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1 Introduction

The Voyager flybys first revealed Titan’s rich atmospheric organic inventory (Owen, 1982),
which was confirmed beyond expectations by the Cassini-Huygens mission (Horst, 2017).
These observations triggered enormous modeling efforts over the last decades. The latest
photochemical models include thousands of photochemical reactions coupling neutral and
ion chemistry in order to reproduce the abundance of trace gas phase compounds observed
throughout Titan’s atmosphere. With the aid of microphysical models, processes leading to
the formation and growth of organic aerosols have been explored. Finally, General Circulation
Models (GCM) predict stratospheric temperatures and winds. Titan’s chemical complexity
has also inspired many to simulate these conditions in the laboratory. The complex organic
compounds resulting from photolysis or radiolysis of N,/CH, mixtures have been dubbed
“tholins” and numerous studies have attempted to characterize their properties (Cable et al.,
2012).

The goal of this Chapter is to give a description of Titan’s basic vertical structure, compo-
sition and dynamics that is consistent with the constraints provided by the Cassini-Huygens
mission and recent ground-based observations. We discuss the atmospheric mass, pressure
and temperature, and radiative budget. We present the gas phase composition, from major
constituents and inert gases to minor constituents and isotopes including neutral and charged
species. We discuss the organic chemistry at the origin of this complex inventory. We re-
view the size, shape, optical properties and vertical distribution of the photochemical haze
and present our understanding of its formation and life cycle. We also discuss the presence,
location and variations in condensation clouds over Titan’s disk. We present the atmospheric
dynamics in the stratosphere and mesosphere, including zonal winds, meridional circulation,
and polar vortices. Finally, we indicate the prospects for further progress in understanding
Titan’s atmosphere in the future.




2 Main Vertical Structure

The Huygens probe descended through Titan’s atmosphere on 140 Jan 2005, landing at 10°S,
168°E, supplying a wealth of unique in-situ constraints (Lebreton et al., 2005). The Huygens
Atmospheric Structure Instrument (HASI) measured a surface temperature of 93.7 K and a
surface pressure of 1.467 bar at the landing site (Fulchignoni et al., 2005). Given Titan’s low
surface gravity of 1.35 m s~2, a pressure this large indicates a significant atmospheric mass.
A simple estimate of atmospheric mass M can be derived from the surface pressure pg, body
radius 7, and gravity g: M = 47r?pg/g, assuming gravity does not vary with altitude, which
is only approximate in Titan’s case due to the extended nature of the atmosphere. This gives
the mass of Titan’s atmosphere to be approximately 9.1x10'® kg, almost twice that of the
Earth’s atmosphere at 5.2x10' kg. An impressive amount of gas for such a small body.

A snapshot of Titan’s temperature-pressure-altitude profile was also measured by HASI
(Fulchignoni et al., 2005) (Figure 1). For Titan’s equatorial region, the Huygens profile shows
the tropopause occurs at ~100 mbar/50 km, the stratopause at ~10 pbar/250 km, and the
mesopause at ~1 pbar/500 km. However, there is significant variation in the profile with both
latitude and season, as evidenced by the large variation in middle atmosphere temperature
profiles measured by Cassini Composite InfraRed Spectrometer (CIRS) throughout the mis-
sion (Achterberg et al., 2011; Teanby et al., 2019; Vinatier et al., 2020) and subsequently from
ground-based observations by the Atacama Large Millimeter/submillimeter Array (ALMA)
(Lellouch et al., 2019; Thelen et al., 2022).

Titan’s atmospheric temperature structure is remarkably similar to the Earth’s, with a hot
middle-atmosphere (stratosphere and mesosphere) indicating direct heating by solar radiation,
although Titan’s altitude scale is much more extended due to the lower gravity. On Earth
the main middle-atmosphere solar absorbers are ozone and oxygen, but in Titan’s reducing
atmosphere absorption is more likely to be due to photochemical haze, methane, or trace
gases. The similarities in temperature structure with Earth are one reason why Titan is so
valuable for testing our understanding of atmospheric processes. Mars and Venus do not have
significant middle-atmosphere absorption and so have very different temperature structures.

Up to the mesopause the temperature profile is similar to the pre-mission engineering
temperature profile, based on Voyager radio science, Infrared Interferometer Radiometer
Spectrometer (IRIS), and Ultraviolet Spectrometer (UVS) observations (Yelle et al., 1997).
However, at higher altitudes (>500 km) there is significant structure, which could be due
to atmospheric gravity waves or gravitational tides (Fulchignoni et al., 2005; Strobel, 2006;
Muller-Wodarg et al., 2006). A careful analysis of the Huygens stratospheric temperature
measurements also reveals that more subtle atmospheric waves exist there too (Lorenz et al.,
2014). Gravity waves could be generated in the troposphere (see Chapter 8) and propagate
upwards through the atmosphere, where they are amplified exponentially, due to reducing
pressure, and become more easily visible. These waves may contribute to the atmospheric
circulation and energy budget (Teanby et al., 2008; Strobel, 2006).

Energy sources in the upper atmosphere include solar radiation, photoelectrons and Sat-
urnian magnetospheric electrons. The main energy source is solar extreme ultraviolet (EUV)
and ultraviolet (UV) radiation, followed in importance by photoelectrons (produced by solar
X-ray and EUV radiation) (Lavvas et al., 2011a). Saturnian magnetospheric electrons are
dominant on the nightside of Titan but their contribution is always much lower than solar
radiation on the dayside (Agren et al., 2009; Galand et al., 2010). Energetic protons and
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Figure 1: Titan’s atmospheric temperature profile. The Huygens temperature profile was

measured on 140 January 2005 at 10°S latitude. However, the temperature profile varies
considerably with season and latitude 0, as illustrated by the Cassini Composite InfraRed
Spectrometer (CIRS) middle atmosphere temperature profiles from Teanby et al. (2019) and
the Atacama Large Millimeter/submillimeter Array (ALMA) profiles from Lellouch et al.
(2019) and Thelen et al. (2022). Above the mesopause the Huygens measurements suggest
there is wave activity in the thermosphere, but such features are not resolvable in the lower

vertical resolution ALMA observations.



oxygen ions can also ionize the neutral species between 1000 and 500 km altitude but their
contribution to the total ionization is small under typical conditions (Cravens et al., 2008).
Nevertheless, oxygen ions are likely an important source of oxygen for Titan’s atmosphere as
discussed below (Horst et al., 2008; Dobrijevic et al., 2014). Meteors ablate in the altitude
range 800-600 km and create long-lived metallic ions but this represents a weak source of
ionization overall (Molina-Cuberos et al., 2001). Galactic cosmic rays (GCR), due to their
high energy, penetrate deep in the atmosphere where they generate some ionization with a
peak contribution around 65 km and a magnitude comparable to ionization by solar photons
in the upper atmosphere (Gronoff et al., 2009). Major energy sources are illustrated in Figure
1 of Chapter 3.

Measurements of Titan’s emitted infra-red flux by Cassini/CIRS, combined with inferred
sunlight absorption in the UV to near-infrared range from Cassini Imaging Science Subsystem
(ISS) images, show that Titan’s atmosphere is in approximate balance with absorbed solar
radiation (Li et al., 2011; Garcia Munoz et al., 2017). This suggests it should be possible to
explain Titan’s temperature profile using radiative equilibrium. To test this, Bézard et al.
(2018) developed a radiative-dynamical model of the equatorial atmosphere, where solar heat-
ing is balanced by radiative emission and adiabatic cooling from upwelling and the resulting
expansion of air parcels. The model could match the observed temperature profile well if a
slow upward vertical velocity of 0.3-0.5 mms~! at the 1 mbar level was included to provide
adiabatic cooling in addition to radiative cooling. This adiabatic cooling was especially im-
portant for matching mesospheric temperatures, which were otherwise too warm. The model
showed that for equatorial regions the main heating sources in Titan’s middle atmosphere are
solar absorption by methane and aerosols, and that the main cooling mechanism is emission
by ethane, acetylene, methane, and aerosol (Bézard et al., 2018). The relative importance of
different coolers changes significantly with latitude, especially for polar regions where there
are significant enhancements of many radiatively active trace gases (Teanby et al., 2017).

3 Atmospheric Composition

3.1 Major Constituents and Inert Gases

It has been known since the time of the Voyager 1 encounter that Titan’s atmosphere is
mostly composed of molecular nitrogen (N,) and methane (CH,), with significant amounts of
molecular hydrogen (H,) and carbon monoxide (CO) (Broadfoot et al., 1981; Samuelson et al.,
1981; Lutz et al., 1983). Molecular nitrogen is thought most likely to be a photolysis product
from outgassed ammonia, accreted at the time of Titan’s formation, while methane is being
continuously or episodically replenished from the interior (Atreya et al., 1978; Tobie et al.,
2006, and see also Chapter 3). Both H, and CO are secondary species, products of methane
photolysis. This liberates hydrogen and carbon, some fraction of which reacts with externally
supplied OH and O" to produce CO, CO, and H,O (Hérst et al., 2008; Dobrijevic et al.,
2014; Vuitton et al., 2019) - molecules that are all present in Titan’s atmosphere (de Kok
et al., 2007a; Coustenis et al., 1998; Moreno et al., 2012; Cottini et al., 2012; Serigano et al.,
2016, and see Section 3.2). Measured volume mixing ratios (VMRs) of Ny (~ 95-98%), CH,
(~ 5-2%), Hy (~ 0.1%) and CO (~50 ppm) in Titan’s atmosphere are shown in Fig. 2.

