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a b s t r a c t

Saturn’s Moon Titan has a thick atmosphere with a meteorological cycle. We report on the evolution of

the giant cloud system covering its north pole using observations acquired by the Visual and Infrared

Mapping Spectrometer onboard the Cassini spacecraft. A radiative transfer model in spherical geometry

shows that the clouds are found at an altitude between 30 and 65 km. We also show that the polar

cloud system vanished progressively as Titan approached equinox in August 2009, revealing at optical

wavelengths the underlying sea known as Kraken Mare. This decrease of activity suggests that the

north-polar downwelling has begun to shut off. Such a scenario is compared with the Titan global

circulation model of Rannou et al. (2006), which predicts a decrease of cloud coverage in northern

latitudes at the same period of time.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Besides Earth, Titan is the only place in the Solar System to be
veiled by a thick atmosphere, with condensable species that form
clouds and possibly rain (Tomasko et al., 2005; Turtle et al., 2011).
This atmosphere, with a surface pressure close to the terrestrial
value, contains primarily nitrogen and a few percent of methane,
up to 5% at the surface (Niemann et al., 2005). The dissociation of
methane and nitrogen by ultraviolet sunlight and energetic
electrons from Saturn’s magnetosphere produces hydrocarbons
and nitriles, which react to create more complex molecules as the
origin of a photochemical haze. Titan’s north polar latitudes,
where the temperatures are the coldest during the winter season
(2002–2009), provide a cold trap for several species produced by
both chemistry and atmospheric transport processes, with strong
winds blowing around the pole (Flasar et al., 2005).

Clouds on Titan have been remotely observed by Earth-based
telescopes since 1995 (Griffith et al., 1998; Brown et al., 2002; Roe

et al., 2005; Schaller et al., 2006) and by the instruments onboard
the Cassini spacecraft (Porco et al., 2005; Griffith et al., 2005,
2006; Turtle et al., 2009; Rodriguez et al., 2009; Turtle et al.,
2011). They regularly appear, primarily as convective methane
clouds, on the south pole and on a belt located at �401S. A few
isolated and sporadic clouds, convective in origin, have also been
observed in tropical regions (Griffith et al., 2009; Schaller et al.,
2009), and at northern latitudes, where they have been inter-
preted as streaks resulting from lake evaporation and polar
windshear (Brown et al., 2009). In addition to the discrete and
optically thick methane clouds, a vast optically thin cloud was
detected in December 2004, August and September 2005 at 501N
latitude and all observable longitudes, and extended to at least
the terminator at 681 latitude (Griffith et al., 2006). This cloud was
hypothesized, based on its altitude, mass and particle size to be
an ethane cloud that capped the north pole, resulting from the
winter downward mixing of photochemically produced species in
the upper atmosphere (Griffith et al., 2006; Rannou et al., 2006).
Ethane being the most abundant available species to condense,
this leads to the preferential condensation, sedimentation and
possibly surface accumulation of ethane ice. Yet, as the north pole
region was not illuminated, the cloud was not fully visible at the
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time of this detection. Cloud spectral signatures were also
systematically detected at latitudes higher than 501N between
July 2004 and December 2007 (Rodriguez et al., 2009), but the
detailed structure was not investigated.

Here we report spectral images of the north polar cloud, as it
extends all the way to the north pole, with VIMS (Visual and
Infrared Mapping Spectrometer) measurements onboard the
Cassini spacecraft. In Section 2, we describe the first resolved
VIMS data of the north polar regions, which were acquired during
the T22 flyby in December 2006, and we show different color
composites emphasizing the cloud morphology. The temporal
evolution of the cloud is then discussed in Section 3 using the
images, which have been acquired with the highest spatial
resolution and the most favorable observing geometry through
June 2009. In Section 4, the data are finally analyzed with a
radiative transfer model to study the cloud’s opacity and altitude
during the years that extend from 2006 to 2009, and the temporal
evolution is compared to the predictions of the Titan global
climate model (GCM) of Rannou et al. (2006).

2. Observations of the illuminated north pole with VIMS

The VIMS imaging spectrometer acquires hyperspectral
images using a detector of 64�64 pixels in the spatial dimension.
For each pixel of an image, a 352-channels spectrum is acquired
in the range from 0.3 to 5.1 mm (Brown et al., 2004). Since the
Cassini arrival in 2004, Titan has been observed once a month on
average, with 70 flybys performed during the 6 years of the
nominal and extended missions (Barnes et al., 2009). The trade-
off between different instruments’ time allocation and the poor
illumination condition as Titan experienced winter in the north
hemisphere in the 2004–2009 period prevented the mapping of
northern regions on a regular basis. We therefore focused our
analysis on the images that have been acquired with the highest
spatial resolution and the most favorable observing conditions
only. The main characteristics of these observations are summar-
ized in Table 1.

