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Abstract  Saturn’s satellite Titan is a particularly interesting body in our solar sys-
tem. Itis the only satellite with a dense atmosphere, which is primarily made of nitrogen
and methane. It harbours an intricate photochemistry, that populates the atmosphere
with aerosols, but that should deplete irreversibly the methane. The observation that
methane is not depleted led to the study of Titan’s methane cycle, starting with its
atmospheric part. The features that inhabit Titan’s atmosphere can last for timescales
varying from year to day. For instance, the reversal of the north—south asymmetry
is linked to the 16-year seasonal cycle. Diurnal phenomena have also been observed,
like a stratospheric haze enhancement or a possible tropospheric drizzle. Furthermore,
clouds have been reported on Titan since 1993. From these first detections and up to
now, with the recent inputs from the Cassini—-Huygens mission, clouds have displayed
a large range of shapes, altitudes, and natures, from the flocky tropospheric clouds at
the south pole to the stratiform ones in the northern stratosphere. It is still difficult to
compose a clear picture of the physical processes governing these phenomena, even
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though of lot of different means of observation (spectroscopy, imaging) are available
now. We propose here an overview of the phenomena reported between 1993 and 2008
in the low atmosphere of Titan, with indications on the location, altitude, and their
characteristics in order to give a perspective of our up-to-date understanding of Titan’s
meteorological manifestations. We shall focus mainly on direct imaging observations,
from both space- and ground-based facilities. All of these observations, published in
more than 30 different refereed papers to date, allow us to build a precise chronol-
ogy of Titan’s atmospheric changes (including the north—south asymmetry, diurnal
and seasonal effects, etc). Since the interpretation is at an early stage, we only briefly
mention some of the current theories regarding the features’ nature.

Keywords Titan, satellites - Near-infrared - Clouds - Imagery, spectroscopy,
spectro-imagery

1 Introduction

Although several spacecraft—Pioneer, Voyager 1, 2, and Cassini/Huygens—have vis-
ited the Kronian system, complementing a century of ground-based observations,
astronomers still struggle to fully understand the intricate dynamics of Titan’s atmo-
sphere. The images of Voyager taken in the visible showed a clear asymmetry between
the southern and northern hemispheres (Smith et al. 1982), and a detached layer of haze
above 400km (Rages and Pollack 1983). Flasar et al. (1981) and Lindal et al. (1983)
described the vertical structure and the temperature profile of the atmosphere, as well
as its chemical composition. Sromovsky et al. (1981) first hinted the seasonal period-
icity of the north—south asymmetry, and Sagan and Thompson (1982) focused on the
chemistry of Titan’s organic aerosols. Eventually, McKay et al. (1989) reproduced the
thermal structure of the atmosphere with a radiative—convective model including for
the first time the aerosols microphysics. At this epoch, the consumption of methane
was well known, but there was no clear evidence for a methane cycle.

Until the beginning of the 1990s, no firm detection of clouds on Titan was made.
As the collision-induced absorptions of tropospheric gases could not solely explain
the continuum observed in infrared spectra of Voyager 1/IRIS, Courtin (1982) and
Samuelson (1983) suggested that methane clouds could explain the remainder. Clouds
were also hypothesized as one possible mechanism to explain the scintillation of the
Voyager 1 radio-occultation profile (Lindal et al. 1983; Hinson 1983). Toon et al.
(1988) suggested that methane clouds probably existed from altitudes below 10km up
to about 30km, that the optical depth of these clouds would be typically of the order
of 2-5 in both the infrared and the visible, and that such clouds would be patchy. The
uncertainty of the interpretation of the Voyager infrared data was partly due to uncer-
tain collision-induced absorption coefficients. When updated absorption coefficients
became available in the 1990s, Courtin et al. (1995) and Samuelson et al. (1997b)
found evidence of large methane supersaturation in the mid-troposphere. If this were
the case, it would contradict the presence of a permanent cloud deck or the occurrence
of moist convection.
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However, from spectra taken in 1993 and 1995, Griffith et al. (1998) discovered
the presence of reflective layers, or clouds, in Titan’s atmosphere. Since then and
for more than a decade now, clouds and other atmospheric phenomena have been
reported on Titan by various investigators. We now know that many transient features
inhabit Titan’s atmosphere, but in most cases we lack specific information, such as
altitude range, density, frequency, chemical composition, or particle size distribution,
that would enable us to get a full picture of Titan’s meteorology. Our purpose here is to
build an extensive report of the observations of cloud features and other atmospheric
phenomena, as well as a timeline of such detections, between 1993 and 2008. Reviews
addressing Titan’s meteorology dynamics can be found in Hunten et al. (1984), Flasar
(1998a,b), Flasar and Achterberg (2008), and Tokano (2008b). Hereafter, we first
briefly summarize the techniques used for these observations, then enumerate the var-
ious cloud reports through more than a decade worth of publications. We include other
long-term atmospheric phenomena that may influence the detectability of clouds such
as the north—south seasonal asymmetry. We finally indicate the various interpreta-
tions given for each phenomenon. Our first goal is to build a full timeline of all the
meteorological phenomena. As a second goal, we try to establish if all the diverse
phenomena reported up to now (“transient clouds”, “zonal streaks”, “polar clouds
system”, “polar collars” and so on) may or may not be facets of the same phenomena.
Indeed, techniques, observations, denominations, and interpretations are so varied that
it is probable that some of these different names correspond in fact to the same type
of clouds. We will show that it is plausible to distinguish two main types of Titan’s
clouds inhabiting either the troposphere or the stratosphere. We finally compare our
results to current cloud models and show how their presence and evolution through
the atmosphere can be predicted by such models.

2 Observational tools applied to Titan

Various means can be used to observe Titan’s atmospheric processes. We do not intend
to give a full description of each, but briefly refer to the different techniques and pro-
cessing methods used in cloud-reporting articles, where the reader can find more
detailed technical information. Depending on the instrument, the technique, and the
model used, the interpretation can vary significantly. This led us to consider observa-
tions and interpretations separately hereafter.

2.1 Observational techniques from the ground

To analyse Titan’s clouds, some parameters are crucial: spatial resolution, spectral
resolution, and wavelength range. Sharp spatial resolution allows us to resolve, local-
ise, and monitor the clouds. High spectral resolution allows us to retrieve—via a
model—the altitude of these clouds, and infer hints regarding the properties of their
particles (composition, size, distribution, and so on). From the Earth, Titan’s diameter
(0.8 arcsec) is usually smaller than the seeing (the atmospheric turbulence which blurs
the sharp details smaller than 1 arcsec). To resolve features on Titan’s disk, we need
to minimise or avoid Earth’s atmospheric turbulence. Three options are available:
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moving to space (HST), freezing its effects (speckle imagery), or correcting them
(adaptive optics).

2.1.1 Full-disk spectroscopy

Full-disk spectroscopy of Titan has been in use regularly for nearly two decades now.
All the light from the target is focused on a slit and dispersed via a grating system
to recover a high signal-to-noise ratioed spectrum. But such a method forbids the
resolution of features on Titan’s disk (since it is smaller than the slit width), even
though the presence of clouds can be detected if they are bright enough to modify
the averaged spectrum. The very first spectrum of Titan was acquired at the McDon-
ald Observatory by Kuiper (1944), detecting the presence of atmospheric methane. !
The first exploitable full-disk spectrum was obtained with the Fourier transform spec-
trometer (FTS) at the Kitt Peak National Observatory Telescope (Fink and Larson
1979). Systematic studies were then pursued from Earth with four different instru-
ments: the Kitt Peak FTS (Lemmon et al. 1993, 1995), the UKIRT and IRTF/CSHELL
(Griffith et al. 1991; Griffith et al. 1998; Griffith et al. 2003), and the CFHT/FTS
(Coustenis et al. 1995, 2001).

2.1.2 Speckle imagery

Speckle imaging (Labeyrie 1970; Matthews et al. 1996) is based on the acquisition
of very short exposure images [typically 0.2s for Titan in Gibbard et al. (1999)], to
“freeze” the atmospheric turbulence and capture the light while it is still forming coher-
ent interference patterns at the detector, which—by lack of long exposure—induces a
low signal-to-noise ratio (SNR) and requires more centring—summing processes. Inter-
ferometry comes into play when the Fourier transforms from different exposures are
combined together, increasing the SNR, and allowing the user to recover—by inverse
Fourier transform of the result—an image of better resolution. Still, speckle interfer-
ometry processing, like AO deconvolution, can produce artefacts near sharp edges,
such as Titan’s limb. The first such cloud images are temptingly convincing (Gibbard
et al. 2004a,b), even though bright features are visible in Gibbard et al. (1999) images
without the authors mentionning them.