The abundance of methane in Titan’s atmosphere remains both highly important, but also
uncertain in the details. It appears certain that the methane VMR decreases rapidly through
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Figure 2: Volume mixing ratios for major species in Titan’s atmosphere (N,, CH,, H,, CO)
and noble gases (*2Ne, 36Ar, 4°Ar) as measured by Cassini-Huygens instruments and ALMA.
Triangles: Huygens GCMS (Niemann et al., 2010) at 10°S. Diamonds: UVIS from Yelle et al.
(2021) (e-Orionis occultation). Squares: Cassini INMS (Cui et al., 2009b). Circles: Cassini
VIMS (Rannou et al., 2022) (T53, 1°N). Grey shaded box: Cassini CIRS (Courtin et al.,
2012). Purple line: ALMA (Serigano et al., 2016).



the troposphere, from a surface value of ~5.5%, through to at least the tropopause (45 km,
~100 mbar). This decrease is caused by the falling temperatures in this part of the atmo-
sphere, contraining methane to its saturation humidity. The Huygens Gas Chromatograph
Mass Spectrometer (GCMS) measurements showed a minimum VMRS of ~ 1.48% at 45 km,
and then a relatively constant mixing fraction upwards through the stratosphere (Niemann
et al., 2010).

However, since the Huygens GCMS measurements were published, evidence has emerged
for both vertical and latitudinal variation in the methane abundance. In 2014, analysis of
methane rotational and vibrational bands measured by Cassini CIRS in the mid and far-IR
indicated a latitudinal variation in the methane VMR at around 85 km altitude in the lower
stratosphere, ranging from ~1.0% at low latitudes and around +50-55°, to a higher value of
~1.5% at +30-35° and at polar latitudes (Lellouch et al., 2014).

Analysis of near-IR solar occultation data from Cassini VIMS, where methane is seen
in absorption, has been used to measure the methane profile from ~100-400 km at various
latitudes (Bellucci et al., 2009; Maltagliati et al., 2015). The most recent analysis (Rannou
et al., 2022) shows evidence for a maximum VMR at 150-200 km (varying with latitude), with
values decreasing above and below. At the equator, the stratospheric maximum VMR was
~1.5% at ~150 km, decreasing upwards and then stabilizing at ~1.2% above 200 km. The
authors suggest that these variations may be linked to stratospheric circulation, re-distributing
methane on a global scale.

Further data on methane’s vertical profile was provided by the Upward Looking Infrared
Spectrometer (ULIS), part of the Huygens’ DISR instrument (Tomasko et al., 2003), also
sensitive to near-IR absorption. Interpretation of this data has been hampered due to uncer-
tainties in the methane line parameters in the near-IR, especially the crucial 1.4 pm band.
While the initial analysis of Bézard (2014) showed an abundance of 1.44 (40.27/-0.11) %
in the lower stratosphere, consistent with Huygens GCMS, a later re-analysis by Rey et al.
(2018) using an updated spectroscopic line model indicated a decreasing profile in the lower
stratosphere, reaching ~1% at 110 km.

At higher altitudes, in the thermosphere, the methane homopause is reached at ~900 km
and its vertical scale height decouples from that of N, (Bell et al., 2011). At this point, its
VMR begins to rise again, although substantial variability is seen (De La Haye et al., 2007;
Cui et al., 2009a; Magee et al., 2009).

The VMR of molecular hydrogen has proved contentious, with a value 4x higher in the
ionosphere (0.33-0.43%) (Waite et al., 2005; Cui et al., 2009b) than the troposphere and
stratosphere (~0.1%) (Niemann et al., 2010; Courtin et al., 2012; Bézard and Vinatier, 2020).
This implied a large sink for hydrogen at the surface, incompatible with any currently devised
model (Strobel, 2010). A possible solution to this puzzle has recently been postulated by
Strobel (2022), who suggests that an error in the calibration of the INMS data may have led
to an over-estimation of the ionospheric Hy by a factor of 2.2, which if true would allow the
VMR to be revised downwards to a value compatible with current models.

Carbon monoxide is thought to be well-mixed in Titan’s atmosphere, with a constant
abundance throughout, due to its long photochemical lifetime (~500 Myr, Vuitton et al.,
2019) and its molecular mass being almost identical to the bulk atmospheric constituent
(Ny). However, its mass similarity to N, also makes it difficult to measure with low resolution
mass spectrometry techniques (i.e. INMS, GCMS), so only remote sensing measurements
exist from CIRS and ground-based astronomy (de Kok et al., 2007a; Teanby et al., 2010b;



Serigano et al., 2016).

Three inert (noble) gas isotopes have been measured in Titan’s atmosphere. The Huygens
GCMS descent measurements detected 35Ar and “°Ar, and tentatively 2?Ne (Niemann et al.,
2010), while the Cassini INMS measured “CAr in the upper atmosphere (Cui et al., 2009b)
(see Fig. 2). 30Ar is a primordial species, and its presence at a low level is expected from
accretion from the solar nebula. However the ratio of 1N/36Ar ~ 1x107 is substantially
larger than on Earth and Mars (~4 x 10%) (Niemann et al., 2010) and implies that Titan
formed at a warmer temperature than the inner planets (Owen and Niemann, 2009). On
the other hand, the presence of the radiogenic isotope “CAr (produced by beta decay of
40K) implies significant outgassing over Titan’s history, although comparatively less than the
Earth’s activity (Niemann et al., 2010). The presence of 2?Ne requires some careful modeling
to explain, since the gas is difficult to trap except at extremely cold temperatures (Niemann
et al., 2010). Finally, Kr and Xe were not detected by GCMS, with upper limits of 10 ppb
(Niemann et al., 2010), although this is unsurprising since the instrument was not expected
to detect these gases, expected at levels < 1 ppb (Owen and Niemann, 2009).

3.2 Minor Constituents

Cassini’s Ion Neutral Mass Spectrometer and Plasma Spectrometer (INMS and CAPS) per-
formed the first and only in-situ density measurements during low altitude passes through
Titan’s upper atmosphere. An example of the positive ion mass spectrum for a mass range
of m/z = 1-100 extracted from INMS data is given in Figure 3. Some obvious features are
immediately seen. First, there are more than 50 mass channels with a density higher than
0.1 cm~3. No unique ion species dominates Titan’s ionosphere, in contrast to the neutral gas
distribution for which Ny has a mixing ratio of over 95% (Waite et al., 2005; Vuitton et al.,
2007). Furthermore, measurements from the CAPS Ion Beam Spectrometer (IBS) revealed
positive ions up to m/z = 350 (Waite et al., 2007; Crary et al., 2009). The right panel of
Figure 4 shows an example of IBS spectrum. Positive ion spectra are characterized by distinct
mass groups with a mean mass spacing of m/z = 12-14, characteristic of organic compounds
with a carbon backbone (Cravens et al., 2006; Haythornthwaite et al., 2021).

Although it was designed to detect electrons, CAPS Electron Spectrometer (ELS) showed
evidence for negatively charged ions with a mass-to-charge ratio reaching up to m/z ~14,000,
including three distinct low mass peaks at m/z = 25.8-26.0, 49.0-50.1 and 71-94 (Coates
et al., 2007; Desai et al., 2017). These low-mass negative ions present lower densities on the
night side and increased densities up to twice as high on the day side at small solar zenith
angles (Mihailescu et al., 2020). The left panel of Figure 4 shows an example of ELS spectrum.

INMS detected the neutrals C,H,, C,H,,CyHg,C3H,,C H,y,CgHg, HC3N and CyN, around
1000 km. NHj has been detected by INMS as well but it remains unclear if it is actually a
product of atmospheric chemistry, of the reaction of N and H on the instrument chamber
walls or of spent hydrazine.

Analysis of the mass spectrometry data was limited by the instruments low mass reso-
lution that prevented resolving isobaric neutral and ion species. Moreover, while CAPS-IBS
densities are scaled to the INMS densities, CAPS-ELS densities are only approximate because
the efficiency of the microchannel plates was never tested for negative ions and it could be
underestimated by one order of magnitude (Mihailescu et al., 2020).

Besides direct mass spectrometry, information on the profiles of minor gases has come
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from remote sensing measurements by Cassini’s UVIS (Fan et al., 2019; Yelle et al., 2021),
VIMS (Maltagliati et al., 2015), and CIRS (Cottini et al., 2012; Lombardo et al., 2019a; Mathé
et al., 2020) instruments, as well as ground-based observatories - especially IRTF /TEXES and
ALMA (Cordiner et al., 2014; Cordiner et al., 2015; Palmer et al., 2017; Lellouch et al., 2019;
Lombardo et al., 2019b; Thelen et al., 2019; Nixon et al., 2020; Thelen et al., 2020).

Figure 5 shows CIRS limb spectra covering the 100-300 km stratospheric range for equa-
torial and south polar regions during southern winter, indicating multiple trace gas and con-
densate features throughout the far- and mid-IR. Such spectra have been used extensively to
measure trace gas profiles (e.g. Teanby et al., 2017; Mathé et al., 2020; Vinatier et al., 2020).
Figure 6 shows typical low-latitude or disk-averaged gas profiles. In general, trace gases show
profiles that are decreasing downwards (with increasing pressure), due to the molecules be-
ing created in the upper atmosphere and then diffusing downwards into steadily increasing
amounts of background atmosphere and for most minor species, a lower stratosphere con-
densation sink. The profiles are more constant however in winter polar regions due to more
rapid subsidence and dynamical mixing, as discussed in Section 6.2. The mixing ratio de-
creases with the complexity of the molecule as would be expected and, for a given number of
C-atoms, saturated species are more abundant than unsaturated ones.

