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Evidence for a Polar Ethane
Cloud on Titan
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P. Drossart,6 B. Buratti,4 P. Nicholson,7 C. P. McKay,8 A. Coustenis,6 A. Negrao,2,9 R. Jaumann10
Spectra from Cassini’s Visual and Infrared Mapping Spectrometer reveal the presence of a vast
tropospheric cloud on Titan at latitudes 51- to 68- north and all longitudes observed (10- to
190- west). The derived characteristics indicate that this cloud is composed of ethane and forms as
a result of stratospheric subsidence and the particularly cool conditions near the moon’s north
pole. Preferential condensation of ethane, perhaps as ice, at Titan’s poles during the winters may
partially explain the lack of liquid ethane oceans on Titan’s surface at middle and lower latitudes.
ast images of Saturn_s largest moon, Titan,
display large clouds only where solar heating is greatest, which presently occurs at
high southern latitudes (1–3). The morphology of Titan_s southern clouds indicates that
they are convective, composed of methane, and
result from the summer heating of Titan_s surface and updrafts from Titan_s summer Hadley
cell (1, 4–6). Similar processes instigate the
formation of thunderstorms on Earth. The latent
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heat of Titan_s major condensable constituent,
methane, is large enough that, like water on
Earth, adiabatic lifting and consequent cooling
of air cause cloud formation (7). In contrast, at
high northern latitudes, air circulates downward from the dry stratosphere (above an
altitude of 40 km) and is heated through
compression, which prevents the formation of
methane clouds.
Spectral images of Titan_s northern hemisphere, recorded by Cassini_s Visual and Infrared Mapping Spectrometer (VIMS) (8),
indicate a ubiquitous bright band at 51- to
68-N latitude, at the edge of Titan_s arctic circle
(Fig. 1). Its presence at higher latitudes cannot
be determined because of a lack of illumination. The band appears at wavelengths that
detect altitudes above 30 km (1.9, 2.13, and 2.7
to 2.9 mm) yet not at wavelengths that probe
altitudes above 60 km (for example, at 1.67,
2.25, and 3.2 mm), indicating that particles near
an altitude of 40 km are the cause (Fig. 2). Unlike Titan_s southern clouds, this northern cloud
shows no hourly variability and is diffusely
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spread over a large area, with only small continuous variations in optical depth between
adjacent pixels (Fig. 1).
The cloud appears at latitudes where Titan_s
general circulation concentrates and transports
photochemical products, principally ethane, to
lower altitudes, where they condense and may
form clouds (6). Methane (the second most abundant atmospheric constituent after nitrogen) is
dissociated irreversibly by solar ultraviolet light,
producing primarily ethane and, at one-sixth and
one-10th of the ethane production rate, respectively, acetylene and haze, as well as other less
abundant organic molecules (9, 10). These photochemical by-products precipitate to Titan_s
surface. Titan’s atmospheric composition and
photochemical models indicate that ethane
accumulates as a liquid (at the equatorial surface
temperature of 93.5 K) at a rate of È300 m (if
global) over Titan_s lifetime of 4.5 billion years,
whereas solid sediments, including acetylene
and haze particles, accumulate at roughly onethird of this rate (10). Thus, unless methane is a
recent addition to Titan_s atmosphere (11) or
ethane incorporates itself into surface solids
(12), it has been reasoned that a considerable
fraction of the surface should be covered with
liquid ethane (13). Titan_s surface reveals dunes
of solid sediments, probably including haze particles and acetylene ice (14). In addition, the
surface is riddled with alluvial features (15–17),
suggesting the occurrence of methane rain in the
past. Craters are rare, indicating geological
relaxation as well as their burial by photochemical sediments (15, 16, 18). Yet Titan appears
depleted of its most abundant photochemical
by-product. Except for the ethane-damp surface
measured by Huygens (19), no condensed form
of ethane has been detected (20), despite its
rapid production in Titan_s stratosphere and
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the expectation of finding ethane-rich oceans
before the Cassini encounter (13).