2.1.3 Adaptive optics (AO): imagery and spectro-imagery

The principle of adaptive optics (Babcock 1953) is based on the servo-control of a
deformable mirror (correcting the turbulence) using a wavefront sensor (checking the
state of the turbulence). The first Titan AO image was acquired at the observatory
of la Silla, Chile (Saint-P¢ et al. 1993), and many more AO systems have followed
on this topic: in particular the 3.6-m ESO telescope (Combes et al. 1997), the CFHT
(Coustenis et al. 2001, 2005; Hirtzig et al. 2005), the VLT (Gendron et al. 2004;

! Given Kuiper’s technique (photographic spectroscopy), we know in retrospect that with repeated observa-
tions, he might have been able to detect large storms [at least as large as the ones described by Griffith et al.
(1998) and Schaller et al. (2006a)], giving us the very first data on clouds six decades ago.
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2.0 ym 25 Apr 2004

~

Fig.1 Example of deconvolution. On the upper left corneris displayed a “raw” VLT/NACO image acquired
on 25 April 2004 at 2.0 um. On the lower left corner is the point-spread function (PSF) representing the
remnants of the diffraction phenomena not corrected by the adaptive optics (AO) system. On the upper
right corner is the result of the Magain deconvolution. The VIMS TO false colour image (PIA 06404) in
the lower right corner proves that all the features, barely visible on the “raw” image, but detected on the
deconvolved one, are real

Hirtzig et al. 2006; Hirtzig et al. 2007; Adédmkovics et al. 2007), the Keck (Roe et al.
2002b; Bouchez and Brown 2005; de Pater et al. 2006; Addmkovics et al. 2007),
Palomar (Bouchez 2003), and Gemini (Roe et al. 2002a; Bouchez 2003; Schaller et al.
2006b).

Two techniques can be combined with AO: imagery and spectro-imagery. The
former uses narrow-band filters to probe down to specific atmospheric levels of Titan,
or all the way to the lowest atmosphere and surface, with a resolution of a few tens
of kilometres in altitude. The latter, spectro-imagery, can take two slightly different
forms: spatially-resolved spectroscopy (also mapping spectrometry) and integral field
spectrometry (IFS). See Bouchez (2003) and Negrio et al. (2007) for more details on
mapping spectroscopy; for examples of IFS see Hirtzig et al. (2005) (WHT/OASIS)
or Addmkovics et al. (2007) (VLT/SINFONI).

To enhance the contrast of AO images, deconvolution processes can be used to
retrieve information close to the diffraction limit (Fig. 1), even though deconvolu-
tion is not mandatory for atmospheric features detection. This mathematical method
produces a plausible image of Titan’s disk before its blurring by the turbulence. In
Combes et al. (1997), Coustenis et al. (2001), and Hirtzig et al. (2006), deconvolu-
tion methods like Lucy—Richardson (Bratsolis and Sigelle 2001), MISTRAL (Conan
et al. 1998) or MCS (Magain et al. 1998) were applied to the data with great care
so as not to over-interpret the results. Similarly, de Pater et al. (2005) use the AIDA
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deconvolution method for some Keck images, and Meier et al. (2000) refer to the
Wiener deconvolution (Kondo et al. 1977) for HST data. See Coustenis et al. (2001)
and Hirtzig et al. (2006) for an example of enhancement of very faint features: the
stratospheric haze enhancement occurring on Titan’s morning limb.

Two drawbacks of the deconvolution methods must be mentioned here: the photom-
etry is lost, and specific artefacts (such as Gibb’s ring) must not be over-interpreted.
Gibb’s ring is an artificially brighter limb on Titan’s disk (enhancing existing limb-
brightening or dampening real dark-brightening), due to the Fourier transform signa-
ture of the frontier between Titan’s edge and the sky in the background. Deconvolution
methods will often enhance the contrast of this edge, producing a narrower-than-res-
olution but visible brighter ring over Titan’s edge (and also negligible similar ripples
inside and outside the disk). See http://www.lesia.obspm.fr/planeto/Titan/Titan_sol_
ao/Index.html for more information.

2.2 From space: the HST and the spacecrafts

The first resolved image of Titan in the near-infrared was acquired by the Hubble
Space Telescope in 1990 at 0.89 um (Caldwell et al. 1992), with the wide-field plane-
tary camera during early release observation. But these early data were obtained before
the mirror correction of 1993 (STS-61), and were of poor quality. Further HST studies
gathered many more Titan infrared images (Lorenz et al. 1997, 1999b; Lorenz 2002),
with the first surface results in 1994 (Smith et al. 1996). At that time Titan’s disk
was divided into seven pixels, close to the theoretical resolution of the HST mirror
(ten pixels on Titan’s diameter at most); such a spatial resolution was too coarse to
resolve clouds, but fine enough for monitoring the north—south asymmetry evolution
by spectroscopy (Lorenz et al. 2004).

Spacecrafts like Voyager and Cassini—-Huygens can be considered as another fam-
ily of space observatories. Given their close distance to the target, they benefit from
higher spatial resolution. The Pioneer and Voyager images were taken primarily in
the visible (Lockwood et al. 1979; Smith et al. 1981, 1982). For infrared space imag-
ery and spectro-imagery, we will mention herein three particular instruments aboard
Cassini—-Huygens: the ultraviolet-visible-infrared imager Cassini/ISS (Imaging Sci-
ence Subsystem) (Porco et al. 2005), the Visible and Infrared Mapping Spectrome-
ter Cassini/VIMS (Brown et al. 2006), and the Descent Imager/Spectral Radiometer
Huygens/DISR (Tomasko et al. 2005).

3 Titan’s atmospheric phenomena

Titan revolves around Saturn, whose orbit is inclined at 26°44” to the ecliptic [see
Stiles et al. (2008), Lorenz et al. (2008a) for further refinements]. Titan’s atmosphere
is therefore seasonally evolving during its ~30years of revolution around the Sun.
Using the observational techniques described in the previous section, features with
characteristic lifetimes ranging from a day to a year have been detected on Titan:
short-lived clouds and year-long cloud systems, diurnal and seasonal phenomena like
the north—south asymmetry (e.g. Bouchez 2003; Hirtzig et al. 2006; Schaller et al.
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2006a; Addmkovics et al. 2007). We will focus hereafter on some of the atmospheric
features detected, listed in Table 1. Their appellations may vary from one investigation
to an other and, as we will show hereafter, their altitudes and other characteristics are
extremely model-dependent. Thus, we will try herein to keep as much as possible of
the model-independent wavelength information to make comparisons. Nevertheless
the spectral response of the same cloud will vary, depending on the haze opacity and
the lighting conditions (emission angle, incidence angle, and phase angle) of the obser-
vations. A radiative transfer analysis is needed to determine the cloud altitude, and
make parameter comparisons between different latitudes, haze conditions, and lighting
conditions. However, this comparison is viable for similar observing conditions.

3.1 North—south asymmetry

It has been well known since Voyager that Titan’s atmosphere exhibits a different hemi-
spheric asymmetry depending on the season (Fig. 2a). The hemisphere rich in aerosols
appears brighter in the infrared, and darker in the visible, than its deprived counter-
part. The winter hemisphere is aerosols-enriched in the lower atmosphere, because the
polar night facilitates the condensation of larger and more numerous aerosol particles
(Yung 1987; Rannou et al. 2002). Furthermore, in that polar region downward trans-
port of aerosol particles to the troposphere is forced by the descending branch of the
large-scale circulation (Rannou et al. 2004). In the visible, aerosols are dark, while
they are bright in the infrared (Coll et al. 2003). At the time of the Voyager encounter
(southern summer), Titan’s southern hemisphere was bright in the visible, but dark
in the infrared. Two Titan seasons later (13 years each), Cassini/Huygens witnessed a
similar situation, with a northern limb that was dark in the visible, and bright in the
infrared. The asymmetry was inverted at the time of the first AO and HST images,
during the Titan’s southern winter, with the famous “Titan’s smile” (a bright southern
limb) visible on all the infrared data (Coustenis et al. 2001; Lorenz et al. 2001).

From HST data in the visible, Lorenz et al. (1999b, 2001) showed that the asym-
metry inversion was already occurring in the late 1990s. Additional data, from both
the HST (Lorenz 2002; Young et al. 2002; Anderson et al. 2008) and the ground
(Chanover et al. 2003; Anderson et al. 2004) proved that the reversal was occuring
faster at higher altitudes. From AO images in the infrared, Adamkovics et al. (2005)
and Hirtzig et al. (2006) showed that the reversal was completed in 2002. Both teams
concluded that this asymmetry reversal happened 2 years faster than the 7 years (90°
in phase) value predicted by the models (Sromovsky et al. 1981) for the lag due to the
thermal intertia of the atmosphere (Flasar and Conrath 1990).