Besides detected species, upper limits have been obtained by various techniques for unde-
tected species - upper limits for the neutral atmosphere from remote sensing measurements
are given in Table 1. Remote sensing detection of increasingly large molecules by their IR
ro-vibrational bands becomes challenging for three reasons: (a) lower abundances, due to
lower production rates, and lower vapor pressures; (b) larger numbers of infrared bands per
molecule in which to spread thermal emission (Nixon et al., 2009); (c) greater numbers of iso-
mers, including conformers, with unique bands. Sub-millimeter detection of rotational lines
has some advantages and disadvantages over IR detection: it is generally sensitive to lower
abundances and temperatures, however it is limited to asymmetric molecules that have a
dipole moment, whereas IR spectroscopy can in principle detect all molecules.

3.3 Isotopes

To date, five ‘stable’ isotopic ratios have been measured in Titan’s atmosphere: D/H, 12C/13C,
HUN/N, 160/180, 60 /170 - spread amongst eleven molecular species. Numerous measure-
ments have been made by a variety of in-situ and remote sensing techniques (mass spectrom-
etry, infrared and sub-millimeter spectroscopy), with some of the most recent summarized in
Table 2.

Deuterium is strongly partitioned from nebular hydrogen gas (H,) to ices (CH,, NHj,
H,0 etc) (Mousis et al., 2002; Mousis et al., 2002). This can clearly be seen by comparing
the low D/H values seen in H, in Jupiter and Saturn (2 — 3 x 107°, Pierel et al., 2017) to
the much higher values seen in comets (~ 20 — 50 x 107°, Bockelée-Morvan et al., 2015).
The intermediate value seen in Titan’s methane (13 x 107>, Bézard et al., 2007), similar to
the Barth Standard D/H (VSMOW, 15.6 x 107°), may indicate a similar origin of volatile
materials, possibly the Jupiter Family Comets or Kuiper Belt Objects (Hartogh et al., 2011).
On the other hand, the apparent D/H enrichment seen in Titan’s CoHs and HCN compared
to D/H in methane may be evidence for a kinetic isotope effect (Nixon et al., 2012) that is
enriching D/H in daughter products due to preferential photolysis/abstraction and subsequent
escape of 'H.
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Figure 5: Cassini/CIRS limb spectra for the 100-300 km tangent altitude range for the
southern winter season. Multiple CIRS observations between 2012-2015 have been averaged
together to improve signal-to-noise for the south pole and equatorial regions (e.g. Teanby
et al., 2017; Mathé et al., 2020; Vinatier et al., 2020). The equatorial limb spectra (red) is
typical of those observed throughout the mission and shows emission features from minor
hydrocarbon and nitrile species. The south polar spectrum (blue) is when trace species were
greatly enhanced and stratospheric temperatures were a lot colder than equatorial region be-
cause of additional radiative cooling. The cold temperatures are evident as reduced emission
in the CHy (v4) band at ~1300 cm ™! (panel b), whereas winter enhancement of trace species
is indicated by additional emission features from HC3N and CgHg (panels a and b), whose
abundances are too low at equatorial latitudes to give an obvious emission feature. Addition-
ally, the Haze B/Haystack condensate feature and HC3N ice are also visible (panel a), which
are only seen at the winter pole.
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Figure 6: Profiles of minor gases in Titan’s atmosphere. Triangles: INMS from Cui et al.
(2009b). Diamonds: UVIS FUV measurements from Yelle et al. (2021) (HCN: (-Orionis
occultation, other gases: e-Orionis occultation). Squares: CIRS from Cottini et al. (2012).
Red lines: CIRS from Mathé et al. (2020) except C3Hg from Lombardo et al. (2019a). Magenta
line: CHyCCH, from IRTF/TEXES Lombardo et al. (2019b). Blue lines, ALMA: HNC -
Lellouch et al. (2019); CH3CN - Thelen et al. (2019); C,H5;CN - Cordiner et al. (2015);
CyH3CN - Palmer et al. (2017); CH3C3N - Thelen et al. (2020); C3H, - Nixon et al. (2020).
Green lines: model profiles from Vuitton et al.1(2019).



Species Instrument Altitude VMR Reference
or Pressure (ppbv)
Hydrides and Diatomic
NH; CIRS 0.27 mbar < 0.59 (1o) Nixon et al. (2010)
NH, SPIRE 75 km < 0.19 (30) Teanby et al. (2013)
SH, CIRS 0.27 mbar <91 (1o) Nixon et al. (2013)
PH, CIRS 0.27 mbar < 0.30 (lo)  Nixon et al. (2013)
s ALMA >200 km < 0.0256 (30) Teanby et al. (2018)
Hydrocarbons
i-C,Hy CIRS 225 km <39 (1lo) Hewett et al. (2020)
n-C,H,, CIRS 272 km < 177 (1o) Steffens et al. (2022)
CeH, IRIS 100 km < 6.5 (10) Khlifi et al. (1996)
Nitriles X-CN
CH;(CH),CN ISO 150 km < 0.5 (o)  Coustenis et al. (2003)
CH,CHCH,CN ISO 150 km < 0.5 (1lo) Coustenis et al. (2003)
CH,C(CH;3)CN ISO 150 km < 0.5 (o)  Coustenis et al. (2003)
n—C;H,CN IRIS 100 km <10 (1o) Raulin (1990)
i—C3H,CN IRIS 100 km <25 (1o) Raulin (1990)
c—C4H,CN IRIS 100 km < 0.5 (1o) Raulin (1990)
HC;N IRAM > 80 km < 0.40 (1o0) Marten et al. (2002)
CyNy CIRS 150 km < 0.53 (1o) Jolly et al. (2015)
Other Organic Nitrogen CNH
CH;5N, IRIS 100 km < 5.0 (1o) Khlifi et al. (1996)
CH,N, IRIS 100 km <54 (1o) Khlifi et al. (1996)
CH;NC IRIS 100 km < 1.3 (1o) Khlifi et al. (1996)
CH,NH ALMA > 50 km < 0.35 (30) Teanby et al. (2018)
c—CsHsN ALMA p < 0.10 mbar < 1.05 (1o) Nixon et al. (2020)
c—C,H,N, ALMA  p<0.10 mbar < 0.66 (1o) Nixon et al. (2020)
Organic Oxygen Compounds CHO
H,CO CIRS 0.27 mbar < 2.20 (1lo) Nixon et al. (2010)
CH;O0H CIRS 0.27 mbar < 6.40 (1lo) Nixon et al. (2010)

Table 1: Upper limits for undetected trace species in Titan’s stratosphere.
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Ratio Species  Instrument Value Reference

D/H Ho INMS (1.35+£0.30) x 10-*  Niemann et al. (2010)
D/H CH,4 CIRS (1.327513) x 107*  Bézard et al. (2007)
D/H CyHy CIRS (2.09 +0.45) x 107*  Coustenis et al. (2008)
D/H HCN ALMA (2.54+0.2) x 1074 Molter et al. (2016)
L2c/B3Cc CHy INMS 91.1+ 1.4 Niemann et al. (2010)
2¢/BC CoHy CIRS 84.8 +3.2 Nixon et al. (2008a)
L2¢/13C CqoHg CIRS 89.8+7.3 Nixon et al. (2008a)
L2o/BC C4Hy CIRS 90 +8 Jolly et al. (2010)
12¢/13C HCON ALMA 89.8 +2.8 Molter et al. (2016)
2¢/1B3C HCO3N CIRS 79+ 17 Jennings et al. (2008)
L2c/BCc €O ALMA 89.9 + 3.4 Serigano et al. (2016)
2c/BBC COq CIRS 84+ 17 Nixon et al. (2008b)
HUN/N No INMS 167.7 4+ 0.6 Niemann et al. (2010)
UN/IPN  HCN ALMA 72,3422 Molter et al. (2016)
UN/IN  HC3N ALMA 67 + 14 Cordiner et al. (2018)
UN/IN  CH3CN  ALMA 125719 Tino et al. (2020)
160/170 €O ALMA 2917 4 359 Serigano et al. (2016)
160 /180 CO ALMA 486 + 22 Serigano et al. (2016)
160/0 €Oy CIRS 380 4 142 Nixon et al. (2008b)

Table 2: Selected recent measurements of isotopic ratios in Titan’s atmosphere

While carbon '2C/3C and the oxygen isotope ratios 160 /0 and 0 /170 in all molecules
show little discernible deviation from terrestrial or giant planet values, nitrogen *N/!N on
the other hand shows a large difference from the parent species N, to the daughter nitriles
(HCN, HC4N and CH4CN). Nitrogen 4N/1°N is lower in Ny (~ 168, Niemann et al., 2010)
than the Earth (~ 272, Anders and Grevesse, 1989) and dramatically lower than Jupiter (435,
Wong et al., 2004), while the value in HCN is lower still (72, Molter et al., 2016).