The first good opportunity to observe the half-lit north pole
occurred on December 28, 2006, during the flyby labeled T22
(Fig. 1). The T22 data (Table 1 and Fig. 1) were acquired from a
distance of 90,000 km with a spatial resolution of 45 km/pixel.
The half-lit north pole appeared covered by a huge cloud system,
confirming previous expectations (Griffith et al., 2006), and the
cloud morphology was revealed for the first time. Fig. 1a shows
the integrated flux between 4.90 and 5.09 mm (hereafter called
the 5 mm window). Fig. 1b displays a RGB color composite
(R¼2.78 mm, G¼3.26 mm and B¼3.33 mm) revealing three differ-
ent layers in the atmosphere, well above the cloud itself. It shows
in particular the fluorescence of methane (in green) in the upper
atmospheric layers. Fig. 1c displays a RGB color composite with
red¼5 mm, green¼2.78 mm and blue¼2.03 mm. The windows at
5 and 2.78 mm are particularly sensitive to cloud features
(Rodriguez et al., 2009). Unlike Titan’s southern clouds, this
northern cloud is diffusely spread over a very large area. We see
in Fig. 1c that the clouds extend from 641N in latitude up to the
north pole, and are surrounded by a diffuse hood down to
latitudes of 551N. It is interesting to note that lakes as imaged
by the RADAR in SAR mode are also found in these latitudes
(Stofan et al., 2007; Hayes et al., 2008).

3. Evolution of the north polar cloud with time

The evolution of the north polar cloud with time is revealed in
Fig. 2, which displays the most resolved VIMS global views of the T
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north pole acquired between T22 (22 December 2006) and T56 (6
June 2009) in raw geometry and using an orthographic projection
centered on the north pole. The northern cloud system was
observed by VIMS two weeks after the T22 observation, on
January 13, 2007, with a lower spatial resolution (flyby T23). It
is still present in an image taken at T29 on April 27, 2007, and one
year later in the two VIMS images acquired on 25 March 2008 and
12 May 2008 (T42, T43). A similar structure was observed during
T44 on 28 May 2008, with less elongated and less bright clouds. It
should be noted that starting from the T42 image, it seems that
the north cloud begins to break up in some places, leaving a
zone that appears much less opaque than the surroundings at
�701N. The T51 and T52 images in March and April 2009 confirm
this observation. The north cloud is at this time much less
widespread than in previous observations, showing a very diffuse
cloud pattern, and revealing the underlying Kraken Mare
(red arrows in Fig. 2). Kraken Mare corresponds to the largest
exposure of liquids in the northern regions. It is therefore

interesting to note that, from this T52 observation, it will be
directly possible to investigate the composition of liquids in the
northern regions using infrared spectroscopy. This falls beyond
the scope of our paper focused on clouds. The T54 observation
acquired later in May 2009 confirms the diminution of cloud
activity and shows again Kraken Mare through the diffuse cloud
cover. Finally, the T56 observation on 6 June 2009 also displays a
much smaller and more confined cloud system, starting at
latitudes of �641N.

The polar region is surrounded by a ring of a thicker haze and
mist mixture whose opacity smoothly rises from about 551N to
the edge of the polar cloud at 621N. This is well seen in the image
taken during T22 (Fig. 1) and was analyzed by Rannou et al.
(2010). When the polar cloud breaks up, we can observe an
annular zone of brightness. The outer limit of the ring is due to
the gradual increase in opacity from about 551N to 621N. The
inner limit is produced by the break-up of the polar cloud, which
seems to leave a zone clear of haze and cloud near the pole. This
clear zone appears readily on the images taken during T51 and
T54. The ring appears brighter in infrared methane windows
because it corresponds to a larger amount of scatterers. It would
also appear darker at wavelengths smaller than about 0.62 mm
because it contributes in obscuring the bright Rayleigh scattering
of the atmosphere. It should be noted that a similar collar was
encircling the north polar region, at latitudes around 651N, during
the Voyager flyby in 1981 almost one Titan year earlier (e.g.,
Sromovsky et al., 1981). A collar was also observed around the
south polar region in the winter season in 1999 and 2000 (Roe
et al., 2002), but around 701S or 751S.