Several mechanisms were proposed to explain the NSA (see Roos-Serote 2004 for
a review), but dynamics seem to be the most plausible answer: Hutzell et al. (1993)
showed that microphysics alone (via changes in chemical composition or in prod-
ucts concentration) cannot fully explain the NSA reversal. The spatial repartition of
the haze, coupled with dynamical effects, can reproduce the changes in appearance
of Titan’s atmosphere as seasons go by (Hutzell et al. 1996; Lorenz et al. 1999b;
Tokano et al. 1999; Richardson et al. 2007). Recent GCM models can even reproduce
the 5-year settling period (see in particular Sect.5 of Luz et al. 2003).
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<« Fig. 2 Sample images of atmospheric features. Panels al and a2 illustrate the north-south asymmetry: a
bright southern hemisphere in the visible witnessed by Voyager 2 (al, composite of blue, green, and violet
channels, 23 August 1981, Smith et al. 1982) and the same season observed with AO in the infrared with
a bright northern limb (a2, VLT, 1.64 um, 26 November 2002, Gendron et al. 2004). Panels b display two
similar views of the “tropopause cirrus” (b1, VLT, 1.04 um, 26 November 2002, Gendron et al. 2004) and
the “polar collar” (b2, Keck, 1.702 pm, 20 February 2001, Roe et al. 2002b) at the south pole of Titan.
Excerpt ¢ (VLT, 2.17 pm, 16 January 2005, Hirtzig et al. 2006) shows a bright morning limb (West, on the
left) although a feeble phase effect was expected on the evening limb, evidence for a stratospheric conden-
sation of haze (Coustenis et al. 2001). Sub-pictures from panel d are 2.8 um images of the stratospheric
“ethane cloud” detected by Cassini/VIMS at the northern limb of Titan (Griffith et al. 2006). Panels el and
e2 show the aspects of the mid-latitude methane clouds unresolved from Earth (E1, Keck, 2.108 um, 21
December 2001, Roe et al. 2002a) and resolved with Cassini/VIMS (E2, RGB colours composite of 2.3,
2.0, and 2.13 um channels, 13 December 2004, Griffith et al. 2005). Similarly, panels f1 and f2 show the
gathering of methane clouds at the south pole (named SPCS herein) from the Earth (f1, VLT, 2.12 um, 26
November 2002) and with Cassini/ISS (£2, 928 nm, 2 July 2004, Porco et al. 2005). Furthermore, the SPCS
“companions” (Hirtzig et al. 2006) can be detected on both sides of the southern limb on the f1 image, with
an appearance closely similar to the one of the “tropopause cirrus’” on b1 taken during the same observation
run

3.2 Polar “collars” and caps

Since the early 1980s thanks to the Voyager flyby, “collars” and/or “hoods” have been
reported close to the poles of Titan, like a dark ring on Voyager 1 images above 60°N
(Smith et al. 1982), and as early as 1994 with the first ground-based resolved images
of Saturn’s satellite, like on Fig.2b. We need to determine if these phenomena are
different, linked, similar or identical to each other.

Brown (2000), Roe et al. (2000, 2002a), and Hirtzig et al. (2006); Hirtzig et al.
(2007) observations show a “collar” close to the south (summer) pole, from limb to
limb along the 70°S parallel. Brown et al. (2002) also refer to a “tropopause cirrus”
that is needed to improve the fit to the NIRSPEC spectra of Titan in the 2.0-2.3 pm
range. The infrared filters or wavelengths where these phenomena were detected are
reported in Table 2.

Like its southern counterpart, the northern limb of Titan has exhibited several “col-
lars” and/or “hoods”. Voyager 2 images in the visible showed in 1980 a dark collar
(Smith et al. 1982) close to 70°N (in spring at that time). Lorenz et al. (2006) reported
its slow disappearance, witnessed by the UV camera aboard HST. Roe et al. (2002a)
also underline a cap above the north pole in 1999-2001, bright in specific infrared
Keck images: it is bright at 1.702 pum, but invisible at 1.158 pm.

3.3 Diurnal changes: stratospheric haze enhancement in Titan’s morning limb

One of the phenomena occurring in Titan’s atmosphere is particularly subtle and
requires fine conditions to be observed. Coustenis et al. (2001) followed by Hirtzig et al.
(2006) proved the existence of a nocturnal condensation of aerosols or haze in the
stratosphere during the night of Titan. It can be observed only in cases of very low
phase angles (+0.25°E at best), when the western (morning) limb is brighter than the
eastern one (where the phase effect should be). This is readily seen on the deconvolved
images [see Fig.3 of Hirtzig et al. (2006)] but it is also visible on other data, like the
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Table 2 Detections of the south polar cloud system and of polar “collars” from various observations in
southern summer

Filter Band SPCS Collar observation

Surface
VLT/IB_2.00 (2.00040.030 yum) K Faint(¢2) None c2

Troposphere
VLI/NB_2.12 (312040.010 um) K Bright®<2)  Faint S Cap(®-¢2.d)
CFHT/Hy(1— o) 2122+ 00lopm) K Bright*? S Cap(*?)
VLI/IB_2.15 (2.15040.015 1um) K Faint(¢2) Faint S Cap@

Tropopause
VLT/NB_L.04 (1.0404:0.007 yum) I Bright S Cap®
CFHT/Pascheny (1,094-£0.005 1m) I Bright S cap(©?)
VLI/NB_1.24 (1 237+0.008 um) J S Collar®

Stratosphere
Keck/H1702 (1.70240.008 m) H Bright S Collar+N limb-brightening®
VLT/NB_1.64 (1.644-£0.009 yrm) H Faint S cap + Faint N cap(b)
Keck/J1158 (1.15840.009 1m) J Bright S Collar®
CFHT/J2 (1.18140.064 yum) J Faint S collar(¢D
VLI/NB_2.17 (2.1660.010 jum) K None®2  None(®b-cl.d)

Filters are sorted by increasing altitude. Numerical values are not given regarding the altitudes probed by
each filter, since this is extremely model-dependent; nevertheless all the models agree on this sorting by
altitude. Broad-band filters are not included here, since they are not altitude-specific, as well as images
where the SPCS would be merged into a bright southern limb. References used here are: @ Fig.1 in Roe
etal. (2002a), ® Fig.2 in Gendron et al. (2004), D Fig.3 and (°? Fig. 5 in Hirtzig et al. (2006), (D Fig. 1
in Hirtzig et al. (2007)

Keck images of Brown (2005) and de Pater et al. (2005) or on some HST images
(Young, private communication).

Microphysical models of Titans haze (e.g. Rannou et al. (2006) and references
within) predict the condensation of methane by-products (such as ethane and acety-
lene as the most abundant ones) somewhere between 70 and 90 km of altitude in the
polar regions (Coustenis et al. 2001). Since on Titan one night lasts about 8 terrestrial
days, even considering stratospheric winds of about 100m/s (Hubbard et al. 1993;
Kostiuk et al. 2001, 2005, 2006; Luz et al. 2005; Moreno et al. 2005; Sicardy et al.
2006, 1999) that would shorten the length of the night to 1 Earth day for the particles
at that altitude, there is enough time for the condensation to occur at the lower tem-
peratures prevailing on the night side (Lindal et al. 1983; Flasar 1983; Lellouch et al.
1989). If condensation nuclei are present, only a few 107> s are needed to begin the
condensation (Pruppacher and Klett 1978). This nocturnal condensation then mani-
fests itself by a brighter colder morning limb with respect to the darker warmer evening
side.

The general circulation model developed for the atmosphere of Titan at the Insti-
tute Pierre-Simon Laplace (Hourdin et al. 1995, 2004; Lebonnois et al. 2001, 2003;
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Rannou et al. 2002, 2004, 2006; Crespin et al. 2008) can give a cloud production from
temperature variations reaching 0.1°-0.2°K in regions of supersaturation, and GCM
modellers are investigating the temperature variation we can expect on Titan between
the day and night hemispheres.

3.4 Methane drizzle in the troposphere

Using the Integral Field Spectrometer (IFS) SINFONI/VLT, Adémkovics et al. (2007)
noticed that, after comparison of the surface contribution (in the core of the 2 pm
window) with a combination of surface and low tropospheric ones at slightly longer
wavelengths, there appeared a lack of infrared emission in the low troposphere proba-
bly due to an enhancement of scattering particles near the morning limb. These results
are consistent with the indirect finding by Huygens of a thin liquid methane—nitrogen
cloud close to the surface, at about 21 km of altitude (Tomasko et al. 2005; Tokano et al.
2006b; Tokano et al. 2006a).

The modelling of the SINFONI/VLT data required a VIMS map extrapolation for
the surface contribution, a polar hood of haze, variation of the aerosol profile as a func-
tion of latitude, and DISR results describing the vertical profile of the atmosphere. It is
unclear whether the authors took also into account phase effects, alhtough east—west
asymmetries are known to be highly dependent on the phase angle, that can possibly
blur subtle features such as the “morning haze” (Hirtzig et al. 2006). From this model,
the upper altitude and density of the scatterers were determined: about 1.6 cm3/cm? at
~30km, leading to a particle size of the order of 1 um, compatible with liquid methane
droplets, probably present in the saturated troposphere witnessed by Huygens.