Photochemical models are able to produce HC'*N/ HC'°N, CH3C“N/CH3C*N and
HC3'N/ HC3'°N ratios in reasonably good agreement with Cassini and ALMA observations
(Dobrijevic and Loison, 2018; Vuitton et al., 2019). The difference in the N /N between
N, and trace nitriles is explained by the photolytic fractionation of N, and *N'N induced
by isotope-selective shielding. This shows how important it is to take into account the high
resolution photodissociation cross sections of both N, and "*N'®N to compute their photolysis
rates (Liang et al., 2007; Lavvas et al., 2011a).

4 Gas Phase Atmospheric Chemistry

The complex organic inventory observed in-situ and with remote sensing instruments, as dis-
cussed in Section 3.2, demonstrates that Titan’s atmospheric chemistry is diverse and complex.
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Before this suite of constituents was discovered, Strobel (1974) developed the basic framework
of methane photochemistry in Titan’s atmosphere and concluded that, because of the high
efficiency of hydrogen escape, it leads to irreversible loss of CH, on a time scale short com-
pared to Titan’s age (10s MY). Subsequently, numerous 1D photochemical models have been
designed to explain the composition of Titan’s atmospheric column (Dobrijevic et al., 2016;
Vuitton et al., 2019). Chemistry is initiated by the ionization and dissociation of molecular
nitrogen and methane by solar ultraviolet photons, suprathermal electrons (magnetospheric
as well as photoelectrons and their secondaries) and GCR. The main primary species pro-
duced are N,*, N*, N(2D), N(*S) and CH;, *CH,, CH, CH,*, CH," (Lavvas et al., 2011a).
They react with the background gas through a large network of thousands of ion-neutral and
neutral-neutral chemical reactions to generate hundreds of positive and negative ions as well
as neutral molecules (up to 7 heavy atoms). The efficiency and the products of these reac-
tions depend on the background composition and on atmospheric pressure and temperature.
In addition, the distribution of species is affected by molecular diffusion and dynamics, as
well as the escape of the lightest compounds and the condensation of the heaviest ones in the
lower stratosphere (see Section 5.2).

As inferred from these calculations, in most cases, a single ion species contributes to the
INMS signal in a given channel, with only a small fraction (typically less than 10%) from
other minor ions. The most abundant ions are closed-shell species because radical cations are
not very stable and therefore react quickly. This implies that while odd mass channels are
attributed to hydrocarbon ions, peaks at even m/z are the signature of ions containing one
nitrogen atom. The most abundant ion species is HCNH™, followed by CQH5+, c—C3H3+,
HC3;NHT and C4H;*. The high modeled abundance of HCNH™' and C,H* is consistent with
experimental work simulating the primary steps of Titan’s ionospheric chemistry (Thissen
et al., 2009; Dubois et al., 2020). The ion species that account for channels with number
densities greater than 1 cm™2 are labeled in Figure 3 for reference. Light ions are primarily
lost through ion-neutral chemistry whereas heavy ions are primarily lost through electron
recombination (Vuitton et al., 2006b, 2007). Qualitatively, the dayside and nightside positive
ion compositions are similar, but quantitative differences exist, particularly for the species
with relatively short chemical lifetimes (CH;", HCNH™, C,H, ") that are more abundant on
the dayside. On the other hand, the day-to-night variations for terminal ion species with long
lifetimes (NH, ", CgH,", C,H;CNH™) are rather small (Cui et al., 2009a). Although model
results can mostly reproduce the INMS mass spectra, it remains difficult to interpret the
signals at m/z 50, 64 and 74 (Vuitton et al., 2019). Another notable issue is that the observed
total positive ion density (essentially HCNH™ and C2H5+) is systematically overestimated by a
factor of 2-3. This discrepancy is related to the overproduction of electrons in dayside models,
as discussed in Vigren et al. (2013) and Sagniéres et al. (2015), and remains unexplained.

Models predict that CN™ is the dominant negative ion in Titan’s ionosphere, followed by
C3N™. H™ is also predicted as an abundant ion, especially at higher altitudes. CH, , CoH ™,
C,H™ and CsN™ exhibit some significant abundances but their density profile is more model
dependent (Vuitton et al., 2009; Dobrijevic et al., 2016; Mukundan and Bhardwaj, 2018;
Vuitton et al., 2019). These predictions are in agreement with laboratory experiments where
CN™, C3N7, and CsN~ were detected in N,/CH,(/Ar) dusty plasmas (Horvath et al., 2010;
Dubois et al., 2019a). Noteworthy, a number of compounds containing two or three nitrogen
atoms (e.g. CNN~, CHNN ) not considered in models are also observed in these experiments.
The combination of m/z and relative density profile suggests that CN~ / C3sN (C,H ™) /
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C;N™(C¢H ™) are the anions that cause the peaks at 26 / 49-50.1 / 71-94 in the CAPS-
ELS data. H™ cannot be measured by CAPS-ELS because of the spacecraft velocity (Desai
et al., 2017). Negative ions are essentially formed by dissociative and radiative attachment of
energetic and thermal electrons, respectively onto neutral species. This is in agreement with
the low-mass negative ion density and the electron density measured by Cassini’s Langmuir
Probe to be proportional to each other on the day side but independent of each other on
the night side (Mihailescu et al., 2020). Electron distributions depend on solar illumination
conditions and magnetospheric configuration (Agren et al., 2009; Galand et al., 2010), which
probably explains at least some of the variability in density and altitude of the peaks observed
in the CAPS-ELS data (e.g. Fig. 2 of Wellbrock et al. (2013)). Just as with positive ions,
proton transfer reactions lead to the formation of heavier negative ions. Finally, negative ions
are lost by associative detachment reactions with the most abundant radicals, typically H
and CHj. Models produce much fewer anions than suggested by the observations (Wellbrock
et al., 2013), which may either be explained by a missing source of light negative ions in
models or the uncertain efficiency of the CAPS-ELS microchannel plates (Mihailescu et al.,
2020).

The production of the trace neutral species is mostly driven by neutral reactions. Nev-
ertheless, the failure of pure neutral chemistry to reproduce the abundance of some species,
especially in the upper atmosphere, is indicative of the interplay between ion and neutral trace
constituents. While acetylene (CyH,), hydrogen cyanide (HCN) and other nitriles are exclu-
sively formed by radical chemistry, benzene (CgHg), ammonia (NHj), methanimine (CH,NH)
and hydrogen isocyanide (HNC) are affected by the coupled ion and neutral chemistry. These
species are transported downward to the stratosphere where the photolysis of acetylene is
indirectly responsible for the dissociation of methane, through catalytic processes (Vuitton
et al., 2006a). Radical-radical association efficiently forms alkanes in the stratosphere includ-
ing ethane (CyHg), the most abundant photochemical product. Model results are generally in
agreement with observations for most neutral compounds in both thermosphere and strato-
sphere but some discrepancies remain for a few compounds, such as NH;, HC;N, C,H5CN,
CyNy (Dobrijevic et al., 2016; Vuitton et al., 2019). The overestimation of nitriles could
be explained by their role in aerosol formation or their adsorption on the aerosol surface,
processes that have been shown to happen in the laboratory (Imanaka and Smith, 2010;
Couturier-Tamburelli et al., 2018a) but are not properly taken into account in photochemical
models yet. Models having an upgraded reaction network involving benzene highlight its po-
tential contribution in the formation of more complex aromatic compounds such as toluene
(C¢H;CH;) and ethylbenzene (C4qH;CyHy) (Loison et al., 2019). However, both aromatics
have not been detected yet. Laboratory simulations that have been used to investigate the
gas products formed in high-energy plasmas or ultraviolet irradiation of a CH, /N, mixture
emphasized the detection of ammonia, methanimine, benzene and toluene (e.g. Bourgalais
et al. (2019); Dubois et al. (2019b); Bourgalais et al. (2021) and references therein). How-
ever, direct comparison of the results of these experiments with Titan should be performed
with caution as temperature/pressure conditions and energy sources differ from Titan, and
the formation of some species has been shown to be mainly driven by wall effects (Thissen
et al., 2009). Nevertheless, in a series of experiments using FUV photons, Horst et al. (2018)
measured concentrations of small gas-phase species that are consistent with concentrations in
Titan’s stratosphere.

The HASI experiment onboard the Huygens probe measured a peak electron density of
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~650 cm ™3 at 65 km, which is attributed to ionization by GCR (Hamelin et al., 2007; Lépez-
Moreno et al., 2008; Gronoff et al., 2011). However, in photochemical models, the maximum of
the GCR ionization peak is at 90 km, with a magnitude of ~2000 cm ™2 (Molina-Cuberos et al.,
1999; Vuitton et al., 2019). It has been pointed out that models do not take into account
electron attachment onto aerosols or electrophilic species, which could reduce the electron
densities by significant factors and explain the discrepancy with the Huygens measurement
(Borucki and Whitten, 2008; Molina-Cuberos et al., 2018). GCR induce the formation of
nitrogen atoms and ions, which results into some increase of most nitrogen compounds (Lavvas
et al., 2008; Loison et al., 2015; Vuitton et al., 2019). Although there are no observations
that constrain the ion composition in Titan’s stratosphere, Berry et al. (2019) observe in
their laboratory simulations an extensive nitrogen incorporation into cations up to m/z 400,
including ions with multiple nitrogen atoms, in agreement with the photochemical models
predictions.