Considering the molar composition of Titan’s atmosphere,
and the triple point temperatures for methane and ethane
(Lavvas et al., 2008), both methane and ethane clouds could
form and coexist in the north polar region. Indeed, temperatures
in the north polar areas at the time of our observations are
found to drop below the freezing point of ethane (Jennings et al.,
2009). The small localized clouds, which outbursts near the pole
at T51, T54 and T56 might therefore correspond to methane
clouds embedded within more diffuse ethane clouds. We tried to
discriminate between ethane and methane clouds using a
comparison of the 2.8 and 5 mm windows, respectively, in
particular in images where both types of clouds seemed to be
present. However, no systematic behavior between the two
types of clouds did show up in this analysis, which would have
allowed their discrimination. The geometry of observation is
here the primary responsible for the brightness variations, more
than the intrinsic composition and/or the radius of the particles.
We also looked for spectral signatures within the broad
5 mm window to discriminate ethane from methane, but again,
no diagnostic absorption band was observed in the signal.
Finally, the ethane cloud appears readily in the 5 mm image
shown in Fig. 1a, which indicates that the particle size is probably
bigger than the 3 mm originally derived from the analysis of the
2006 VIMS images of the edge of the cloud in Griffith et al. (2006).
The particle size and the link with the actual flux at 5 mm is
therefore not an unambiguous way to discriminate between
condensed ethane and methane. As liquid ethane and methane
have very similar optical constants in the near-infrared, their
discrimination is not straightforward, even with the use of high
fidelity radiative transfer models. Our conclusion is that the
discrimination of the two species of clouds, apart from morpho-
logical considerations (widespread diffuse cloud versus more
localized, convective in origin clouds) cannot be done unambigu-
ously. We therefore decided to leave the investigation of the
composition of the clouds to further studies and to concentrate in
the paper on the distribution and temporal evolution of these
clouds.

Fig. 1. Imaging of the north polar cloud with VIMS data acquired in 22 December

2006. (a) average of 14 channels in the 5 mm spectral window. (b) color composite

with R¼2.78 mm, G¼3.26 mm, B¼3.33 mm showing different layers in the atmo-

sphere. The methane fluorescence at 3.26 mm appears in green in the uppermost

layers. (c) color composite with red¼5 mm, green¼2.78 mm, blue¼2.03 mm, with

the coordinates grid showing latitudes every 101 and longitudes every 451. The

clouds extend from 641N in latitude up to the north pole, and are surrounded by a

diffuse hood down to latitudes of 551N.
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4. Determination of the altitude of the cloud using a spectral
analysis

We have characterized the altitudes and opacities of these
clouds by modeling their spectra. The atmosphere model is
similar to the one published in Rannou et al. (2010). We assume,
following Tomasko et al. (2008), that aerosols are fractal aggre-
gates of 3000 monomers of 0.05 mm, distributed with vertical
profiles scaled from the GCM Database (Rannou et al., 2005).
Aerosol optical constants come from Rannou et al. (2010). Below
80 km, we assume that the scatterers are a mixture of aerosols
and condensation droplets of 3 mm. The relative proportion of
each type of particle is set in order to fit the spectral opacity
observed by DISR between 30 and 80 km (Tomasko et al., 2008).
The gaseous methane absorptions are taken from the band model
published by Irwin et al. (2005, 2006) and modified by
Karkoschka and Tomasko (2010). The gaseous methane mixing
ratio and temperature profiles used to compute methane absorp-
tions come from Niemann et al. (2005) and Fulchignoni et al.
(2005), respectively. Notably, gaseous methane absorption does
not depend significantly on the temperature profile, so we can use
this profile at whatever latitude we consider. To deal with VIMS
data, we use an exponential sum fitting technique that allows the
use of weighted calculations with four different values for each
VIMS channel. Once the atmosphere properties are set, we use the
pseudo-spherical radiative transfer code SPSDISORT (Mayer and
Kylling, 2005). As the radiative transfer modeling is very compu-
ter intensive, we have selected up to four cloud pixels for each
observation. Separate fits were performed to different regions
within each red circle in Fig. 2.