To determine the nature of Titan_s northern
cloud, whether it formed from methane or from
the condensation of ethane and other photochemical by-products, we primarily analyzed
the 2- to 2.5-mm, 2.8- to 3.2-mm, and 4.9- to
5.1-mm wavelength regions of VIMS_ 0.88- to
5.11-mm spectra, which provide the clearest
views down to the troposphere (21). The ra-

diative transfer equation was solved with the
discrete-ordinates approximation to simulate the
absorption and scattering of Titan_s atmosphere
and surface (22). We first constrained the optical
depths of the gases and haze above the clouds.
We quantified methane absorption with line-byline techniques (5) and new methane line
parameters at 2.8 to 3.2 mm (23, 24) and calculated pressure-induced H2 and N2 absorption
using laboratory data (25). Real and imag-

Fig. 1. Titan’s 2.8-mm albedo, multiplied by the function (m þ mo)/m o0.3
(where mo and m are the cosines of
the illumination and emission angles), to lessen effects due to differences in illumination across the
disk, indicates a cloud (red area)
near 56-N. The cloud appears at all
west longitudes observed: 115- to
190- (A), 10- to 118- [(B) and (C)],
and 25- to 95- (D). Sunlight scattering off the limb (referred to as
limb brightening) also appears red
in (D). Titan’s tilt prevents the
illumination of latitudes exceeding
70-N. The pixel resolution (horizontal by vertical) is in the range from
(50 to 95) by (50 to 150) km2. Images were recorded at 6:26 universal
time (UT) 13 December 2004 (A),
4:25 UT 22 August 2005 (B), 23:44
UT 21 August 2005 (C), and 2:55 UT
7 September 2005 (D). NP, direction
of the north pole; x, subspacecraft point; yellow arrow, direction of solar illumination.
Fig. 2. (A) The change in Titan’s
albedo with latitude, made from a
horizontal cut (at the 19th pixel row
from the top) through the image in
Fig. 1B at wavelengths of 2.11 mm
(black squares) and 2.17 mm (purple diamonds), which probe the 30to 50-km and 60- to 80-km altitude
ranges, respectively. The cloud band
appears north of 51-N latitude at
2.11 mm but not at 2.17 mm. (B)
VIMS spectra recorded within (red
circles) and outside of (blue squares)
the bright cloud band (recorded
at 23:04 UT 21 August 2005) are
compared to calculated spectra that
assume the absence of a cloud (green
line) and the presence of a cloud at
an altitude of 40 km of optical depth
0.02 (orange line). (Inset) The same
observations shown over a larger
wavelength region than that modeled
in (B) (black rectangle) indicate increased brightness due to the cloud
at wavelengths (1.9, 2.13, and 2.7 to
2.9 mm) that detect the tropopause.
At 2 mm, the surface is visible and,
for this pair of spectra, more highly
reflective from cloudless terrain than
cloudy terrain. The spectral resolution
is 0.017 mm.

inary indices of refraction of 1.35 and 0.0001,
respectively, for ethane were assumed at both
2.1- and 2.9-mm wavelengths (26). We also assumed the presence of spherical haze particles
having radii of 0.2 mm from altitudes of 180
to 90 km. Below 90 km, radii increase with
atmospheric pressure to 0.8 mm at the altitude
of 40 km (5). Analyses of the cloudless 2.1- to
2.2-mm spectra indicate a haze profile whose
density decreases with altitude, with a scale
height of 60 km above an altitude of 100 km; a
particle density of 21 cm–3 at 130 km; and a
constant density of 30 cm–3 from an altitude
of 90 to 100 km, 9 cm–3 from 70 to 90 km, and
1 cm–3 from 30 to 70 km. Although other profiles also match the data, we can accurately
estimate the haze optical depth above the cloud
(0.16 at 2.1 mm), because it considerably exceeds the gas optical depth (0.05). A comparison of the calculations to the observed slope of
Titan_s 2.11- to 2.18-mm spectra provided the
cloud heights (5). The 2.0-, 2.8-, and 5.0-mm
albedos indicated the cloud optical depths.
These values allowed us to estimate the size of
the cloud particles (5) and their column mass,
which provide clues to the formation and composition of Titan_s northern cloud.
