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Abstract

The Cassini RADAR instrument made a dedicated cloud backscatter observation near Titan’s north pole, presently in winter darkness, to
constrain the precipitation of material onto the surface. The detection limit is ∼5 orders of magnitude above that expected in methane rainstorms,
and rules out ‘drizzle’ of more than ∼10 cm/yr, placing constraints on the winter accumulation of material on Titan’s surface during polar winter.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Titan has been long speculated to have rain (e.g., Toon et al.,
1988; Lorenz, 1993) and has been observed to have clouds at
altitudes at which methane would be expected to condense, and
these clouds have been observed to evolve on hour timescales
(Griffith et al., 2000; Brown et al., 2002), suggesting that they
are precipitating to form rain or hail. Furthermore, Titan’s sur-
face morphology bears the fluvial scars of rain (e.g., Tomasko
et al., 2005).

While vigorous convective clouds have been observed over
the summer pole (Brown et al., 2002; Porco et al., 2005;
Roe et al., 2002) the winter pole is also of interest, but is
harder to observe. As on Earth, polar stratospheric clouds may
form and downwelling brings haze- and organic-rich-gas from
higher altitudes. Griffith et al. (2006) have detected a pervasive
north-hemisphere ethane cloud in the upper troposphere—see
also Fig. 1. Further, it is even possible that a large-scale con-
densation of methane and nitrogen may occur over the winter
pole (Stevenson and Potter, 1986), somewhat analogous to the
martian CO2 frost cycle. The recent observation by Cassini
RADAR of large lakes (Stofan et al., 2007) and seas at high
northern latitudes also adds interest in possible precipitation
phenomena near Titan’s poles.
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The evident role Titan’s atmosphere has played in shaping its
surface, and the intrinsic interest of studying a set of weather
processes that are directly analogous to those we experience
on Earth, motivate new observations to constrain this exotic
yet familiar environment. Even though the multimode Cassini
RADAR instrument (Elachi et al., 2004) was not designed to
make atmospheric measurements—indeed its whole function is
to be affected by Titan’s hazy atmosphere as little as possible—
specific observations can be made to constrain the precipitation
processes in Titan’s atmosphere, much like spaceborne precip-
itation radars on Earth like that on TRMM (Tropical Rainfall
Measuring Mission). We describe the first attempt at such an
observation here.

2. Observation

The T30 flyby on 10 May 2007 is the northernmost flyby in
the nominal mission devoted to RADAR observations at clos-
est approach. In contrast to most radar passes where Synthetic
Aperture Radar (SAR) observations are made from typically
15–18 min before closest approach to 15–18 min after, with
altimetry conducted between 18 and 30 min out, and scatterom-
etry from 30 to 75 min out, the T30 observation featured a
long nadir-pointed altimetry swath right up to closest approach
over a region previously observed by SAR to permit intercom-
parisons, particularly between SAR-derived topography and
conventional altimetry. Nadir-pointing near closest approach
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Fig. 1. A section of a publicly released (PIA09171) near-infrared image acquired by the Cassini Visual and Infrared Mapping Spectrometer (VIMS) on 29 December
2006: a bright north polar cloud system is seen extending down to 62◦. An arrow indicates the approximate latitude (∼75◦) of the radar observation reported here.
No specific correlation should be inferred as the RADAR and VIMS data acquisitions were 5 months apart.