To retrieve cloud properties, we use a goodness test to
compare the modeled spectra with the observed spectra in the

1.27–1.42 mm region. We do not use the 1.6 mm window to avoid
the VIMS filter gap at 1.6 mm (Brown et al., 2004). We do not use
the 2.0 mm either, because the shape of the 2.0 mm window is not
correctly modeled, probably due to the pressure-induced absorp-
tion, which is not correctly represented. Finally, the 2.8 mm
window is also extremely complex and many components are
still not correctly known. The haze optical constant varies rapidly
in this window, CH3D and C2H2 absorbs light while their abun-
dances are poorly known in the low stratosphere, and finally an
absorption source is lacking at 2.74 mm (Rannou et al., 2010).
These uncertainties therefore make this 2.8 mm window unsui-
table for an accurate analysis. To retrieve the cloud properties, we
compare the spectrum of a pixel on the cloud with the spectrum
of a pixel taken near, but outside the cloud (Fig. 3 and Table 1).
The latter spectrum will be a reference haze spectrum, and the
cloud pixel will differ from this reference because of the effect of
the cloud, and to a lesser extent, due to geometry. For each case,
the first step is to find an atmosphere model to fit the reference
haze spectrum. To drive our analysis, we assume that clouds are
uniform in extinction, with a vertical thickness of DZ¼20 km
independent of the cloud top. This thickness value is derived from
the results of the IPSL-GCM (Rannou et al., 2006) updated with
new values for the humidity at the surface and the saturation
pressure level of N2–CH4 mixtures. The two free parameters of the
model are the top altitude of the cloud, Zt and the total opacity of
the clouds, tc. We have performed several tests that have shown
that neither the top altitude nor the total opacity are deeply
modified by the choice of the cloud thickness. The sensitivity of
the outgoing intensity to the surface albedo is negligible in the
considered window, due to the geometry of our observations. To
do the analysis, we use an arbitrary value of 0.1 for all wave-
lengths. We then model the intensity in the cloud pixel using the

Fig. 2. Selection of the highest-resolution VIMS images of the northern cloud (Red¼5.0 mm, Green¼2.8 mm, Blue¼2.03 mm) between 22 December 2006 and 6 June 2009.

Each pair of images shows the north polar region of Titan in raw acquisition geometry (left) and reprojected in north polar orthographic projection (right), with a grid of

101 in latitudes and 301 in longitude (901E is down). An ISS and RADAR mosaic is used as background. The red circles correspond to the locations of the points used for the

radiative transfer modeling. The massive cloud is much less dense and widespread in the last observations (particularly at T51, T52 and T54), revealing the underlying

Kraken Mare (red arrows), and an internal annular area centered at �701N which appears much less opaque than the surroundings.
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same atmospheric properties as for the reference haze pixel,
changing the observing geometry and adding the cloud properties
(Zt,tc). Instead of fitting the spectrum of a cloud pixel, which also
depends on the quality of the fit for the haze pixel, we fit the
difference between the cloud pixel and the reference haze pixel
(DI/F¼ I/Fcloud� I/Fhaze). The altitude of the cloud in the model is
therefore essentially controlled by the wavelength where the
intensity of the cloud pixel departs from the intensity of the haze
pixel. An example of this process is shown in Fig. 3 (colored dots)
for the T42 observation. The parameters are free in the ranges
18 kmoZto70 km and 0otco10. The goodness function is
defined as

w2 ¼ ðN�2Þ�1SðDI=FOBS�DI=FMODELÞ
2=ðI=FOBSÞ

where N is the number of VIMS channels used for the fit. With this
approach, we obtain maps of w2 that indicate the best fit and
provide an estimate for the error bars.

We find that the cloud tops always fall in the same altitude
range, between 30 and 65 km, with an uncertainty of 15 km in the
most favorable cases (Fig. 4a). The modeling analysis did not
allow to derive the altitude for the flybys T44, T52 and T56,
probably due to a combined effect of the low spatial resolution
and of the progressive decrease of the cloud thickness. The
derived range of altitudes falls in a region where both methane
and ethane clouds can chemically and dynamically occur. It can
therefore not be used to unambiguously discriminate between

Fig. 3. Comparison between the cloud and haze spectra extracted from the T42

pixels shown in the inset and corresponding results of the radiative transfer

model. The fit is computed using the 1.27–1.42 mm wavelength range (see text).