5 Haze and Ice Clouds

5.1 Photochemical haze

The instruments on board Cassini and Huygens permitted a panchromatic investigation of the
photochemical haze properties in Titan’s atmosphere (Fig. 7). In situ studies with the Cassini
mass spectrometers in the upper atmosphere (above ~900 km) in conjunction with remote
sensing investigations from UV to IR wavelengths allowed for the study of haze formation and
evolution. In addition, in situ measurements with instruments on board the Huygens probe
revealed for the first time fundamental properties for the haze composition, structure, and
optical properties. Here we overview these results starting from the haze embryo formation
in the upper atmosphere and following its evolution through Titan’s atmosphere.

5.1.1 Embryo formation in the ionosphere

The heavy negative ions observed with the CAPS instrument (Fig. 4) revealed that Titan’s
ionosphere is the birthplace of the observed photochemical haze (Waite et al., 2007; Coates
et al., 2007). These haze embryos have increasing masses with decreasing altitude in the
ionosphere, as well as with increasing geographical latitude, and appear to grow more ef-
ficiently during low illumination conditions, particularly those of the polar winter (Coates
et al., 2009, 2010; Wellbrock et al., 2013, 2019). CAPS was not anticipated to act as a mass
spectrometer thus was not designed with a sufficient resolution for precise identification of the
molecular structures identified in positive and negative mode. Therefore, the interpretation of
the observed mass/charge spectra is approximate, particularly for the large mass ions. Both
aliphatic and aromatic compounds are expected to contribute to the observed distributions
(Waite et al., 2007; Crary et al., 2009; Sittler et al., 2009; Desai et al., 2017), with the latter
having a higher probability and including both PAH and nitrogen containing polyaromatic
structures (Haythornthwaite et al., 2021). The presence of polyaromatic structures in the
first steps of haze formation is further supported by the detection with VIMS of non-LTE
molecular emissions in Titan’s upper atmosphere at near IR wavelengths that were attributed
to PAHs (Dinelli et al., 2013; Lopez-Puertas et al., 2013). Laboratory simulations also show
that tholins contain a trace amount of small PAHs with at least one aromatic ring, while
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Figure 7: Haze observations from Cassini-Huygens instruments sensitive to different alti-
tudes in Titan’s atmosphere, including haze extinction profiles from UVIS (Koskinen et al.,
2011) and CIRS (Vinatier et al., 2010a) observations, haze scattering from ISS observations
(Seignovert et al., 2017) and haze optical depth derived from the in-situ DISR observations
(Doose et al., 2016). The inset Titan image from ISS observations highlights the main and
detached haze layers (Seignovert et al., 2017). The background in the UVIS observations in-
dicates the haze formation in the upper atmosphere and the gradual transition from spheres
to aggregates near the detached haze layer according to theoretical simulations (Lavvas et al.,
2011c). In the main haze layer particles are aggregates with D; ~ 2 similar to the one pre-
sented in the lower left (Tazaki, 2021). The upper right panel presents the retrieved imaginary
refractive index of Titan’s haze (red: Vinatier et al. (2012), blue: Rannou et al. (2010), black:
Lavvas et al. (2010)), compared to a typical tholin spectrum (dotted line: Khare et al. (1984)).
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nitrogen containing PAHs (PANHs) are also detected as constituents of tholins (e.g. Mahjoub
et al., 2016; Maillard et al., 2020; Schulz et al., 2021, and references therein).

The large mass positive and negative ions are abundant enough to affect the atmospheric
electron balance below the ionospheric peak, as demonstrated by the combination of INMS,
CAPS, RPWS/LP observations (Robertson et al., 2009; Wahlund et al., 2009). At the deepest
flybys, observations suggest that the ionosphere behaves like a dusty plasma where the free
electrons are attached to the large molecules and the electron balance is defined by the equi-
librium between the positive and the large negative ions (Michael et al., 2011; Agren et al.,
2012; Lavvas et al., 2013; Vigren et al., 2014; Shebanits et al., 2016; Chatain et al., 2021a,b).
The shift in the type of the charge balance has important ramifications for the subsequent
haze growth. On the one hand recombination is driven by collisions between two types of
ion populations, which is a significantly slower process than the corresponding recombination
with free electrons, therefore allowing for a longer lifetime of the charged ions. On the other
hand, the ion recombination can induce a partial mass transfer from the small mass positive
ions to the charged macromolecules that allows for the rapid mass growth of the latter. As
the large molecules continue to grow, their interaction with the radiation field (through pho-
toionization and photodetachement) and the charge populations (electrons and ions) results
in a charge distribution that contains positive, neutral, and negative values. Numerical sim-
ulations of these processes (Lavvas et al., 2013) demonstrate that they can reproduce both
the negative and positive macromolecule populations observed by the Cassini instruments at
multiple altitudes in Titan’s ionosphere (Fig. 4). Nevertheless, the estimated mass flux from
the heavy ions is ~10% of the haze mass flux observed in the lower atmosphere (Wahlund
et al., 2009). Therefore these rapidly formed, large molecular structures are the pivot point
beyond which further chemical growth and coagulation lead to haze particle growth at the
sizes observed in the deeper atmosphere.

5.1.2 Surface growth

Right below the in situ probed ionosphere, remote-sensing haze characterisation is difficult
as the particles are too small to significantly affect the electromagnetic field. Only at short
wavelengths (UV) the particle opacity is comparable to the atmospheric opacity (particularly
between 180 and 190 nm), and information for the haze properties could be derived through
stellar and solar occultations with the UVIS instrument (Liang et al., 2007; Koskinen et al.,
2011; Capalbo et al., 2016; Fan et al., 2019). UV occultations are sensitive to the combined
effect of particle size, particle number density, and particle refractive index as these parameters
define the particle opacity, and their analysis demonstrates the increase of the particle opacity
from the lower thermosphere (~700 km) to the mid-mesosphere (~400 km). Towards the lower
end of the altitude range haze particles are large enough to be probed with other Cassini
instruments, particularly through the UV (~300 nm) and visible (~600 nm) filters of the
ISS broadband imaging. These observations complement the UV occultations and expand
our understanding of haze distribution through a broad spatial and temporal characterisation
that revealed the variability of the haze properties. The most striking variability is observed
in a detached haze layer that over the course of the Cassini mission dropped from a location
near 500 km altitude (Porco et al., 2005) at the beginning of Titan’s exploration by Cassini
in 2004, to suddenly at 300 km in 2009 (West et al., 2011), and even disappeared in 2012
before reappearing in 2016 (West et al., 2018). In the detached layer, particles are expected
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to be composed of small spherical particles and of small aggregates of such primary particles
and have a mass flux equivalent to that observed in the main haze layer (Lavvas et al., 2009;
Cours et al., 2011; Seignovert et al., 2017). Thus, the particles mass growth due to transition
from the gas to the solid phase is approximately completed at this location, i.e. below ~500
km.

As the ion populations are rapidly reduced below the ionosphere, the haze growth should
proceed through neutral processes on the surface of the formed embryos. However, the nature
of these heterogeneous interactions is not well understood, although some experimental results
are now becoming available (Hong et al., 2018). A large population of radicals is produced by
the photo-dissociation of multiple species in Titan’s upper atmosphere (Vuitton et al., 2019).
The high chemical potential of these radicals in combination with the long residence time
of the haze embryos (~10 days), due to Titan’s low gravity field and the particle small size
(~nm), can outbalance the lower rates of neutral relative to ion reaction rates and allow for
an efficient increase of the haze mass flux below the ionosphere. Theoretical studies of such
processes based on the growth of polycyclic aromatic compounds through radical reactions
suggest that this mechanism could be efficient in Titan’s upper atmosphere (Lavvas et al.,
2011c). However, the formation processes for large aromatic molecules are uncertain and
this highlights the need for new inputs from laboratory studies to reach an understanding
of the chemistry occurring in Titan’s atmosphere. Moreover, closed-shell molecules could
also heterogeneously interact on the surface of the haze embryos, if the latter are activated
(also known as particle ageing) during their interaction with the high-energy photons reaching
Titan’s upper atmosphere (Dimitrov and Bar-Nun, 2002; Courtin et al., 2015), but this mech-
anism has not been investigated in detail. Laboratory studies based on tholins have provided
some preliminary indications for the impact of high-energy radiation on the evolution of the
optical properties and on the photoionization of the particles (Carrasco et al., 2018; Tigrine
et al., 2018), but further studies are required for understanding their global impact on haze
formation. Another important consequence of the heterogeneous processes on the particle sur-
face has to do with their shape. Haze particles stick to each other when they collide allowing
the formation of aggregates. However, the mass added to such aggregates during their het-
erogeneous interaction with the gas phase can return the particles to a quasi-spherical shape
(Morgan et al., 2007). Simulations of such interactions for Titan’s haze demonstrate that
above 500 km the combination of the small particle size with the large inventory of radical
species formed by the photochemistry results in a quasi spherical growth of the haze particles
reaching a radius of ~50 nm (Lavvas et al., 2011c). In conclusion, we see that both ion and
neutral chemistry contributions are important for the formation and growth of Titan’s haze,
the first for initiating the haze formation, and the second for defining the final mass flux and
the shape and the size of the formed haze particles.

