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Abstract Titan’s stratospheric ice clouds are by far the most complex of any observed in
the solar system, with over a dozen organic vapors condensing out to form a suite of pure
and co-condensed ices, typically observed at high winter polar latitudes. Once these strato-
spheric ices are formed, they will diffuse throughout Titan’s lower atmosphere and most
will eventually precipitate to the surface, where they are expected to contribute to Titan’s
regolith.

Early and important contributions were first made by the InfraRed Interferometer Spec-
trometer (IRIS) on Voyager 1, followed by notable contributions from IRIS’ successor, the
Cassini Composite InfraRed Spectrometer (CIRS), and to a lesser extent, from Cassini’s
Visible and Infrared Mapping Spectrometer (VIMS) and the Imaging Science Subsystem
(ISS) instruments. All three remote sensing instruments made new ice cloud discoveries,
combined with monitoring the seasonal behaviors and time evolution throughout Cassini’s
13-year mission tenure.

A significant advance by CIRS was the realization that co-condensing chemical com-
pounds can account for many of the CIRS-observed stratospheric ice cloud spectral features,
especially for some that were previously puzzling, even though some of the observed spec-
tral features are still not well understood. Relevant laboratory transmission spectroscopy ef-
forts began just after the Voyager encounters, and have accelerated in the last few years due
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to new experimental efforts aimed at simulating co-condensed ices in Titan’s stratosphere.
This review details the current state of knowledge regarding the organic ice clouds in Titan’s
stratosphere, with perspectives from both observational and experimental standpoints.

Keywords Ices - Clouds - Titan - Infrared spectroscopy - Infrared observations - Thermal
infrared - Stratospheric composition

1 Setting the Stage

It comes as no surprise that ices thrive on the surfaces of many airless bodies in the outer
solar system, e.g., comets, gas and ice giant planet satellites, Kuiper Belt objects, etc. Ices
are, however, also observed on solar system objects that, besides having discernible surfaces,
also contain moderate atmospheres. We define this collection of objects to be the terrestrial
group, with four primary members: Venus, Earth, Mars, and Saturn’s moon Titan. Titan is
naturally grouped with the other three terrestrial planets since it is more similar to Earth than
dissimilar, despite Titan’s distance of ~10 AU from the sun. Titan has an atmosphere that
is about ten times more massive than Earth’s, albeit Titan is less than half the size of Earth.
Titan also has weather patterns with rain, clouds, and wind (see for example Porco et al.
2005; Roe et al. 2005; Rodriguez et al. 2011; Turtle et al. 2011a,b, and references therein),
and even rivers, lakes, and seas (see for example Stofan et al. 2007; Hayes et al. 2008, 2011,
Sotin et al. 2012; Hayes 2016, and references therein).

The four members of the terrestrial group have both similarities and differences. For ex-
ample, the atmospheres of Venus and Mars are dominated by carbon dioxide (CO;), and
those of Earth and Titan are predominantly molecular nitrogen (N;). Earth and Mars, how-
ever, are both fast rotators, resulting in latitudinal transport of heat and momentum prefer-
entially through cyclonic-anticyclonic motion, whereas Venus and Titan are slow rotators,
resulting in latitudinal transport of heat and momentum through cross-equatorial meridional
circulation (Leovy and Pollack 1973; Flasar et al. 1981). On Titan, it is this slow atmospheric
meridional circulation pattern that transports trace organic vapors from southern to northern
latitudes in Titan’s mesosphere and stratosphere, with a return flow of the atmospheric bulk
in the troposphere from north to south (around northern winter solstice). The meridional
flow pattern is expected to reverse near southern winter solstice, although observations of
Titan’s atmospheric vapors and temperatures have shown this reversal to occur a few years
post equinox (see for example Teanby et al. 2012, 2017). For more information on Titan’s
general circulation patterns, see for example Hourdin et al. (2004), Lebonnois et al. (2012),
Lora et al. (2015), Newman et al. (2016), and references therein.