Fig. 4. (a) Cloud altitudes derived from the SPSDISORT radiative transfer model, computed on several pixels by flyby. The points correspond to the best fit, and the lines to

errors bars for each point. The clouds are always found at the same altitude range, between 30 and 65 km. The modeling analysis did not allow to derive the altitude for the

flybys T44, T52 and T56, probably due to a combined effect of the low spatial resolution and of the progressive decrease of the cloud thickness. (b) Cloud opacities derived

from the SPSDISORT model.
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the two types of clouds. We found no major altitude difference
during T54 between the edge of the diffuse cloud and the more
localized clouds near the pole.

Fig. 4b shows the retrieved cloud opacities, which vary from
0.03 for the cloud during T56 up to 10 for a pixel within the cloud
during T43. These opacities can vary significantly from one pixel
to the next in the same image. It should be noted that the
retrieved opacities are not directly representative of the total
cloud opacities. Indeed, we choose only pixels at the edge of the
cloud system in order to compare them with a nearby reference
pixel in the surrounding haze. This could introduce a bias. More-
over, the retrieved opacity also depends on the spatial resolution
of the image since we may have pixels including unresolved areas
not fully filled with clouds, which would decrease the estimated
opacities. Finally, the derived opacity also depends on the intrin-
sic sharpness of the cloud system itself, which may give lower
opacities at the edge than in the core of the cloud. These cautions
about opacity retrievals could slightly affect the altitude retrieval
and are taken into account in the error bars shown in Fig. 4.

5. Discussion and conclusion

A vast northern cloud was predicted by the Titan global
climate model (GCM) developed at the Pierre-Simon Laplace
Institute (IPSL-TGCM, Rannou et al., 2006), at the same location,
altitude range and with the same latitudinal extension as the one
observed by VIMS, at the precise location where all GCMs for
Titan predict a descending branch of the pole-to-pole strato-
spheric cell (Tokano et al., 2001; Mitchell et al., 2006). Fig. 5
shows the predicted occurrence of clouds, averaged between
601N and 901N in latitude, and by time intervals of 10 Titan days
(168 terrestrial days), derived from the IPSL-TGCM (Rannou et al.,
2006). We plot in this figure three fractions of occupation by
clouds having opacities ranging between 3 and 10, which are the

typical modeled opacities considered for clouds seen from orbit.
We see that the overall tendency corresponds to a decrease,
which is expected to occur after 2005.

As a comparison, we have indicated on the same plot the
percentage of spatial coverage of the clouds derived from the
VIMS observations analyzed in this paper (red triangles). It
corresponds to the number of pixels covered by clouds, which
have been detected using the semi-automated algorithm of
Rodriguez et al. (2009) applied on the whole images, divided by
the total number of illuminated pixels at latitudes north of 601N
in the VIMS images shown in Fig. 2. The VIMS observations show
that a significant decrease in cloud fractional coverage is indeed
observed with time. The coverage was approximately 90% in
December 2006, and drops down to less than 20% between April
and June 2009. The timing and the intensity of the decrease
predicted by the GCM are therefore to first order consistent with
the VIMS observations (Fig. 5). We focus here on the overall
tendency only (a nearly complete vanishing of the polar cloud
when approaching the equinox). A detailed comparison of the
model and the data would not be relevant since the two physical
quantities are related, but not exactly similar. The timing of
dissipation of this polar cloud, which is directly linked to the
transport of material by the descending branch of the strato-
spheric circulation, illustrates the seasonal change in the circula-
tion as the equinox approaches. The progressive disappearance of
the north polar cloud is also important for designing forthcoming
observations, when VIMS will have the first opportunities to
operate at closest approach above the northern lakes.

At latitudes between 7701, average precipitation is not
expected to exceed 1 cm per year, but poleward of 7701 it can
reach 1 m per year in the summer hemisphere for methane, and
6 mm/year for ethane in the winter hemisphere (Rannou et al.,
2006). A dedicated cloud backscatter RADAR observation (10 May
2007), similar to the ones used on Earth for meteorological
surveys, was used to constrain the precipitation of material onto
the surface at the north pole (Lorenz et al., 2008). The measure-
ment showed that droplets were either extremely sparse or
extremely small (or both), which ruled out the direct detection
of rainfall at least at the location and time of this specific
observation. The massive cloud system observed above the lakes
could still play a role in the filling of the lakes during the winter
season, despite the fact that lakes might by stable over more
than one season (Lorenz et al., 2008, Aharonson et al., 2009).
The reversal of the pole-to-pole circulation, which is predicted
to occur at the equinox, should lead to significant changes in the
cloud cover, and possibly the lake distribution, and will be
monitored with the Cassini spacecraft up to 2017.
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