This mist or drizzle of liquid methane may then be either one source for the cloud
material (via advection by large-scale winds), or one final state of the disaggregat-
ing “transient clouds”. Adémkovics et al. (2007) favour a mechanism similar to the
“morning stratospheric haze enhancement” (Coustenis et al. 2001; Hirtzig et al. 2006),
relying on the nocturnal condensation of atmospheric material during the night, with
a probable influence of the topography to either maintain or evaporate or precipitate
the drizzle during daylight.

It is worth noting that Kim et al. (2008) discard the entire study because of possi-
ble processing artefacts over-interpretation. Moreover, Griffith et al. (2008) conclude
that Titan’s tropical atmosphere is dry, another aspect contradictory with the drizzle
hypothesis. Eventually, Cassini RADAR failed to detect directly such a drizzle (Lorenz
et al. 2008b).

4 Titan’s clouds

4.1 Spatially unresolved clouds

Cloud activity on Titan was first reported via full-disk spectroscopy from data taken on
the 30 September 1993 with UKIRT. Griffith et al. (1998) witnessed dramatic changes

in Titan’s brightness at 1.6 and 2.0 um, wavelengths probing down to the troposphere,
with a maximum variation of up to 200%. With the same method, Griffith et al. (2000)
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found other spectral signatures of clouds in 1995, 1997, and 1999, but with lesser
impact on the albedo.

Since these data concerned Titan’s disk as a whole, no information could be retrieved
on the coordinates of the cloud, or even on its uniqueness. The Griffith et al. (1998)
analysis of the data placed it near the equator, based on spectral changes from one
night to the next, even though one cannot exclude that the feature was deforming,
similarly to the clouds around the south pole resolved by Cassini/ISS for instance
(see Sect.4.2.1). Griffith et al. (1998) inferred a 7-9% coverage of clouds located at
~16km. In such a case, we could be dealing with an event similar to the one underlined
by Schaller et al. (2006a): a large outburst of cloud activity. The altitude of the fainter
clouds detected by Griffith et al. (2000) seems to be slightly higher, at ~27 km.

Since that first detection, disk-resolved observations of Titan have permitted several
direct viewings of clouds at various locations in Titan’s atmosphere, observed directly
either by Adaptive Optics, by the HST, or by the Cassini—-Huygens mission.

4.2 Titan clouds at the south pole
4.2.1 The south polar cloud system (SPCS)

The south polar cloud system (SPCS) has been detected from the ground as a large
polar feature hovering above Titan’s south pole, seen regularly between 1996 and 2006
(Gibbard et al. 1999, 2003; Brown et al. 2002; Roe et al. 2002a; Roe et al. 2002b;
Bouchez 2003; Gendron et al. 2004; Schaller et al. 2004; Schaller et al. 2006b; Bou-
chez and Brown 2005; Hirtzig 2005; Hirtzig et al. 2006; Hirtzig et al. 2007). From
Earth, the SPCS was visible in particular at 2 um (but never at wavelengths longer than
2.17 um, which sets constraints on the feature’s altitude, below ~50km as explained
in Hirtzig et al. (2006), Schaller et al. (2006b), and Hirtzig et al. (2007) and reported
in Table 2). Brown et al. (2002) compare two 2.0-2.3 um spectra of the SPCS on one
hand and a surface feature close to the SPCS on the other hand, showing that the two
spectra diverge shortward of 2.155 um, in the low atmosphere.

Cassini/ISS has gathered images of the SPCS with exquisite detail in some occa-
sions since July 2004 (Porco et al. 2005): the SPCS is a vast system of smaller cloud
features, appearing and disappearing randomly in the same region (poleward of the
70thS parallel), resembling cumulus convection, that cannot be resolved from Earth.
Cassini/VIMS also resolved the feature at longer wavelengths, confirming also the
spectral signature of the SPCS reported from Earth: it is bright from 2.002 to 2.152 pum,
and faint in the 2.168 um channel (see Brown et al. 2006; Rodriguez et al. 2009 and
Fig.3).

The clouds detected in 1993 (Griffith et al. 2000) may or may not have been this
SPCS. The first speckle image of the SPCS possibly dates back to September 1996
(Gibbard et al. 1999, 2004a), while nearly simultaneous AO images of the SPCS were
acquired in December 2001 with the Keck/NIRSPEC (Brown et al. 2002) and the
CFHT/PUEO (Hirtzig et al. 2006).

Given the spatial resolution of the larger ground-based telescopes, the SPCS appears
to be ~1,000km wide (5 pixels at the CFHT). Computations of cloud coverage vary

@ Springer



A review of Titan’s atmospheric phenomena

D4

Dark surface

n3f

Cloud

Tt
0 2@ 14 28 28 A0 M2
Wavelength (pm)
e T S

-“Dark surface

Cloud

000 Tt T T

27 24 26 28 30 3.
Wavelength (um)

o2 ]

Dark surface |

st Cloud ;

0.0 1

= |

oS I
ool Do *

20 22 : 13 28 28 30 = ;2
Wavelength (um)

Fig. 3 Excerpts of spectro-imagery VIMS data for three types of clouds. These datacubes are taken from
the SO5 (a, b) and S06 (c) datasets (26 October and 13 December 2004). The upper panel a corresponds to
the SPCS (76°E, 75°S), the intermediate panel illustrates the “ethane cloud”/NPCS (133°E, 58°N), while
the lower panel relates the same study for a “zonal streak” (173°E, 41°S). In the left column is a projection
of the current VIMS datacube (colour composite R = 1.6/1.3, G = 2.0/1.3, B = 1.3/1.08 um) over the
spherical shape of Titan (mapped with a grey-scale 0.93 pm ISS map); meridians and parallel are shown
every 30°. The middle panel displays the spectra of dark (in black), bright (in orange) and cloud (in green)
pixels in the 2.0-3.2 um range. Finally, the right panel shows the 16 images of the cube between 2.002
and 2.250 um and their wavelengths. Those clouds did not have the same spectral response, even though
observing conditions were similar (~14° phase angle, 70°-90° observing angle). For instance, the SPCS
a is obvious from 2.002 to 2.152 wm, and faint at 2.168 pm (and perhaps even decipherable at longer wave-
lengths here). The “ethane cloud”/NPCS b appears as a bright limb from 2.068 to 2.152 um, while a regular
limb-brightening would appear only longward of 2.168 pm. Regarding the “zonal streak” ¢, it is visible from
2.002 to 2.133 pm, faint at 2.152 um, and invisible at 2.168 um. On the spectra, other discrepancies appear:
e.g. the lack of signature of the “zonal streak” in the 2.5 um region, where only high-altitude atmospheric
features can enhance the very narrow “window”. In the 2.3 pm area, the “ethane cloud”/NPCS b spectrum
differs from the eight others because the NPCS is very close to the limb
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greatly in the literature, a sign of high variability in cloud activity. Based on the
resolving power of the VLT, Hirtzig et al. (2006) found a 4-5% maximum cloud
cover in November 2002. Assuming that the 0.1-1.1% flux contribution of the
unresolved features could be attributable to 100—400-km-wide clouds (Brown et al.
2002), Bouchez and Brown (2005) concluded on a 0.2-0.6% coverage in the
fall of 2002. This value is compatible with the ones deduced by spectroscopy in
Griffith et al. (2000) but considerably smaller than the 7% coverage in Griffith et al.
(1998).

Schaller et al. (2004) and Schaller et al. (2006b) showed that the cloud activ-
ity within the SPCS was evolving, with surges of brightness (November 2003 and
November 2004) and periods of calm (early 2005). All the authors agree that there
was a sudden decrease of activity in January 2005: in particular, ground-based obser-
vations during the Huygens probe descent (de Pater et al. 2006; Schaller et al. 2006b)
revealed that the probe encountered a quiescent period in terms of cloud activity, and
no visible cloud was observed anywhere on Titan, although the SPSC was frequently
detected two months before the Huygens descent (Schaller et al. 2006b).

Cassini/VIMS and Cassini/ISS images showed a weak rebirth of clouds in October
2005 at the south pole, that lasted only 2months. Faint patches appeared again in
October 2006 and in January—April 2007, till a new outburst in June 2007: this event
lasted less than 2 weeks. Till October 2008, the SPCS was not observed again. From all
these data, there may be a 9-month periodicity in the SPCS activity (Rodriguez et al.
2009).

4.2.2 The case of the SPCS companions

In all AO Hirtzig et al. (2006) images, the SPCS feature is often paired with two
unmoving companions on each side of the limb. They are neither moving nor chang-
ing in shape, yet one is always larger than the other, certainly enhanced by phase
effects. The companions are visible at slightly longer wavelengths than the SPCS:
they are visible at 2.12 um (as the SPCS is), but also at 2.15 um (while the SPCS fades
out), and merge into the brightened-limb at 2.17 um [as noted already in Gendron et al.
(2004)]. From this simple observation, the companions are deduced to be probably
located at higher altitudes than the SPCS. This spectral behaviour corresponds to the
one of the “tropopause cirrus” (Sect. 3.2).