5.1.3 Coagulation

Below 500 km altitude coagulation further increases the size of the particles at the expense
of their number density, which causes their shape to obtain an aggregate structure of quasi-
spherical primary particles. At these larger particle sizes, the haze characterisation is also pos-
sible at longer wavelengths from visible to thermal IR. Light scattering and polarization mea-
surements at visible and near IR wavelengths inside Titan’s atmosphere with Huygens/DISR
verified that the haze particles in the deep atmosphere (below 150 km) are aggregates that can
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be described by a fractal distribution of 40-50 nm radius primary particles (Tomasko et al.,
2008; Tomasko and West, 2009; Doose et al., 2016). The particle shape can be mathematically
described through a fractal dimension, Dy, that relates to the way the primary particles are
distributed within the aggregate, and takes values between 1 (for linear aggregates) and 3
(for compact spherical aggregates). The analysis of the in situ observations suggested that
the aggregates are composed of a few thousand primary particles with a distribution that is
consistent with a D y=2. However, more recent studies suggest that the particle fractal dimen-
sion may be slightly higher, D;=2.3-2.4 (Coutelier et al., 2021). Assuming the dominance
of aggregation below 500 km, pure haze microphysics models (Lavvas et al., 2010; Rannou
et al., 2010) can reproduce the observed haze optical properties across the various wavelengths
observed with the Cassini instruments. These simulations describe the coagulation of the par-
ticles as a process dominated by their random collisions (Brownian coagulation). Moreover,
due to their interaction with the radiation field as well as the ion and electron populations
formed in the deep atmosphere from the deposition of cosmic rays (Molina-Cuberos et al.,
1999), haze particles can accumulate a charge on their surface that results in their mutual
repulsion, thus affecting and eventually limiting their growth. The microphysical models re-
quire a haze mass flux of 3x1071* g em™2 s7! (referred to the surface) and a charge to radius
ratio of 15 e~ /um to reproduce the observed haze opacity spectrum and scattering properties.
The particle charging eventually results in a constant particle size in the deep atmosphere
with an effective radius of 2-3 um.

5.1.4 Composition

The analysis of the DISR observations (Lavvas et al., 2010; Rannou et al., 2010) revealed that
optical properties of Titan’s haze material are similar, although not completely identical, to
the laboratory produced haze analogs (e.g. Khare et al., 1984, see Fig. 7 inset). Their optical
properties in the visible and near ultraviolet are controlled by 7 — 7n* and n — ©* electronic
transitions, resulting in a broad absorption continuum that gives the analogues an orange-
brown color (Imanaka et al., 2004; Gavilan et al., 2018). Similar differences in the optical
properties were also found in the analysis of VIMS and CIRS observations that expanded the
haze characterisation towards the thermal IR. These observations indicated that Titan’s haze
has a lower absorptivity at thermal wavelengths compared to the laboratory analogs, while
the spectral features observed imply the dominance of C-C and C-H bonds seconded to a
lesser degree by C-N bonds. On the contrary, the pyrolysis experiment of Huygens/GCMS
at 600 K revealed a product composition dominated by NHs and HCN, suggesting that N is
abundantly incorporated in the refractory core of the haze structure (Israél et al., 2005). A
reconciliation of these contradictory results may come from the ageing of the particles during
their fall in Titan’s atmosphere through their interaction with high energy photons, hydrogen
and ions as suggested by laboratory experiments (Carrasco et al., 2018; Chatain et al., 2020).
Such ageing processes are also suggested by the variation of aromatic and aliphatic signatures
in the VIMS spectra between 3.3 and 3.4 um (Courtin et al., 2015). However, Biemann (2006)
set in question the Israél et al. (2005) conclusion from the GCMS observations regarding the
strong nitrogen incorporation in the haze.
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Figure 8: Condensation curves at equatorial (Huygens landing site, Fulchignoni et al., 2005)
and winter south pole (80°S, September 2014, Teanby et al., 2019) conditions in Titan’s
atmosphere. The intercept of each colour line with the local temperature profile (solid black
lines) shows the approximate location of condensation of each photochemical product. The
higher local gas abundances and associated lower temperature over the south pole allows for
condensation at higher altitudes, relative to the equatorial conditions.

5.1.5 Feedback mechanisms

The nature of the haze formation process makes evident the strong interaction of the haze
with the gas phase chemistry. The observed haze mass flux corresponds to ~30% of the mass
flux generated from the photolysis of methane and nitrogen (Lavvas et al., 2011a), therefore
the haze formation is a significant component of the atmospheric photochemistry. But there
are additional feedback mechanisms: as the haze is optically thick in the lower atmosphere
it modifies the gas species photolysis rates, while it may also affect their abundance through
the heterogeneous reactions on its surface (Vuitton et al., 2019). Furthermore, haze particles
interact strongly with the radiation field, therefore affect the thermal structure of the atmo-
sphere and the radiation reaching the surface, as well as the global circulation patterns. This
is well established for Titan’s lower atmosphere where the haze particles partake in heating
the stratosphere and cooling the surface (West et al., 2014), as well as defining the global
energy balance (Garcia Munoz et al., 2017). However, the role of the nascent haze particles in
the thermal structure of the upper atmosphere is still under investigation. At those altitudes
haze particles have smaller sizes, but higher populations than in the lower atmosphere, while
their optical properties are unknown. Further analyses of Cassini observations and laboratory
studies are required to decipher the optical properties of the particles and their role in the
energy balance of Titan’s upper atmosphere.
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5.2 Stratospheric Ice Clouds

At the decreasing temperatures of the lower stratosphere and troposphere, the sedimenting
haze particles act as nucleation sites for the condensation of the produced photochemical gases.
CIRS observations clearly demonstrate this process with the signature of organic condensates
near 160 cm~! (attributed to HCN and HC3N ) and 80 cm™! (attributed to CoHg) detected
at the altitudes were their condensation is anticipated based on the observed gas abundances
and atmospheric temperature (Anderson and Samuelson, 2011; de Kok et al., 2010). The
abundance of the condensates increases towards the winter pole although their presence is
detected at various latitudes (Fig. 8). VIMS spectral images reveal a broad CoHg cloud over
the north (winter) pole in 2005 (Griffith et al., 2006), as well as an HCN cloud in 2012 over the
south (winter) pole (de Kok et al., 2014); in 2011 CIRS observations reveal a C¢Hg cloud at the
south pole (Vinatier et al., 2018), while other cloud features were sporadically detected at lower
latitudes (Griffith et al., 2005; Rodriguez et al., 2009). At northern winter latitudes, a broad
aerosol feature centered on 220 cm ™! becomes prominent and is likely due to condensation of
nitrile species (de Kok et al., 2007b, 2008; Anderson and Samuelson, 2011; Anderson et al.,
2018). At the Huygens landing site at Titan’s equator, the retrieved particle properties reveal a
clear change in the spectral behaviour of the particles below 80 km suggesting the contribution
of different condensing gases (Tomasko et al., 2008; Doose et al., 2016). Experiments with
Titan tholins demonstrate that the nucleation efficiency of the haze analogs is high (Curtis
et al., 2008; Rannou et al., 2019; Yu et al., 2020). Theoretical studies for cloud formation
at the equatorial conditions of the Huygens landing site suggest that the variation of the
haze wavelength opacity below 80 km could be correlated with the condensation of the most
abundant photochemical products HCN and CoHg, while below 30 km the co-condensation
of No-CH4 dominates the condensate opacity (Barth, 2006; Lavvas et al., 2011b). At higher
latitudes, condensates of C4Hg and nitriles can form at higher altitudes depending on the local
temperature conditions and gas abundances driven by the seasonal changes (Dubois et al.,
2021; Nna-Mvondo et al., 2019; Nna-Mvondo and Anderson, 2022; Vinatier et al., 2018). A
CeHg/CoHy /HCN co-crystal has also been predicted theoretically (Ennis et al., 2020).

In laboratory studies simulating the conditions of Titan’s stratosphere, solid ices have been
exposed to long-UV photons (A > 120 nm) and their evolution has been characterized by in-
frared spectroscopy and mass spectrometry. Photo-processing of pure benzene ice generates
more than a dozen aliphatic and aromatic hydrocarbons (Mouzay et al., 2021b). Simulations
of the photochemical aging process undergone by ices demonstrate the possibility of a solid-
state formation pathway of nitrile derivatives from the photo-processing of CgHg:HCN ices
(Mouzay et al., 2021a). The photochemistry of ethyl cyanide (CH;CH,CN) ices has also been
investigated. Several photoproducts, such a simple hydrocarbons, nitriles and methylketen-
imine have been identified in the solid phase (Couturier-Tamburelli et al., 2018b). It has been
found that HCN and C,H, ices are photochemically inert alone, but react when accreted
on Titan’s aerosol analogs, resulting in incorporation of acetylene or HCN into the aerosol
analogues (Couturier-Tamburelli et al., 2018a; Fleury et al., 2019). This important molecular
diversity can either be transported as ices toward the surface or be released in the gas phase.
For a detailed review of the post-Cassini knowledge regarding ice clouds, with perspectives
from both observational and experimental standpoints, see Anderson et al. (2018).
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6 Middle Atmosphere Dynamics

6.1 Zonal Winds

Titan is tidally locked, so has a length of day tied to its orbital period of 15.9 days around
Saturn. This slow rotation places Titan’s atmosphere in the cyclostrophic regime, where
pressure gradients are balanced by the centrifugal force, rather than the more conventional
geostrophic balance where pressure gradients are balanced by the Coriolis force. Titan and
Venus thus share some similarities in their global dynamics, with super-rotating winds first
inferred from stellar occultations (Hubbard et al., 1993). Titan’s equatorial wind profile was
measured in-situ using the Huygens probe Doppler Wind Experiment at ~10°S, confirming
the super-rotation of Titan’s stratosphere and measuring zonal wind speeds of up to 100 m
s~1 in the lower stratosphere (Bird et al., 2005). GCMs can reproduce this super-rotation and
also predict a zonal symmetry in Titan’s atmosphere (Hourdin et al., 1995; Newman et al.,
2011; Lebonnois et al., 2012; Lombardo and Lora, 2022).

