way may
have too many uncertainties to be unique—the loss tangent
of the liquid will be uncertain, the lake bottom is likely to
be covered in sediments of uncertain composition and thick-
ness, and bubbles or other scatterers in the liquid may also
in9uence the brightness temperature at this level. However,
radially symmetric geometries are likely to be highly sugges-
tive of crater topography. For example, Fig. 8 shows a crude
simulated pro5le of a crater with a submerged peak ring and
a central peak: radiometer data show a detectable drop in
brightness temperature over the submerged peak ring.

Fig. 8. (a) A topographic pro5le of a crater with a submerged peak ring and
an exposed central peak. The horizontal line denotes the ‘sea level’—the
rim and central peak are above the line and are assumed to be water ice at
94 K. (b) Simulated radiometer data show a detectable drop in brightness
temperature over the submerged peak ring (assumed ice bedrock, �=3:1,
tan �=1× 10−5; lake material �=1:88 and tan �=1× 10−5. Incidence
angle=10 degrees, typical for observations during SAR operations. There
is a substantial drop in brightness temperature over exposed ice regions,
namely the rim and central peak.

5.7. Microwave re?ectivity from sun-glint

Although Cassini operates actively as a monostatic radar,
there may be serendipitous opportunities to perform pas-
sive bistatic re9ectivity measurements. On those occasions
when radiometry mapping occurs on the dayside of Titan,
the specular re9ection of the sun may be detected by the ra-
diometer. This e:ect was observed in a handful of isolated
Magellan radiometer observations of Venus by Pettengill
et al. (1992): the low altitude of Magellan, and the small
beam footprint, meant that specular re9ections were ex-
tremely rare. Cassini’s high altitude means there will be
many opportunities for sunglint observations (with the op-
tical instruments as well as with radar) and several dayside
observations are planned with this in mind.
In the idealized case where Titan’s surface is a perfect

(9at, 100% re9ective) mirror, the sun re9ection would
add some 250 K to the observed brightness temperature,
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Fig. 9. Re9ected solar brightness as a function of angle. The graph shows
the size of the spot equal to 1/10 (dashed line, triangles) and 1/100 (solid
line, diamonds) of the optical surface brightness of the sun at Earth as a
function of sea-surface windspeed on Earth, from Strong and Ru: (1970)
and Titan, assuming glint size relates to signi5cant wave height and the
windspeed-waveheight results of Ghafoor et al. (2000). The spot size
ordinate refers to size in latitude and longitude extent—the corresponding
range from Titan at which the radiometer beam has this size is shown at
right.

assuming the typical solar microwave brightness tempera-
ture of 10; 000 K and taking into account the beam dilu-
tion, since the sun has a diameter at Titan of only 1

20 of
a degree. Clearly, this re9ection potentially presents some
dynamic range problems (as indeed occurs on Earth, where
microwave radiometers on meteorological satellites are
routinely steered to avoid the re9ection).
However, with realistic surface roughness, the absolute

re9ectivity falls to a fraction of unity, and the dynamic range
required will be much lower. For example, optical data by
Strong and Ru: (1970) shows that on ocean surfaces, the
peak re9ected radiance drops by a factor of 10 for wind-
speeds of only a few meters per second, or sea roughnesses
corresponding to about 1 m=s winds on Titan (Ghafoor
et al., 2000). The corresponding spot sizes are easily re-
solvable by the Cassini radiometer (see Fig. 9).

6. Conclusions

We have explored the application of the Cassini RADAR
microwave radiometer to the investigation of Titan’s sur-
face, atmospheric transports and the near-surface interior.
The microwave brightness measurements are completely un-
a:ected by the atmosphere, whereas near- and far-infrared
spectroscopy require the estimation and removal of signi5-
cant atmospheric opacity and scattering. Even radio occulta-
tions to measure near-surface temperature rely on indepen-
dent estimates of atmosphere composition.
While a single microwave brightness temperature mea-

surement has a nonunique interpretation, we have shown

that a combination of looks at di:erent polarization and in-
cidence angle allows useful independent constraints to be
placed on surface temperature and composition, addressing
several key scienti5c goals.
Some outstanding issues require further modeling e:orts

to understand fully, such as the interpretation of radiome-
ter data with incomplete polarization information (discussed
brie9y in Pettengill et al., 1992), and the exact choice of
observation strategy. However, it is clear that the Cassini
microwave radiometer is poised to make a signi5cant con-
tribution to our understanding of Titan.
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