4.3 Titan clouds at mid-latitudes

We focus here on clouds appearing northward of 70°S. Such “transient clouds” are
observed at various latitudes and longitudes, mostly in tropospheric filters, as reported
by Brown et al. (2002), Roe et al. (2002b), Gibbard et al. (2003), Bouchez (2003),
Bouchez and Brown (2005), and Porco et al. (2005). At 35°—40°N, the HST had
also detected possible clouds (Lorenz et al. 1999a, 2000). Porco et al. (2005) pro-
pose another class of elongated clouds called “zonal streaks”, visible in Cassini/ISS
data, also on Cassini/VIMS images (Griffith et al. 2005; Baines et al. 2005). Most of
the Cassini clouds seem to be elongated longitudinally as if drifting with/carried by
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the wind. However, it is not established that all these clouds are elongated. From the
Earth, the elongated shape of the majority of these clouds cannot be easily resolved,
and we may have to wait for the extremely large telescope with a diameter of a
few dozen metres to constrain the shape. Until then, clouds mainly appear as tiny
spots on Titan’s disk, and we can only look for differences in spectral behaviour
to differentiate or reunite those two types of clouds, round or elongated. From the
Earth, only Roe et al. (2005a) were able to resolve elongated clouds along the 40th S
parallel.

Most detections occur at mid-latitudes, around 40°S as noted in Roe et al. (2005a).
As far as the longitude distribution of the clouds is concerned, Roe et al. (2005b)
suggested that their detections could be usually located eastward of 150°W and west-
ward of 60°E. Cassini images (Rodriguez et al. 2009) indeed confirm the accumula-
tion of data points at specific latitudes; nevertheless in these data clouds were found
at other longitudes than reported in Roe et al. (2005b), with accumulation of data
at other longitudes. The 30° shift in the cloud distribution between the former and
the latter works, focused on different epochs (2003—-2004 and 2005-2007, respec-
tively) strongly suggest some dynamical control by the atmosphere, and not orographic
links.

From spectroscopic data, particularly by Cassini/VIMS, it is found that the spec-
tral signatures of the clouds sometimes differ from each other (Griffith et al. 2005;
Rodriguez et al. 2009). Figure 3 shows one such variation: as reported in Sect.4.2.1,
the SPCS (upper panel) is visible at 2.002-2.152 um and faintly at 2.168 um; the
“zonal streak” is visible from 2.002 to 2.133 pum, faintly at 2.152 um, and is scarcely
detectable at 2.168 um (with a poor signal-to-noise ratio of 1). This will constrain the
altitude, the nature of the cloud, or both.

It is surprising that such occasional features were never seen by Combes et al.
(1997) or Coustenis et al. (2001), Hirtzig et al. (2006); Hirtzig et al. (2007), compared
for instance to Keck images (Roe et al. 2002a). The CFHT cannot resolve clouds
smaller than 300 km (600 km with respect to Shannon’s principle®), but the VLT bene-
fits from an angular resolution comparable to the Keck and from images enhancement
by deconvolution. Still this lack of detection does not imply that there was no cloud
activity at that time. This may indicate that clouds at that time were simply too small
to be detected (less than 400 km), and/or optically too thin (Hirtzig et al., in prepara-
tion). Huygens/DISR also reported another occurrence of possible cloud: a thin layer
was needed at 21 £ 0.5 km to reproduce the Side-Looking Imager intensity observed;
Tomasko et al. (2005) suggested that it could be a layer of haze, but it could also indi-
cate methane condensation (Tokano et al. 2006b). Indeed Lorenz et al. (2007) found
at this altitude evidence of turbulence in the Huygens descent data, imputable to such
a thin cloud layer. Again, the lack of thick clouds does not mean that there was no thin
cloud either at the time of the observations.

2 Shannon’s principle states that a feature is reasonably real if it spans at least 2 pixels in an image. Pixel-
sized features may be discarded as artefacts or cosmic rays, for instance.
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4.4 Titan clouds at the north pole

Cloud activity used to be poorly constrained in the northern hemisphere, in particular
close to the northern terminator and in the polar night; only the northern limb could be
imaged, at ~60°N, from Earth-based facilities. Only the Voyager and Cassini space-
craft could gather data at such high latitudes, reporting several features.

A large northern phenomenon, that we shall call from now on “north polar cloud
system (NPCS)”, hovers above the north pole (PIA09171) and forms an entire cap
northward of 56°-62°N (PIA10511). It was discovered by Cassini/VIMS on the 29th
of December 2006, and confirmed 2 weeks later, during the following Titan flyby, on
the 13th January 2007: Griffith et al. (2006) reported “ethane cloud” detections at the
northern terminator, like in Fig.3 (middle panel). Rodriguez et al. (2009) confirms
that since 2007, it was detected during nearly all Cassini flybys. The spectrum of
this northern cloud differs from the one of the SPCS: it is visible only from 2.068
to 2.152 um, and blends into the limb-brightening longward of 2.168 um. Still, there
may be more similarities between the north and the south pole, since Brown et al.
(2009) and Rodriguez et al. (2009) could detect some convection clouds exactly
like the SPCS, below the large NPCS homogeneous cap, that they call “streaks” or
“knots”.

Eventually, cirrus clouds were proposed by Mayo and Samuelson (2005):
Voyager/IRIS had detected at 64°—77°N spectral signatures of an optically thin cloud,
in the 16-50 pm range. Although no chemical identification was possible, this cloud
was suggested to consist of HCN, since the winter hemisphere is supposed to have
a larger supply of chemical species (Samuelson et al. 1997a). From Cassini/CIRS
observation, de Kok et al. (2008) confirm that HCN may be of some importance in
the creation of such cirrus clouds at >~ 140km of altitude, even though the chemi-
cal response of HCN may be masked by its mixing with other ices or its chemical
alteration.

4.5 Short-term evolution of the clouds

Cassini images showed a fast evolution of clouds both at the south pole and at mid-
latitudes (Porco et al. 2005; Griffith et al. 2005), in agreement with ground-based
observations (Griffith et al. 2000; Bouchez and Brown 2005). Convective clouds on
Titan seem to have a lifetime of a few hours, and, assuming the features are related to
the same cloud, they move at speeds of typically a few metres per second (Porco et al.
2005), values compatible with the GCM predictions (Tokano et al. 2006b).

Griffith et al. (2005) focused on a series of six VIMS datacubes acquired on 13th
December 2004 (Cassini TB flyby) in a 3-h sequence. The appearance of the clouds
changes as time goes by, which can be due to motion, deformation, or spatial res-
olution effects, but their spectral behaviour also changes. In particular, the slope of
the spectrum in the 2.12-2.15 pm range increases quickly (by a dozen % in half an
hour), which can be explained by an increase in cloud opacity and/or an increase in

3 Exceptionally one cloud moved at a speed of up to 34 & 13 m/s at 38°S latitude (Porco et al. 2005).
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cloud altitude. According to Griffith et al. (2005), the features rise give from 10-14
to 40—44km in altitude along with an opacity increase of 0.0-0.4.

Particularly interesting is one special cloud event which was observed by VIMS
[cloud 2 on Fig.3 of Griffith et al. (2005)]. The image sequence indicated that vig-
orous vertical evolution was followed by horizontal growth and transport at a speed
of about 14 m/s. Larger features were also observed to fade out, in agreement with a
fast evolution and deformation of the whole cloud system. This was explained by a
drop in altitude and optical density due to rainout of millimetre-sized droplets (Toon
et al. 1988; Lorenz 1993; Karkoschka and Tomasko 2009). As a conclusion, it is very
plausible to consider convective plumes within the troposphere (Lorenz et al. 2005):
such plumes may climb convectively, grow, and follow the wind direction. The “tail”
of the plume will eventually rain out in a few hours.

Additionally, some elongated clouds curve slightly poleward from west to east (Roe
et al. 2005b), which is consistent with the presence of some meridional wind in Titan’s
troposphere as measured by Huygens (Karkoschka et al. 2007). Similarly, the small
clouds embedded within the SPCS rotate slowly around the north pole, as if they are
carried by the wind (Bouchez and Brown 2005; Porco et al. 2005).