The Huygens wind measurements also revealed a lower stratosphere zonal wind minimum
at  ~75 km/20 mbar (Bird et al., 2005). Some GCMs are able to reproduce this wind
minimum, although the magnitude of the reduction is much less than observed by Huygens
(Lebonnois et al., 2012). It is also impossible to know with one descent profile whether the
lower stratosphere wind minimum is a global feature. Interestingly, this pressure level is
approximately where radiative time scales transition from greater than to less than one Titan
year, so it could represent the boundary between distinct dynamical regimes (Lebonnois et al.,
2012).

More detailed spatial and seasonal coverage was possible with Cassini’s remote sensing
instruments. In particular Cassini/CIRS mapping observations have been used extensively to
determine the zonal behaviour of Titan’s stratospheric temperature and composition (Teanby
et al., 2006; Achterberg et al., 2008b; Achterberg et al., 2011; Sharkey et al., 2021). These ob-
servations show Titan’s stratosphere to be largely zonally symmetric. However, the symmetry
axis of Titan’s stratosphere seems to be offset from axis of rotation by around 4° (Achterberg
et al., 2008a; Teanby et al., 2010a; Sharkey et al., 2020). This feature is also visible in the
aerosol distribution observed with ISS (Roman et al., 2009), which does not currently have
a convincing explanation and is currently an open question (Nixon et al., 2018). The zonal
symmetry means thermal wind balance equations can be used to infer wind velocities in the
stratosphere and mesosphere (Flasar et al., 2005; Achterberg et al., 2008b; Teanby et al.,
2008; Achterberg et al., 2011; Vinatier et al., 2020; Sharkey et al., 2021). This approximation
breaks down close to the equator, but has been successfully used to determine zonal winds
speeds of up to 200 m s~! at mid-to-high latitudes. More recent work has used Doppler
shifts in high spectral resolution ALMA observations to infer a very fast (~340 m s~!) zonal
jet in the equatorial thermosphere (Lellouch et al., 2019; Cordiner et al., 2020). This jet
appears to be unstable and repeated observations exhibit very large changes in velocity over
short timescales, with the jet speed roughly halving over a period of 9 months (ALs ~ 8°)
(Cordiner et al., 2020). This shows Titan’s atmospheric dynamics can react quickly to changes
in seasonal forcing, especially at high altitude.
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6.2 Meridional Circulation

Meridional circulation is used to describe the large-scale circulation in Titan stratosphere and
mesosphere in the latitudinal direction. Vertical motions in Titan’s middle atmosphere are
difficult to measure directly, with vertical velocities of order a few mms~! predicted by GCMs
(Luz et al., 2003; Lombardo and Lora, 2022) near to the stratopause at ~0.1 mbar. However,
as an alternative, trace gas species can be used effectively as tracers of vertical motion. Most
trace species in Titan’s atmosphere have a vertical gradient due to their upper atmosphere
photochemical source combined with a lower stratosphere condensation sink (Vuitton et al.,
2019). Subsidence will advect these profiles downwards and result in enhanced abundances at
lower altitudes. This enrichment can be detected by remote sensing, with the magnitude of
enrichment being a measure of the vertical velocity (Teanby et al., 2012). Gases with shorter
lifetimes tend to have steeper gradients and increased sensitivity to subsidence (Teanby et al.,
2009, 2010b). This method was used to infer velocities of a few mms~! in the mesosphere
over Titan’s south pole in southern winter (Teanby et al., 2012; Vinatier et al., 2015; Teanby
et al., 2017; Vinatier et al., 2020), which is broadly consistent with predictions from GCMs.
Alternatively, adiabatic heating caused by compression of the air as it moves deeper in the
atmosphere can also be observed with remote sensing and give an independent and comparable
estimate of subsidence velocity over the poles (Achterberg et al., 2011; Teanby et al., 2012). At
low latitudes (£30°N), energy balance considerations suggest velocities of similar magnitude.
Upwelling velocities of -0.5 — 1.5 mms™! at ~1 mbar are required to match radiative balance
model predictions to the observed temperature profile, with the exact velocity depending on
latitude and season (Bézard et al., 2018).

Methane has a long photochemical lifetime, so is expected to be well mixed in the strato-
sphere. However, careful scrutiny of the CIRS observations suggest that methane in Titan’s
lower stratosphere may not be entirely constant and could in fact vary in abundance with
latitude from 1-1.5%. This is potentially linked to convective events in the lower atmosphere
or secondary meridional circulation cells (Lellouch et al., 2014).

There have been many studies of the seasonal variation of trace gases species and temper-
ature observed during Cassini’s mission (e.g. Flasar et al., 2005; Coustenis et al., 2010; Teanby
et al., 2010c; Vinatier et al., 2010b; Achterberg et al., 2011). The most recent and complete
studies, using observations spanning the entire mission are: Sylvestre et al. (2018); Teanby
et al. (2019); Coustenis et al. (2020); Mathé et al. (2020); Vinatier et al. (2020); Sharkey et al.
(2021). MHlustrative temperature, HCN, and HC3N seasonal changes are shown in Figure 9.
These observations are extremely valuable for determining how the meridional circulation
changes with seasons. Evidence for subsidence-driven trace gas enrichment at the south pole
almost immediately after the 2009 equinox indicated that Titan’s stratosphere can react ex-
tremely quickly to changes in solar heating (Teanby et al., 2012). There was also evidence for
two circulation cells developing about 6-12 months after the 2009 equinox (Vinatier et al.,
2015), in agreement with GCM predictions. Between equinoxes the distribution of trace gases
indicate middle atmosphere circulation comprises large hemisphere-to-hemisphere cells, with
upwelling in the summer hemisphere and subsidence close to the winter pole (Teanby et al.,
2019). However, there may be a small residual secondary cell close to the pole in spring,
which can retain some of the enriched gases after the polar vortex has dissipated (Vinatier
et al., 2020).
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Figure 9: Seasonal changes in temperature and composition from Cassini/CIRS observations.
(a) Temperature in the mid-stratosphere at 1 mbar from nadir observations (Teanby et al.,
2019). At this pressure level Titan’s winter poles are cold and exhibit strong seasonal varia-
tions, whereas the equator is relatively warm and more stable. (b) Temperature at 10 pbar
near the stratopause from limb observations (Teanby et al., 2017). At this lower pressure adi-
abatic heating from subsidence over the poles causes warm winter poles, although this takes a
while to develop in the south due to enhanced radiative cooling. (c,d) HCN and HC3N log;
volume mixing ratio (VMR) at 1 mbar from nadir observations (Teanby et al., 2019). These
gases act as tracers of vertical motion, with subsidence causing increased VMR. Short lifetime
gases such as HC3N are more sensitive to subsidence than longer lifetime gases such as HCN
and exhibit more extreme enrichment. Grey areas show gaps in coverage and dashed vertical
lines are the northern spring equinox (Ls = 0°) and northern summer solstice (Ls = 90°).
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6.3 Polar Vortices

Polar vortices are prominent features of all planets with an atmosphere in our solar system
(Mitchell et al., 2021). They are regions of very high middle-atmosphere prograde winds that
encircle the pole, are driven by cooling-induced pressure gradients combined with conservation
of angular momentum, and can act as effective mixing barriers that allow air masses with
distinct composition to form. Typically vortices are most intense in the winter hemisphere as
temperature differences are more extreme.

Just after Cassini entered the Saturn system in 2004, observations of trace gas enrichment
and a hot stratopause at Titan’s north pole showed a north polar winter vortex was well
established (Flasar et al., 2005). Short lifetime species such as HC3N and C4Hs had polar
abundances enriched by orders of magnitude compared to the equator, and there appeared to
be a direct correlation between species lifetime and enrichment factor (Teanby et al., 2009,
2010b). This is because the shorter the species lifetime the steeper the vertical profile and
the more enrichment occurs during subsidence. The north polar stratopause region was also
much hotter than at the equator due to subsidence-induced adiabatic heating (Flasar et al.,
2005; Achterberg et al., 2008b; Teanby et al., 2008).

Further insight into vortex structure could be derived by using the measured temperature
field and thermal wind balance to derive zonal wind speeds and potential vorticity (Flasar
et al., 2010). Zonal wind speeds in the vortex jet were close to 200 m s~* at ~30°N (Achterberg
et al., 2011). Furthermore, potential vorticity gradients were steepest at ~60°N, indicating
horizontal mixing is inhibited at this latitude (Teanby et al., 2008; Achterberg et al., 2011).
This suggests Titan’s polar air mass could have a distinct composition, with potentially exotic
chemistry occurring poleward of this boundary. A clear boundary in trace gas composition
is indeed present at ~60°N in northern winter, showing the isolation of the polar air mass
(for example HCN and HC3N in Figure 9). However, Titan’s vortex appears to also be
quite leaky, with moderate lifetime gases such as HCN able to escape the vortex to lower
latitudes (Teanby et al., 2008). There is also a suggestion of an annular structure to Titan’s
North polar vortex (Achterberg et al., 2011; Sharkey et al., 2021). This is not considered
a stable configuration and requires some process to maintain, such as latent heat release by
condensation, as is observed on Mars (Scott et al., 2020). Polar trace gas enrichment began
to steadily decline after equinox, indicating a post-equinox weakening of the northern vortex.
However, north polar enrichment of trace gases was visible up until summer solstice, much
longer than expected, and suggesting that vortex enrichment is relatively long-lived (Teanby
et al., 2019).