We analyzed the spectra lying within the
48- to 55-N latitude band that were farthest
from the terminator and thus most directly illuminated by the Sun. The cloud was found to
reside at altitudes of 30 to 50 km, with no trace
of clouds above 60 km (Fig. 2), suggesting that
we were not simply observing the low-altitude
sedimentation of Titan_s stratospheric hazes
and condensates (27, 28). At 55-N latitude, the
cloud_s optical depth was 0.06 T 0.01 at both
2.1- and 2.9-mm wavelengths, assuming the
optical constants of ethane. The error quoted
above (0.01) refers to the 3s standard deviation
that results from noise. If the optical constants
of haze are assumed, we derive optical depths
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Fig. 3. The yearly average precipitation of ethane
(dashed line) according to the GCM model of
Rannou et al. (6). The downwelling circulation
branch surrounding the poles during the winters
causes ethane to descend from the stratosphere to
the tropopause, where it condenses and precipitates to the surface. Consequently, ethane is
predicted to accumulate in Titan’s polar regions.
www.sciencemag.org
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from the slow vertical fall rate, which is 3 km per
month for particles with radii of 2 mm (32).
The southern edge of Titan_s cirrus cloud
region occurs at the latitude north of which
GCM models predict the descent of air from the
stratosphere to the troposphere. Ethane, which is
undersaturated at altitudes above È65 km,
descends to 30 to 50 km (where its mixing ratio
exceeds saturation by a factor of several
hundred) and condenses to form a cirrus cloud
surrounding the pole. This explanation implies
that we are observing the edge of a massive
polar ethane cloud and the preferential condensation, sedimentation, and surface accumulation of ethane within 35- of Titan_s poles (Fig. 3).
Here, temperatures are expected to drop below
the freezing point of pure ethane (90.3 K) during the winter and, depending on the haze
opacity, possibly throughout most of Titan_s
year (6, 33). If conditions remain cool enough
throughout the year, Titan may accumulate
ethane ice each winter at the poles and develop
year-round polar caps.
An ethane cloud probably contains haze and
other photochemically produced ices (such as
acetylene), which condense mainly at altitudes
of 65 to 90 km and mix downward to form part
of the cirrus cloud (27, 28). Additionally, methane and dissolved N2 may condense on the
ethane particles. Yet at the tropopause, methane
is presently probably subsaturated because of
the subsidence of air from the dry stratosphere
(6). We detected no evidence for methane condensation resulting from meteorological methane fluctuations and temperature variations,
which are spatially variable effects. The cloud
is markedly uniform, without evident regions
of methane-coated particles with radii exceeding 5 mm, which would have been detected in the
5-mm images, and without density variations
resulting from the faster fall velocities of larger
particles. Further investigations will better constrain the cloud composition, including Cassini
VIMS measurements to be conducted during the
close passes of the moon later in Titan_s spring,
when the north pole is better illuminated.
Presently, there is no direct evidence of polar caps composed of ethane. The northern pole
has not been imaged. Cassini images of the
southern pole do not indicate the morphology
of 2 km of ethane ice, assuming current rates of
ethane production over the past 4.5 billion
years, accumulated within 35- of the poles. Yet
south polar images suggest flow features, possibly associated with a smaller quantity of ethane
ice accumulated on the young surface. The detection of surficial ethane ice is hindered by the
correlation of ethane features and methane signatures, which obscure the visibility of Titan_s
surface. In addition, the polar surface is probably distinct and varied. Similarly, other hydrocarbons would precipitate preferentially at the
poles and pollute the ethane ice, and any lowland methane lakes would dissolve and melt
ethane, because the mixture_s eutectic temper-
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ature is 72.5 K (34). Such lakes might condense
out of Titan’s humid lower troposphere during
winter. The surface distribution of liquid or
solid ethane, whether corralled into the polar
regions by circulation or transported by surface
flows to lower latitudes, will be determined with
radar and near-infrared images of the geomorphology, radio determinations of the polar
temperatures, and infrared measurements of
the polar composition, which are scheduled for
future Cassini encounters with Titan.
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with methane_s high mixing ratio (29). The
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with radii exceeding 50 mm. The small particle
sizes thus suggest the condensation of a less
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2.1 mm, which is an unphysical result. The optical properties indicate that the cloud is not
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by local condensation.
The characteristics of Titan_s northern cloud
are all consistent with the condensation of
ethane. The cloud_s 2.1- and 2.9-mm albedos
can both be explained as resulting from a column of È60,000 cmj2 of ethane particles having radii of 3 mm. The mass column abundance,
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ethane condensates, given the abundance of
ethane and the number density of nucleation sites
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