5 Extraction of cloud parameters
5.1 Radiative transfer models

Radiative transfer (RT) models are compulsory to extract from Titan’s observations
sensitive parameters such as cloud altitude, surface albedo or aerosol distribution by
separating the surface and the atmospheric contributions. Earlier studies of the surface
relied solely on a comparison between observations in the methane windows (0.83,
0.94, 1.24, 1.64, 2.0 um) and the near-by methane bands to separate the atmosphere
from the surface (Smith et al. 1996; Coustenis et al. 2001). In imagery, the RT code
merely gives us access to the altitude probed by each filter in Titan’s atmosphere (as on
Fig.4): the narrower the filter bandwidth, the smaller the altitude range, even though
the contribution function core of such narrow-band filters still spans tens of kilometres.
The use of RT codes to calculate surface albedo maps still suffers from large error
bars (as we will underline later, the choice of the input parameters is critical), and
only relative albedo maps can be produced. In the case of spectroscopic studies, the
RT code is the very base of all the interpretation, since it is used to fully reproduce the
data, from the methane windows (with assumptions on the surface spectrum) to the
methane absorption bands (in the upper atmosphere).

To make comparisons, we have used a RT code to compute the altitude probed by
various filters. Figure4 shows some of the result obtained for VIMS data. Our code is
an updated version of the McKay et al. (1989) one, taking into account the microphys-
ical evolution of the fractal aerosols. We used the DISR, HASI and GCMS Huygens
data as a reference for the pression, temperature and methane mixing ratio indica-
tors, and the SHDOMPP (Evans 1998) routine as our calculator. Methane absorption
is described by the Boudon et al. (2006) database for the largest part (longward of
1.6 um), along with the Karkoschka (1998) coefficients; computation time is reduced
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Fig. 4 Example of radiative transfer models outputs [here from the model by Rannou et al. (2006)], applied
to VIMS nadir data (Hirtzig et al., in preparation). In white, brown and cyan are represented the trans-
mission of Titan’s atmosphere (in %) over the VIMS infrared range (0.8-5.2 um) at the VIMS spectral
resolution. The white curve corresponds to the transmission of the entire atmosphere, to be compared to
the contribution of the pure methane (in cyan) or the aerosols alone (in brown). On the other hand, the
background image represents the weight function as a function of wavelength and altitude: the percentage
of atmospheric contribution is shown in colour. The methane bands and windows can easily be distinguished
on the figure: the windows are optically thin (high transmission), and can probe down to the surface (apart
from short wavelength filters, the atmospheric contribution is low, and focused only in the first dozens of
kilometres), while the bands are optically thick and probe down to the troposphere or the stratosphere. The
red—orange—yellow range corresponds to the peak of the weight function, that generally spans about 50 km
in altitude. The altitude peak around 3 pm here is due to methane fluorescence that was not implemented
in this particular model. Note that for other models (different aerosols and/or methane descriptions), the
altitude range can be extended by ~20%

via the correlated-K method (Goody et al. 1989). Where available, the Karoschka
coefficients are updated according to Irwin et al. (2006) or Tomasko et al. (2008a).
Fractal aerosols are extracted from the Rannou et al. (2005) GCM results, that predicts
the aerosol population based on a micro-physical and chemical model. A cutoff level
is added (80km) below which the aerosol opacity is assumed to be constant, a step
compulsory though arbitrary to reproduce the data.

5.2 Uncertainties on models input parameters

Independently of the method used (two-streams or adding-doubling, to name but a
few), any RT code requires at least a synthetic summary of Titan’s atmospheric prop-
erties. In terms of radiative transfer, Titan’s atmosphere can roughly be reduced to two
main constituents, namely methane and aerosols. Indeed, nitrogen is almost transpar-
ent in the infrared, even though it represents 98% of the atmosphere: the only influence
of nitrogen in RT codes can be found in the collision-induced absorption (CIA) fea-
tures found at 2, 4.3 um, and in the thermal infrared. In the K band (around 2 pm),
where most clouds studies have been conducted, the influence of the H, CIA lines is
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not negligible, but very well constrained, compared to the low-accuracy characteriza-
tion of the cold long-pathlength methane absorption. Several databases are available
on methane absorption: on the one hand, theoretical line-by-line work by Boudon et
al. (2006), and on the other hand band models extrapolated from laboratory measure-
ments (Karkoschka 1998; Irwin et al. 2006). Line parameters for gases of interest in
atmospheric applications have been compiled in two extensive databases: the High
Resolution Transmission Molecular Absorption Database (HITRAN) (Rothman et al.
2005) and the Management and Study of Atmospheric Spectroscopic Information
[Gestion et Etude des Informations Spectroscopiques Atmosphériques—GEISA—of
Jacquinet-Husson et al. (2005)] listings. However, the methane absorption coeffi-
cients are quite inaccurately known to this date: the theoretical work is limited to
wavelengths longer than 1.6 um (Albert et al. 2008), and only ~16% of the lines of
the tetradecad (which represent ~~50% of the absorption) are reproduced (V. Bou-
don, private communication). Furthermore, laboratory measurements are conducted
at temperature—pressure conditions different from what exist on Titan. This greatly
influences the results of RT modelling. Negrao et al. (2006) and Negrao (2007) showed,
for instance, that the atmospheric transmission could easily vary by a factor of five
from one database to another. Tomasko et al. (2005) also showed from Huygens/DISR
measurements that the absorption coefficients generally used [the ones by Karkoschka
(1998)] are probably overestimated by a factor of 2. This begs for an exhaustive study
and eventually a consensus on the methane absorption coefficients.

The aerosols of Titan can be predicted either by one-dimensional microphysical
and RT models (McKay et al. 1989) or coupled haze microphysics-dynamics models
like the one by Rannou et al. (2004). In the absence of sufficient observational con-
straints, the first microphysical models made assumptions regarding the size, shape
and density of the aerosols. For instance, Cabane et al. (1992) proposed a model
where aerosols could be spherical in the upper atmosphere, and fractal at lower alti-
tudes. This was compatible with measurements above the tropopause from stellar
occultation data (Sicardy et al. 1990; Hubbard et al. 1990). But all models required
a depletion in aerosols population below a cut-off altitude, something that was not
observed by Huygens/DISR (Tomasko et al. 2005). Adémkovics et al. (2007), Bar-Nun
et al. (2008) and Tomasko et al. (2008b) demonstrated that improvements in the haze
vertical profile can help us to reproduce both Huygens/DISR and VLT/SINFONI
observations.

The uncertainties on the methane absorption coefficents are a major drawback in the
altitude computation, because aerosols are negligible in this calculation: they merely
influence the contrast of the image and the retrieval of parameters like cloud opacity.
In any case, RT models considerably vary from each other (algorithms, absorption
databases, and so on) that we cannot be more precise than a dozen kilometers when
defining the levels probed by the filters. Thus we can only differentiate four types of
filters: surface ones (0—10km main contribution) in the core of the methane windows,
tropospheric ones (0—40km) in the weak methane wings, tropopause ones (20-60 km)
in the strong methane wings, and stratospheric ones (40-300km) in the methane
bands. It is also worth remembering that filters will probe atmospheric levels some
20km higher on Titan’s limb than in the main part of the disk (nadir observations for
in situ measurements).
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5.3 Altitude of the clouds

Three methods can be used to retrieve the clouds altitudes: (1) direct modelling (the
only method possible for interpreting spectroscopic data), (2) altitude comparisons
between filters where the feature is respectively visible or invisible (this also requires
modelling as in Fig.4) and (3) cloud tracking.

Brown et al. (2002) rely on radiative transfer modelling of the Keck 2-um spectra,
placing a highly reflective cloud layer at an altitude of 16 + 5km; such computa-
tions led Porco et al. (2005) to suggest that the cloud top could be as high as ~25 km.
Cassini/VIMS and spatially-resolved spectroscopy provide us with more specific infor-
mation: the SPCS is visible with much more detail than from the Earth in nearly all
the wings of the methane windows (with ISS and VIMS) but it is also recognizable
by its spectral signature: broadening of the 2.0, 2.8, and 5 um windows, as well as
enhancement of the 4 and 4.5 um narrow windows, like any other cloud. As explained
in Griffith et al. (1991), the larger the broadening, the higher the cloud; conversely,
the steeper the slope, the lower the cloud (Griffith et al. 2005). In Fig. 3, the example
of the 40°S cloud spectrum can be explained by a cloud thinner and/or lower than the
SPCS. However, in general, there is no significant difference in altitude between the
SPCS, the mid-latitude clouds spectra, and the small “knots” below the NPCS, apart
from the overall brightness.

The second method was used in Hirtzig et al. (2006) for the SPCS, assuming
that it was necessarily below the altitude probed by the NB_2.17 VLT/NACO filter
(2.166 £ 0.010 um) (where the feature was invisible). This is a strong constraint,
but the computation of the altitude probed by each filter is very model-dependent,
as is the calculation of the contribution function for these filters. The altitude given
in Hirtzig et al. (2006) is 17-83 km, more probably 17-40km. In Roe et al. (2002a)
the clouds are not seen in the Bracketty (2.17 = 0.010 um) filter, indicating that the
clouds are located below 50km in the troposphere (Roe et al. 2002a; Bouchez and
Brown 2005). Cassini/ISS data might provide us with further constraints since the
SPCS is scarcely detectable in the MT1 (0.619 um) filter, while the other mid-latitude
clouds are invisible at this wavelength, indicating that these clouds may exist at lower
altitudes and/or are less bright than the SPCS. VIMS data confirm this (Fig.3), and
altitude values returned are of the same order as the 1627 km inferred for unresolved
clouds in Griffith et al. (2000).