provides a good opportunity to isolate any potential backscat-
ter from the atmosphere. Nadir pointing minimizes the range
spread inside the beam footprint and allows the data above the
surface to be segmented out to within one sample from the sur-
face (about 1.2 km). Collecting the data near closest approach
minimizes the propagation loss and provides the lowest possi-
ble detection threshold. The scatterometer mode was used for
a dedicated 4 s observation while still nadir-pointed at the end
of the altimetry swath. Scatterometer mode was selected be-
cause it collects data with the smallest noise-power bandwidth
which leads to the best detection threshold possible. This brief
campaign, occurring at about 71◦ N, 354◦ W (see Fig. 1) at
an altitude of ∼964 km comprised two separate observations,
each 2 s long. The first of these used a tone burst, much like
some high-sensitivity scatterometry observations we have made
from long range of Saturn’s other satellites (e.g., Ostro et al.,
2006) to detect any atmospheric backscatter from altitudes up
to 300 km. A second observation used a chirped waveform, in
the event that sufficient backscatter was detected, to constrain
the altitudes (up to ∼30 km altitude with a range resolution of
∼1.6 km) from which the radar energy was returned. Because
of the rapid Doppler change near closest approach, only 90%
of the normal 106 kHz scatterometer bandwidth could be used.
Both of these observations used a 9 dB attenuator setting that
has been used on all of the distant icy satellite observations,
and most of the Titan scatterometry scans. This gain setting is
used whenever the signal-to-noise ratio (SNR) is low. It allows
the intrinsic noise power of the receiver system to toggle 4 of
the 8 bits available in each sample (or to make a more familiar
analogy, we have turned up the volume on our receiver so that
the background noise is a prominent hiss). The noise power can

Fig. 2. Noise spectrum recorded by the radar receiver in a portion of the base-
band frequency range of 0 to −125 kHz. The dashed region represents the band
in which an echo from the atmosphere would have been observed.

then be read accurately while still providing some headroom for
precipitation echo power without saturating the analog to dig-
ital converter. It should be noted that this gain setting is such
as to cause the receiver to saturate with the echo from the sur-
face, so operating in this mode at such short ranges makes it
impossible to recover any useful backscatter information about
the surface itself.

3. Results

The spectrum recorded by the radar receiver is shown in
Fig. 2—no spectral peak at the expected echo frequency is
observed. The frequencies shown in Fig. 2 are baseband fre-
quencies which means that the 13.78 GHz carrier frequency
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has been removed. The remaining bandwidth is determined by
the backend filter and the sample rate of the analog to digi-
tal converter. In scatterometer mode the radar has a backend
filter bandwidth of 117 kHz which is slightly over-sampled
at a sampling frequency of 250 kHz giving a maximum data
bandwidth of 125 kHz. Fig. 2 shows a small section of the
125 kHz bandwidth covered by the data. The selected frequency
range is roughly centered on the expected frequency of the at-
mospheric echo power. The expected position and extent of
the echo power in the frequency domain is computed from the
Doppler shift and spread of the one-way half-power beam pat-
tern at the time of the observation. When a tone transmission is
used the Doppler spread within the beam is responsible for all of
the signal bandwidth. The atmosphere is assumed to be moving
with the surface, so no extra correction is applied for any ver-
tical winds (such corrections would be very small for realistic
vertical wind speeds). The random variability of the echo power
spectrum shows the intrinsic noise power spectral density of the
receiver. The actual measurement is obtained by averaging over
the expected frequency range of the atmospheric echo power
and comparing that average power to an estimate of the noise
only power taken from an adjacent frequency span of the same
width. The standard deviation of the noise only segment is eas-
ily computed and this sets the detection threshold. Assuming
Gaussian statistics a useful detection criterion is a mean sig-
nal level three standard deviations above the mean noise level.
Using the data shown in Fig. 2 this gives a detection threshold
of −55 dB with 99% confidence (i.e., in the beam footprint of
30.7 km2, a backscatter cross section of ∼100 m2). By com-
parison, the noise floor during SAR observations (with much
higher spatial resolution) is around −25 dB, a reflectivity seen
(or rather, not!) on Titan’s polar lakes (Stofan et al., 2007).

4. Interpretation

The measurement here shows that droplets were either ex-
tremely sparse or extremely small or both at the location and
time observed. We plot in Fig. 3 our constraint against vari-
ous scenarios of drop size and column density. In the small-
particle (Rayleigh) regime, applicable to raindrops (diameter
d < 0.9 cm, limited by the surface tension of liquid methane;
Lorenz, 1993) and cloud particles (d � 1 mm) for our radar
wavelength (λ = 2.2 cm), the backscatter area per particle of di-
ameter d is ∼(2/3π5)(d6/λ4)([ε − 1]/[ε + 2])2, where ε is the
dielectric constant of the droplet material (we adopt ε ∼ 1.65
for liquid methane—results are not substantially different for
slightly higher ε of ethane and nitrogen or mixtures thereof).
The (d6/λ4) term makes radar rather insensitive to small cloud
particles, but usefully-constraining for raindrops (which is af-
ter all why radar is used to monitor rainstorms on Earth, even
when clouds prevent optical observation).