Titan is much colder than Earth, with significantly more atmospheric CH4. A warmer
Titan during its formation would have driven off volatiles like CHy4, so Titan’s lower tem-
perature combined with its larger CH, abundance, helps to explain the important role of
Titan’s organic vapor inventory. The source of Titan’s CH,4 vapor is the surface or subsur-
face, with a mole fraction of ~1.5% transported through Titan’s cold trap, located at altitudes
just below the tropopause, and on into the lower stratosphere. Assuming the CH4 mole frac-
tion remains constant above the cold trap, this mole fraction of 1.5% would also be present
in the mesosphere and thermosphere. At these upper atmospheric altitudes, both CH4 and
N, are dissociated from solar UV photons and energetic particles originating from Saturn’s
magnetosphere, leading to complex organic chemistry (see Yung et al. 1984; Coates et al.
2009; Horst 2017, and references therein). The resulting photofragments, atoms, and ions
recombine into more exotic trace organic vapors, some of which are transported down to
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the stratosphere to condense and form ice clouds (Maguire et al. 1981; Sagan and Thomp-
son 1984; Frere et al. 1990; Samuelson et al. 1997; Samuelson et al. 2007; Coustenis et al.
1999; Raulin and Owen 2002; Anderson and Samuelson 2011; Anderson et al. 2014, 2016),
while others in turn combine, polymerize, and form Titan’s refractory aerosol particles (see
Waite et al. 2004, 2007; Coates et al. 2009; Sciamma-O’Brien et al. 2010; Horst 2017). Here
we define aerosol as the refractory component of Titan’s atmospheric particulate material
(i.e., haze), whereas the stratospheric ices are the volatile component of Titan’s haze. These
aerosol particles are very small, leading to relatively large absorption cross-sections at so-
lar wavelengths, and small absorption cross-sections at thermal IR wavelengths (Tomasko
1980; Tomasko and Smith 1982; Rages and Pollack 1980; Rages et al. 1983; Tomasko et al.
2009; Doose et al. 2016). Thus, the aerosol particles are easy to heat and difficult to radia-
tively cool. Temperatures build up, and heat is transferred by conduction to adjacent vapor
molecules. The aerosol particles exponentially attenuate the solar radiation, giving rise to an
extensive stratosphere defined by the largest positive temperature gradient of any object in
the solar system (Hanel et al. 2003), with a tropopause temperature on average of ~70 K
(at ~42 km) and a stratopause temperature on average of ~190 K (at ~300 km) (Hanel
et al. 1981; Flasar et al. 2005; Achterberg et al. 2008, 2011). Methane vapor also plays a
non-negligible role in radiatively heating Titan’s stratosphere.

From their formation altitudes, Titan’s aerosol particles eventually drift downward into
the stratosphere, providing heterogeneous nucleation sites for vapor condensation. It is con-
densation in Titan’s stratosphere that is the ultimate sink mechanism for most of Titan’s
trace organic vapors. First, the Voyager 1 InfraRed Interferometer Spectrometer (IRIS; see
Sect. 2), and later from its successor, the Cassini Composite InfraRed Spectrometer (CIRS;
see Sect. 3), observed trace quantities of the hydrocarbon vapors ethane (C,Hg), acetylene
(C,H,), propane (C3Hg), methylacetylene (C3Hy), diacetylene (C4H;), and benzene (C¢Hp),
and of the nitrile vapors hydrogen cyanide (HCN), cyanoacetylene (HC;N), and cyanogen
(C,Ny) (see for example Hanel et al. 1981; Coustenis and Bezard 1995; Samuelson et al.
1997; Coustenis et al. 1999, 2007, 2016, 2018; Teanby et al. 2007; Vinatier et al. 2010,
2015; Sylvestre et al. 2018), all capable of condensing to form ice clouds in Titan’s cold
mid to low stratosphere. The other three terrestrial atmospheres are incapable of generating
such a diversity of trace organic vapors. Figure 1 gives an example showing the very rough
approximate condensation altitudes for eight of Titan’s stratospheric organic vapors during
late southern fall at 79°S. The vapor abundances and temperature structure are determined
from CIRS analyses during the Cassini flyby in July 2015. The saturation vapor pressure ex-
pressions for HC;N, C,N,, HCN, C,H,, C,Hg, and C¢Hg are taken from Fray and Schmitt
(2009), while those for C3;H, and C4H, come from Lara et al. (1996). For an overview on
the evolution of Titan’s stratospheric ice particles, see Sagan and Thompson (1984), Frere
et al. (1990), Raulin and Owen (2002), Anderson et al. (2016).