Bouchez and Brown (2005) propose another method to determine the SPCS alti-
tude: tracking the motion of the clouds detected during several successive nights may
lead to a rough estimate of the wind speed; in fact, no clear motion could be measured
from the Earth, leading to an upper limit of a few metres per second. Similarly, the
tracking of two of the ISS streaks led to speed estimates lower than 10 m/s (Porco et al.
2005). This wind speed is consistent with the in situ wind measurement by Huygens
(Folkner et al. 2006). This may indicate that the clouds are at low altitudes, probably
lower than 40km, even though the speed of the cloud particles can largely differ from
the speed of the cloud itself (like orographic clouds which stuck to a mountain while
their particles continue to drift with the wind). Cassini proved, however, that the SPCS
was dissipating faster than it moved, and the speed measurements may in fact wrongly
be interpreting this fast deformation as a real motion.
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We propose here to apply these methods to estimate the altitude of all the other phe-
nomena listed previously. If possible, we need to focus only on a small wavelength
range to assume that there is no spectral change in the response of the haze, meth-
ane, and the feature itself. Otherwise, we have to rely on assumptions regarding the
feature’s chemical constituents or particle size to compensate for the possible lack of
constraints. To simplify, we assume that the brightness of aerosol particles decreases
in the 1-2 um range (Coll et al. 2003; Roush and Dalton 2004; Bernard et al. 2006),
while ethane condensates are bright longward of 2 um, and methane condensates are
bright at all wavelengths.

5.3.1 Southern polar collar

In the I-J bands, we can locate a feature similar to a polar collar around the southern
tropopause. Indeed, the main contribution of 1.04, 1.09, and 1.24 um filters comes
from the tropopause, where the feature is brightest. The same demonstration can be
applied separately in the H and K bands: from the H band images, the feature is located
in or below the lower stratosphere, and in the K band it can be found faintly at low alti-
tudes, and disappears completely in the stratosphere. The most plausible explanation
tends to suggest that all these different features are located around the tropopause.

Brown et al. (2002) incorporate the “tropopause cirrus’ in their RT model as an opti-
cally thin (optical depth of 0.10£0.02 at 2 um) layer at 30—40 km of altitude, while Roe
et al. (2002b) locate the southern “collar” above 40—50 km. Bouchez (2003) located a
bright scattering region near the south pole at an altitude of 35 &+ 10 km, citing possible
cirrus-like, optically thin methane condensation clouds. So all observers tend to set
this feature near the tropopause. It is thus highly plausible that the “serpentine feature”,
the polar “collar”, and the “tropopause cirrus” all correspond to the same feature. The
same conclusion can be made regarding the SPCS companions.

5.3.2 Ethane cloud

Figure 3 (middle panel) shows that the brightness of the limb is not what would usu-
ally be expected without a cloud (as in the upper panel): the limb-brightning is usually
obvious only longward of 2.168 um, but in this case, the limb is already very bright
from 2.068 to 2.152 um, because of the ethane cloud. This leads to an altitude of the
feature between 30 and 60km, more probably around 40km assuming the regular
limb-brightening takes precedence at 2.168 pm, an altitude somewhat higher than the
16-27 km inferred for unresolved clouds in Griffith et al. (2000).

5.3.3 Northern cap

This feature is bright on the H1702 images, and invisible on the J1158 ones. From the
Keck data interpretation, the J1158 filter probes down to 90 km, while the H1702 one
probes down to 20-30km. A similar feature can be detected faintly on one 1.64 um
VLT image in Gendron et al. (2004), with a wide filter probing from the surface to the
tropopause. If this faint feature is related to this phenomenon, then we can definitely
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constrain this “northern cap” to lie in the lower part of the H1702 filter altitude range,
probably between 20 and 60 km.

Since this feature does not appear on the J1158, we can combine constraints on
both its spectral behaviour and its altitude. If the component is equally bright in the
H and J bands (for instance what we expect from methane clouds), then the feature
must lie at low altitude, between 20-30 and 90 km altitude, far from the J1158 filter
probing range (for this filter, opacity reaches unity at 90km, which does not forbid
a small contribution from lower levels). If the component is brighter in the J band,
then it must lie at even lower altitude not to be detected on the J1158 image, in the
lowest part of the 2090 km range deduced previously. Eventually, if the component
is darker in the J band (specific material with a brightness peak around 1.7 um, as
well as 2- um-sized droplets or bigger), then we do not have any upper limit on the
altitude. The dark feature would blend seamlessly into the limb-darkening observed
in the J1158 images.

To date, no other data can corroborate this. The ethane cloud can be an explana-
tion of this northern cap: ethane particles are indeed brighter at 1.7 than at 1.1 pm.
Similarly, this northern cap could be a reminiscent of the cirrus clouds proposed
by Mayo and Samuelson (2005): Voyager/IRIS had detected an optically thin cloud
at 64°-77°N. Mayo and Samuelson (2005) modelled a cirrus cloud of 1-5um at
58-90km of altitude, assuming HCN as a component since it can condense at 90km
and produce particles of 3—4 um. Again, such particles would be indeed darker in J
band than in H band, compatibly with Roe et al. (2002a) observations.

Eventually, GCMs investigate the layers of haze at the north pole (Rannou et al.
2004; Strobel 2006; Walterscheid and Schubert 2006), but they lay at altitudes around
200km, which is not consistent with the observations analysed here. As a conclusion,
we do not know exactly where or what this “northern cap” may be: it is either at lower
altitudes than the “tropopause cirrus” and presumably made of CHy, or composed of
particles bigger than 2 um (possibly HCN or CoHg).

5.3.4 Morning stratospheric haze enhancement

Inferring the altitude of this phenomenon is the first step to understand its nature. It
seems to be around 70-90km (Coustenis et al. 2001), or rather around 80-120km
(Hirtzig et al. 2006). This is compatible with the 70-90km altitude predicted by
the GCMs (Rannou et al. 2003). Models need to be developed to describe this phe-
nomenon: the night in the upper atmosphere of Titan does not last 8 Earth days,
because the super-rotation of Titan’s atmosphere imposes a speed of about 100 m/s at
about 100km of altitude (Luz et al. 2005; Kostiuk et al. 2001), thus a particle carried
by the wind would stay in Titan’s shadow for only some 20h. Only models on the
physical properties of the aerosols (based on their laboratory analogues, the tholins)
can solve this problem, since we cannot choose between the two options: tiny but
sticky particles drifting with the wind, or larger particles less sensitive to the wind
which could spend more time in Titan’s night. This explanation is only valid for cloud
features detected in the stratosphere, and obviously only near the morning limb or
terminator.
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6 Discussion
6.1 The nature of Titan clouds

From Cassini/VIMS and near-infrared Cassini/ISS data we know that all the tropo-
spheric clouds are bright at least from 0.9 to 5 pm, compatible with the expected behav-
iour of methane particles exceeding 5 pm in size. In this case, the VIMS elongated
clouds would appear bright also in the visible, exactly like the ISS “zonal streaks”,
which supports our suspicion that both phenomena were the same. The altitude of the
unresolved clouds reported by Griffith et al. (2000) (16—27 km) is also compatible with
the ones estimated for these clouds (20 & 10km). Barth and Toon (2006) model the
formation of cloud particles, and show that methane can condensate onto bare and eth-
ane-coated aerosols between 0 and 30km, producing 10—100-um-sized particles near
the top of the cloud, up to millimetre size close to the surface where the droplets rain out.

The thin bright collar located along the 70°S parallel at 30 & 10 km may reconcile
with the different observations of a “serpentine feature” (Hirtzig et al. 2007), a polar
“collar” (Roe et al. 2002a), and the “tropopause cirrus” (Brown et al. 2002); Table 2
shows that the southern features are bright at short wavelengths (at 1.04 and 1.09 pm),
but become fainter at longer wavelengths. Such an indication may be pointing at aero-
sols as the main constituents of this feature since the haze is optically thicker in the
near infrared than at longer wavelengths (Khare et al. 1984). The two companions
of the SPCS spotted by Hirtzig et al. (2006) have the same behaviour in K band as
this “tropopause cirrus”. It is thus plausible to assume that they are, in the order of
ascending credibility:

— Northern delimitation of a stratospheric hood of haze swept away from the equa-
tor by atmospheric dynamics (Rannou et al. 2002, 2004), artificially enhanced by
deconvolution (in particular on the Gibb’s ring). Such a hood would probably lie
at higher altitudes than the ones estimated by the Keck team (30 & 10km).