Photochemical models predict a deposition of several hun-
dreds of meters of material (ethane, acetylene, etc.) over the
age of the Solar System. This is plotted in Fig. 3 notionally
as ‘ethane flux,’ with a factor of 1–10 enhancement, to note
that observations show that this deposition may not be uni-
form in space and time but rather concentrated in a down-

welling season over the winter polar regions. The climate model
of Rannou et al. (2006) adopts an ethane deposition rate of
6 × 10−12 kg m−2 s−1, or roughly 1 km over the age of the So-
lar System—other photochemical models predict fluxes lower
by a factor of a few. This flux is principally manifested in the
Rannou et al. (2006) model as a precipitation of 1–3 micron
particles at latitudes above 60◦, with a deposition rate of about
0.2 mm per Titan orbit around the Sun, or roughly 6 microns per
(Earth) year. This cloud or mist may be have an optical depth
of 1–5. A recent observation by Griffith et al. (2006) similarly
pointed to an ethane cloud at around 30 km altitude with 3 µm
particles, although with a lower column density of ∼108 m−2.

Mitchell et al. (2006) have used a different zonal-climate
model to explore the variation of precipitation with latitude and
season. That model predicts methane precipitation that moves
from summer pole to summer pole, crossing lower latitudes
during the equinox season. This model (and that of Rannou
et al., 2006) are somewhat consistent with the observations
of Schaller et al. (2006) who observe that Titan’s south polar
clouds, prevalent between 2001 and 2004, have since disap-
peared. The Mitchell et al. (2006) model does not predict any
winter polar precipitation, but in any case considers only ‘me-
teorological’ methane precipitation, without separate treatment
of photochemical ethane (which is the principal source of the
persistent ethane polar clouds in Rannou et al., 2006).

Barth and Rafkin (2007) have conducted various mesoscale
Titan cloud simulations. In a cumulus cloud, droplet nucle-
ation occurs in the narrow (∼10 km) convective core which
has abundant (>1 cm−3) droplets of 100–400 µm. After loft-
ing in the core, the particles can grow larger (600–800 µm) but
are spread over a wider (∼100 km) area and thus have a lower
density (∼10−3 cm−3). Similar cloud particle size and density
was found in a simulated stratiform cloud stimulated by grav-
ity waves in a less methane-rich atmosphere. They find only a
few raindrops form. These clouds would be barely detectable
by our observation, although have an optical depth of 1 or
more, so should be visible to near-IR observations if illumina-
tion were present. Hueso and Sanchez-Lavega (2006) perform
similar simulations, but with a higher droplet coalescence ef-
ficiency, such that rain forms more efficiently—yielding down-
pours of ∼25 cm in a couple of hours. Such rain would be easily
detectable by our observation. Another rainstorm model, by
Tokano (2001) similarly predicts abundances of 2 mm graupel
particles (above about 14 km altitude, methane–nitrogen mix-
tures freeze to form graupel and hail rather than rain) and 5 mm
raindrops which would be easily observed.

Tokano et al. (2006), on the indirect basis of saturation ratio
measurements from the Huygens probe, have inferred a possi-
ble ‘subvisible cloud’ of drizzle, and suggest that this drizzle
of ∼5 cm/yr may be a pervasive feature of Titan’s atmosphere.
Such a drizzle is roughly at the detection threshold of our ob-
servation and rates of >10 cm/yr can probably be excluded
(absolute statements are difficult, since some pathological cloud
structures are possible, with absorbing small particles in their
upper reaches might obscure scattering drops at lower levels).