At the south pole, formation of the southern winter vortex began almost immediately after
equinox. The first signs of vortex formation were high altitude enrichment of short lifetime
gases such as HC3N (Teanby et al., 2012; Vinatier et al., 2015). This enrichment coincided
with subsidence-induced adiabatic heating in the mesosphere. The enrichment and heating
over the south pole increased as the vortex developed. However, approximately two years
after equinox there was an unexpected rapid cooling of the mid-stratosphere to mesosphere
region, which was not predicted by GCMs and lasted for around four years (Teanby et al.,
2017). This cooling led to the creation of south polar HCN and benzene ice clouds (de Kok
et al., 2014; Vinatier et al., 2018). A possible explanation for this unexpected cooling is that
extreme enrichment of trace gases developed in subsiding air during vortex formation can act
as efficient infrared coolers, and the effect of this extra radiative cooling is enough to offset the

26



heating effect of adiabatic compression (Teanby et al., 2017). However, after a few years the
vortex and meridional circulation becomes more fully developed, and the subsidence velocity
becomes sufficient for adiabatic heating to again dominate over radiative cooling. By the end
of the Cassini mission the southern vortex was developing a similar temperature structure to
the northern winter vortex seen at the start of the mission, with a hot stratopause and trace
gas enrichment (Teanby et al., 2017; Teanby et al., 2019; Vinatier et al., 2020). A schematic
of the vortex evolution is shown in Figure 10.

6.4 Haze Spatial Distribution

Beyond the general picture of haze formation and growth in the vertical direction (see discus-
sions in Section 5.1), there is horizontal variability in the haze distribution driven by the season
evolution of Titan’s atmosphere. General circulation models have captured the broad picture
of atmospheric ascent from the summer hemisphere and descent on the winter hemisphere and
how this global circulation affect the distribution of haze and cloud particles (Rannou et al.,
2004, 2006; Rodriguez et al., 2009; Lebonnois et al., 2012; Larson et al., 2014; Larson, 2019).
The most characteristic feature of this seasonal variability is the evolution of the detached
haze layer during the Titan year. According to the circulation models, this distinct haze fea-
ture is formed by the equilibrium between the particle sedimentation and their transport by
the horizontal circulation between the two poles (Rannou et al., 2002). During equinox, the
reversal of the circulation results in a temporary diminishing of the horizontal transport, thus
allowing for a free fall of the particles and eventually the disappearance of the detached layer,
consistent with the Cassini observations (West et al., 2018). The models also broadly predict
correctly the reappearance of the layer as observed in the observations, although the details
of the observed vertical structure of the detached layer provide additional constraints that
will be useful for future studies. Seasonal changes propagate to the main haze layer as well
and cause a periodic North-South asymmetry in the atmospheric brightness due to changes
in the haze opacity. Cassini CIRS and VIMS observations allowed for a broad spatial and
temporal investigation of the stratospheric main haze layer, beyond the snapshot obtained
at the Huygens landing site (Rannou et al., 2010; Vinatier et al., 2010a, 2012; Anderson and
Samuelson, 2011). The results demonstrate that Titan’s haze optical properties are similar
at the various latitudes/altitudes investigated, suggesting a homogeneous chemical composi-
tion. Nevertheless, the haze opacity distribution presents horizontal variations that reflect
the seasonal variations of the global circulation, as well as, the local conditions occurring at
the polar vortices (Vinatier et al., 2015, 2020). Combining observations from Cassini and the
Hubble Space Telescope covering half a Titan year, Karkoschka (2022) demonstrated that the
observed asymmetry is clearly related to Titan’s seasons, with different periods for haze at
altitudes above 150 km and below 80 km.

7 Conclusions: the Future of Titan’s Atmosphere Exploration

Post Cassini-Huygens, we are now able to look back on the scientific questions from the
beginning of the mission, and assess the progress that has been made towards answering
them. Cassini-Huygens fully revealed Titan’s remarkable nature and successfully achieved
the primary mission objectives, including:
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(a) Northern Winter: 2007.0, Lg=327° (b) Northern Spring Equinox: 2009.6, Lg=0°
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Figure 10: Schematic of Titan’s middle-atmosphere circulation. Colours show temperature
measurements from Cassini/CIRS (Teanby et al., 2019). White lines thickness is proportional
to HCN abundance at 1 mbar and gives an idea of trace gas enrichment. “H” indicates
subsidence-induced adiabatic heating, “C” indicates enhanced radiative cooling from polar
trace gas enrichment, and arrows indicate inferred approximate circulation direction. For
most of Titan’s year the circulation is dominated by a single large hemisphere-to-hemisphere
circulation cell, potentially with a small secondary circulation cell near the summer pole.
The southern hemisphere cold polar mesopause region in north spring (southern fall), la-
belled “C”, was unexpected and suggests enhanced cooling from trace gases dominates over
heating from subsidence until the winter vortex is well established. Underlying data from
Cassini/CIRS netCDF database (Teanby et al., 2019) and plotted using NASA’s Panoply
software (https://www.giss.nasa.gov/tools/panoply) .
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e determine the abundance of the atmospheric constituents, including noble gases and
isotope ratios;

e measure the vertical and horizontal distribution of trace gases, discover complex organic
molecules, characterize aerosol layers and determine their properties, investigate ice
cloud composition;

e measure the winds and global temperatures, observe formation and break-up of the
winter polar vortex;

The Cassini mission extensions allowed the monitoring of seasonal changes, in particular
the complete reversal of global atmospheric dynamics as Titan moved from southern summer
to northern summer solstice. Following the changing solar illumination, Cassini revealed
important variations in trace gases, aerosols, clouds, temperature and winds.

This first detailed look at Titan’s atmosphere raised many important scientific questions
for future investigations:

e What is the vertical and latitudinal variation in methane’s abundance in the lower
stratosphere, how does it vary with season, and how is the methane humidity influenced
by dynamical redistribution?

e What generates the atmospheric super-rotation and what maintains it? Why is the
atmospheric rotation axis tilted?

e How do the polar vortices form, evolve, and dissipate? Can enhanced radiative cooling
fully explain the extremely cold stratospheric and mesospheric temperatures observed
during vortex formation?

e Does all the oxygen in Titan’s atmosphere originate from Enceladus or are there other
sources?

e What are the most complex molecules attained by the chemistry? Are they mostly
hetero-polyaromatic compounds? Are there any of prebiotic relevance? What is the
impact of heterogeneous chemistry on the stratospheric gas composition?

e What are the composition (amount of nitrogen and oxygen incorporation), optical prop-
erties and spatial distribution of the haze? What is the composition (pure or mixed
condensates) of the stratospheric ice clouds and what is their seasonal variability?

To fully answer these questions will require a dedicated Titan orbiter and in-situ explo-
ration (e.g. Coustenis et al., 2009; Tobie et al., 2014; Mitri et al., 2018; Rodriguez et al.,
2022). In the medium term the Dragonfly mission will provide valuable in-situ exploration of
the surface and lower atmosphere (Barnes et al., 2021). The eventual fate of stratospheric or-
ganics is the lower atmosphere and surface, so in-situ mass spectrometry from the Dragonfly
Mass Spectrometer (DraMS) will be particularly important for understanding atmospheric
chemistry.

However, in the near term further astronomical measurements with ground and space-
based telescopes can help to fill in gaps in our knowledge of Titan’s atmospheric composition
left by Cassini-Huygens. Important tools for investigation in the 2020s and 2030s include
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the ALMA Observatory operating at millimater and sub-millimeter wavelengths, which has
already proved adept at the detection of new molecules in the middle and upper atmosphere
(Cordiner et al., 2015; Palmer et al., 2017; Nixon et al., 2020; Thelen et al., 2020). In the
mid-infrared, the TEXES instrument (Texas Echelon Cross Echelle Spectrometer, Lacy et al.,
2002) on NASA’s Infrared Telescope Facility (IRTF) has recently yielded a first detection
of propadiene (Lombardo et al., 2019b) and will be important for searching for symmetric
molecules that have no dipole and are invisible in the sub-millimeter/rotational spectrum.
The recently-launched James Webb Space Telescope (JWST) will also fill some gaps in spec-
troscopy left by Cassini’s VIMS and CIRS instruments, particularly around 5.2-6.5 pm which
is mostly opaque from the ground due to the Earth’s atmosphere, as well as monitoring sea-
sonal changes (Nixon et al., 2016). Such capabilities and those on the next generation of very
large aperture telescopes on Earth will provide an important complement at infrared wave-
lengths to ALMA and other long wavelength interferometers (e.g. ngVLA). Together these
facilities will be able to fully monitor seasonal changes in Titan middle atmosphere from
Earth and provide the data needed to more fully understand the complex interplay between
its chemistry and dynamics, its atmospheric evolution, and possibilities for astrobiology.
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