— Real clouds: higher in altitude with respect to other cloud detections (although
mid-latitude elongated clouds are reported at similar latitudes, they lay at slightly
lower altitudes than the SPCS); they are motionless from one observation to
another, attached to Titan’s limb [while the SPCS is slightly moving on the CFHT
and VLT images, as are Roe et al. (2005a) “transient clouds”].

— Another appearance of the “tropopause cirrus”, enhanced on the limbs by the
Gibb’s ring.

As mentioned before, the ethane cloud (probably the NPCS seen side-on) is located
above Titan’s northern limb, between 30 and 60 km of altitude, where the peak of aero-
sols distribution is expected according to GCM (general circulation model) predictions
(Rannou et al. 2006). Since this feature is not very bright at short wavelengths, the
authors infer that the particles therein must be larger than 1 um in size; similarly, the
cloud is thin at A ~5 pum, inducing particle size smaller than 3 pm. Only ethane par-
ticles can be that small: methane particles such as the ones expected within the SPCS
clouds would reach tens of microns (Toon et al. 1988). Furthermore, the altitude of
the clouds (40—65 km) is too high for methane condensation, but not for ethane clouds
(Sagan and Thompson 1984; Barth and Toon 2003; Bauerecker and Dartois 2009).
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Indeed the Barth and Toon (2006) cloud microphysics model predicts ethane condensa-
tion onto tholins at 30—40 km, with typical sizes around 1-10 um (significantly smaller
than methane particles). Eventually, Rannou et al. (2006) GCM predicts clouds at low
northern latitudes, around 40°N, but none were observed to date (Rodriguez et al.
2009).

6.2 Formation mechanisms of Titan’s clouds

Several theories have been put forward in the last decade to explain the clouds forma-
tion. They are by no mean exclusive, and can complement each other, as we will show.

6.2.1 The SPCS

— Clouds may form when the atmosphere, usually devoid of cloud condensation
nuclei, is enriched by the downwelling of ethane ice from the cold stratospheric
spring pole (Samuelson and Mayo 1997; Roe et al. 2002b).

— Cloud formation may also be induced by the heating of the surface by solar inso-
lation, driving the cloud activity in correlation with the seasonal cycle of inso-
lation (Brown et al. 2002; Tokano 2005; Mitchell et al. 2006). Still, this theory
could explain the disappearance of the SPCS in 2005 (Schaller et al. 2005, 2006a;
Rodriguez et al. 2009), but neither its weak reappearance in 2006 nor its probable
presence as early as 1996-1998 (Gibbard et al. 2004a).

— According to the GCM by Rannou et al. (2006), the clouds may be trapped into
the remnant Hadley cell at the south pole, ascending moist air into the colder mid-
troposphere. Indeed their model predicts most of the clouds locations (at the pole
and at the tropics), making a strong case that cloud formation may be driven by
large-scale circulation.

— Locally, clouds may form if the atmosphere is moist enough: Hueso and Sanchez-
Lavega (2006) and Barth and Rafkin (2007) showed that a small temperature
variation could trigger moist convection, in case of a high methane concentration.
Mitri et al. (2007), Brown et al. (2009), and Lunine and Atreya (2008) proposed the
evaporation of the lakes material as a plausible source for locally high moisture;
a recent ISS study showed that lakes may be more numerous at the south pole
than expected (Turtle et al. 2009), complementing the northern lakes (Stofan et al.
2007) and confirming that liquid methane seasonally accumulates near both poles
(Stevenson and Potter 1986).

— Eventually, cloud formation may be linked to large-scale planetary waves. In Luz
and Hourdin (2003), Barth and Toon (2004) and Tokano (2008a) modelled the
temperature fluctuations and the tidal wind variations due to such waves, which
may both encourage the formation of convective features.

6.2.2 Mid-latitude clouds

Generally speaking, these convective clouds (Griffith et al. 2005) are compatible
with the moist convection models by Hueso and Sanchez-Lavega (2006) and

@ Springer



A review of Titan’s atmospheric phenomena

Barth and Toon (2006), and with the GCM predictions by Rannou et al. (2006).
Griffith et al. (2008) suggest that the atmosphere is neither wet nor warm enough
to trigger cloud condensation at the tropics: in this case, only the horizontal mixing
due to inertial instability may explain the presence of clouds at such specific latitude
(~40°S), in the ascending branch of the Hadley circulation.

On the other hand, if the geographical control suggested by Roe et al. (2005b) is
proven [Rodriguez et al. (2009) conclusions favour a tidal control], then orographic
sources could be found: cryovolcanic activity or geysers may be the most plausible
triggers.

6.2.3 Stratiform clouds

These optically thin clouds could produce some drizzle in Titan’s atmosphere (Tok-
ano et al. 2006b; Adamkovics et al. 2007). They are reproduced by Barth and Rafkin
(2007) with their moist convection model, in cases when the methane humidity is
not high enough to trigger convection (and then flocky clouds). Tokano et al. (2006b)
suggested that this type of cloud may be caused by slow upward motion as part of the
global Hadley circulation. But the drizzle itself remains to be proved, as Kim et al.
(2008) underline.

6.2.4 NPCS

The clouds at the north pole fall into two categories: the “ethane cloud” at the tropo-
pause (Griffith et al. 2005), and the possible “lake-effect clouds” (Brown et al. 2009).
The former are related to both the large-scale circulation (Rannou et al. 2006) and
the downwelling of aerosols and ethane within the polar night (Samuelson and Mayo
1997), that drags upper atmosphere species into the lower atmosphere (Coustenis and
Bezard 1995; Coustenis et al. 2007), similarly to what happens in the middle atmo-
sphere on Earth (Andrews et al. 1987; Abrams et al. 1996a,b). The latter “lake-effect
clouds”, on the other hand, are examples of moist convection in a locally wet envi-
ronment (Hueso and Sanchez-Lavega 2006; Barth and Rafkin 2007; Mitri et al. 2007;
Brown et al. 2009).

7 Conclusions

In this paper we presented an overview of the cloud observations between 1993 and
2008, as well as other diurnal and seasonal phenomena. Nowadays, Global Circulation
Models reproduce fairly well the evolution of the north—south asymmetry ruled by the
seasonal evolution of the aerosols population. Diurnal effects, such as the nocturnal
condensation occurring in the stratosphere, can theoretically be modelled, but they are
notincluded in the most recent GCMs. Titan’s clouds have been thoroughly monitored,
and theoretical models have gradually revealed their nature.

Two different types of clouds have been observed: the first type of clouds comprises
flocky, quickly evolving clouds, resembling convective plumes, either in a larger group
of clouds (SPCS) or single features above given parallels (“transient clouds” and “zonal
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streaks” at 40°S), at 20 & 10km of altitude; the latter clouds seem to be lower and/or
thinner than the clouds within the SPCS.

The second type of clouds are cirrus-like clouds at higher altitudes. The “tropo-
pause cirrus” and “ethane clouds” are optically thinner than the flocky clouds, and are
observed at various altitudes, higher than the SPCS, roughly between 20 and 90 km.
The former is certainly related to haze (as established in Sect. 6.1), while the latter, at
30-60km altitude, is probably made of 1-3 um large ethane condensates. Elongated
clouds at ~40°N may also be related to the southern extent of the north pole haze cap.
Condensation of HCN at around 90 km is also plausible.

Thermodynamics and atmospheric dynamics seem to rule the nature of the features
detected in Titan’s atmosphere: at 20 &= 10 km of altitude, the SPCS and mid-latitude
clouds can be convective plumes of methane, possibly associated to lakes, or non-
convective clouds caused by large-scale circulation. At higher altitude, only ethane
can condense (the “ethane cloud” detected by Griffith et al. (2006) at 30-60km at the
northern terminator as well as the NPCS).

Several hypotheses have been put forth to explain the formation of the low-altitude
clouds such as spring pole condensation, insolation-driven moist convection, large-
scale transport of moist air into the cold polar region or moist convection triggered by
a local methane source. Some of the mechanisms conflict with each other and obser-
vations of clouds alone may not be sufficient to fully understand the cloud formation.
Temperature, methane humidity and wind data in the troposphere are required and
possible methane sources on the surface have to be searched for.

In the future, efforts should also be made in the investigation as to whether the
various clouds observed are driven by similar phenomena or not. In any case, this is
a compulsory step towards a better understanding of how the methane hydrological
cycle works on Titan.

All these observations provide the scientific community with constraints on the
atmospheric dynamics. In the future, the comparison of data from various techniques,
during joint missions of observations will provide the community with a stronger set
of time constraints on the atmospheric dynamics. Simultaneously, the improvement of
RT models, via a better knowledge of the methane spectrum, while GCM will even-
tually reproduce and predict the seasonal, diurnal, and short-term phenomena linked
with the aerial part of Titan’s methane cycle.
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