The annual average, global average rainfall determined by
equating convective heat flux to latent heat (Lorenz, 2000) is of
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Fig. 3. Backscatter constraint of −55 dB imposed by our T30 observation rules out any phenomena above the solid line (a corresponding dashed line for −42 dB indi-
cates the sensitivity of phenomena to the threshold and likely future observations). Dotted line indicates an extinction optical depth of roughly unity for near-infrared
observations: for drizzle and rain the RADAR observation is more constraining. Dashed-dot box indicates photochemical ethane flux, possibly augmented by 10x

for concentration at the winter pole. The diamonds represent the energy limit on global rainfall of 1 cm/yr (Lorenz, 2000) and a putative drizzle suggested by
Tokano et al. (2006) of 5 cm/yr assuming these are expressed as uniform, continuous fluxes. The square represents a typical rainstorm of 25 cm in 2 h by Hueso
and Sanchez-Lavega (2006), and the crosses denote the ∼5 g/kg graupel and hail content in the Tokano (2001) thundercloud model. Asterisks denote polar ethane
clouds from Griffith et al. (2006) and Rannou et al. (2006) and the triangles represent discrete model clouds by Barth and Rafkin (2007).

the order of 1 cm/yr and is at the threshold of detection (Tokano
et al., 2006, do not address how their 5 cm/yr rate might defy
this energy limit). Note that thermodynamic arguments (Lorenz
et al., 2005) suggest that in fact this global and time-average of
1 cm/yr is probably expressed in rare but violent precipitation
events (perhaps centuries apart for a given location). Most of the
climate models, and observations, suggest this average value
sees considerable latitudinal and seasonal variation, with most
precipitation occurring around the summer pole (Rannou et al.,
2006) suggest that above 70◦ latitude, the average precipitation
may be as much as 3 cm/yr.

An additional remark may be made on the relationship of
polar precipitation to the lakes found at high northern lati-
tudes (Stofan et al., 2007). If these are ephemeral, formed by
methane precipitation during a single season, then the estimated
8000 km3 or more of liquid in the observed lakes (Lorenz et
al., 2008) must have rained down in ∼7 years over the area
above 55◦ N latitude, or ∼4 million km2. This implies an av-
erage of some 30 cm/yr of precipitation, which should have
been detectable. This implies either that the lakes must have
formed before the present season (and thus whether predomi-
nantly ethane or methane, must persist for more than a season)
or that they are filled in rare precipitation events which we were
not lucky enough to observe.

In passing, we note the work of Rodriguez et al. (2003) who
suggested that absorption or scattering by cloud particles might
compromise the ability of the Cassini radar to observe the sur-

face. We are happy to report that no such difficulties have been
encountered—the column masses or precipitation rates required
are vastly higher than realistic average values.

5. Conclusions

The observation reported here was a rather speculative one
in that the location and season was not one where vigorously-
precipitating clouds were expected, but nonetheless provides a
useful constraint on precipitation in the winter season which
is otherwise difficult to observe and demonstrates a novel
capability of the Cassini RADAR instrument. Observations
like this may bear repeating at places/seasons when precip-
itation is known to occur—perhaps at low latitude during
the 2009 equinox during the Cassini extended mission where
at least some models predict cloud activity. Our simulations
indicate that the raindrop number density expected in such
clouds should be readily detectable in observations similar
to that described here. The T30 observation was somewhat
unique in having a nadir-pointed observation at closest ap-
proach (∼1000 km): future opportunities to perform precipi-
tation searches with RADAR will likely have to operate from
4000–5000 km (i.e., before and after the SAR observation) in
which case the detection threshold will be ∼25 times (13 dB).
Nonetheless, as Fig. 3 shows, even with this higher detection
threshold (−42 dB), rainclouds should be very prominent.
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Finally, we note that a future Titan orbiter might also use
radar observations to measure precipitation: the design of
such an instrument should ideally permit atmosphere profil-
ing like that described here while conducting routine mapping
(e.g., an altimetry data buffer should allow for echoes substan-
tially above the surface). While shorter-wavelength instruments
would be more sensitive to small cloud particles, they would
also suffer more attenuation from pressure-induced gas absorp-
tion: thus the 2.2 cm Ku-band used on Cassini may be a good
compromise between surface and cloud observations.
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