For most of Titan’s stratospheric organic trace vapors, CIRS-measured abundances and
temperatures (see for example Coustenis et al. 2007, 2016, 2018; Teanby et al. 2007; Achter-
berg et al. 2008, 2011; Vinatier et al. 2010, 2015; Sylvestre et al. 2018) require condensation
directly into the solid phase; the vapors will never condense directly to the liquid phase. Thus
ice clouds, and never rain clouds, are always formed in Titan’s stratosphere. As a generaliza-
tion, the specific vapor compound and altitude location estimate of condensation depends on
the vapor abundances and the temperatures at which saturation for each vapor occurs during
its downward journey—cooling as it descends—through Titan’s stratosphere. Once formed,
these ice cloud particles will precipitate through the mid and lower regions of Titan’s strato-
sphere, continually adding layers as they pass through altitude regions where the individual
organic vapors successively become saturated. As the temperature continues to decrease
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Fig. 1 Titan’s pressure-temperature-altitude profile (black curve) at 79°S during late southern fall (July
2015). Superimposed are the vertical distributions for eight of Titan’s stratospheric organic vapors (color—
coded curves), showing the approximate altitude location for each individual vapor where condensation is
possible—the intersections between the saturation vapor pressure curves and the temperature profile give a
rough estimate of cloud top altitude. The vapor abundances and temperature structure are determined from
CIRS analyses during the July 2015 Cassini flyby, and the saturation vapor pressures for HC3N, C,Nj,
HCN, C,H;, CoHg, and CgHg are taken from Fray and Schmitt (2009), while those of C3Hy4 and C4H»
come from Lara et al. (1996). The gray color-coded rectangles represent the approximate altitude regions for
three of Titan’s observed stratospheric ice clouds: the upper rectangle indicates Titan’s ISS-discovered south
polar cloud (West et al. 2016), the middle rectangle depicts the CIRS-discovered High-Altitude South Polar
(HASP) cloud, and the lower rectangle shows the CIRS Haystack

with decreasing altitude, overlapping altitude regions will contain more than one condens-
ing vapor at a time, leading to the onset of co-condensation (see for example Anderson
and Samuelson 2011; Anderson et al. 2016, 2018). Co-condensation affects the developing
physical structure of the ice particles being produced, and as laboratory experiments indi-
cate (Anderson and Samuelson 2011; Anderson et al. 2016, 2018; Nna-Mvondo et al. 2018),
considerably modifies the spectral characteristics from those of layered ices, most notably
in the low energy part of the far-IR (see Anderson et al. 2018). Detailed examples for Titan
ice analogs containing C¢Hg, HCN, and/or C,;N; are given in Anderson et al. (2018), with
an emphasis on the extensive modifications seen in the resulting co-condensed ice refrac-
tive indices and particle extinction cross sections for wavenumbers lower than ~1000 cm™!
(wavelengths longer than ~10 um).

Moreover, the resulting saturation vapor pressure for the combination of two or more
vapors that undergo simultaneous condensation (i.e., co-condensation) will be different than
those of their individual compounds when considered separately. The condensation effi-
ciency of Titan’s stratospheric ices is much more complicated than typically considered,
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and is a function of many parameters such as the ice and aerosol sticking coefficients, the
binding energies of the different molecules, etc. (see for example Barth 2017, and references
therein). Thus, the expected altitude of the co-condensed ice will be different than those of
the individual compounds when considered separately. Phase diagrams representing the sat-
uration levels of mixed vapors, rather than solely from their pure counterparts, remain to be
determined.

As Titan’s stratospheric ice particles continue to subside, they will eventually cross the
tropopause and enter into the troposphere below, where some will disperse to lower latitudes
due to atmospheric circulation and overall diffusion, and most will eventually sediment on
to Titan’s surface. The exceptions are ethylene (C,H,4), which suffers from several strong
photochemical sinks in Titan’s lower stratosphere, thus reducing its mole fraction enough to
inhibit vapor condensation, as well as the compounds CHy4, C,Hg, and C3Hg, which will con-
vert from the solid to liquid phase (melt) near and on Titan’s surface. The majority of Titan’s
stratospheric organic ices will remain on the surface in the solid phase, and contribute—
along with the aerosol—to the surface particulate inventory. Quantitative determinations of
the relative abundance of these two organic particulates remain to be determined.

The remainder of this review is devoted to the observed vertical and latitudinal structure
of Titan’s stratospheric ice clouds as functions of season, their impact on Titan’s atmosphere,
and to their chemical identifications with the aid of laboratory thin ice film transmission
spectroscopy. Some consideration of solid-state photochemistry as a stratospheric ice cloud
formation mechanism will also be discussed.

2 The Pre-Cassini Era

In 1973, ground-based positive linear polarization white light measurements provided the
first observational evidence that Titan had a scattering atmosphere due to clouds and/or
aerosol particles (Veverka 1973). Six years later, the Pioneer 11 spacecraft flew by the Sat-
urn system, returning the first high spatial resolution data of Titan’s atmosphere. Although
there were no cameras or spectrometers onboard, Pioneer 11 did contain a scanning photopo-
larimeter with red and blue broad band filters. Strong polarization near 90° phase angle—
always unavailable from Earth—suggested that small particulates were suspended in Titan’s
atmosphere (Tomasko 1980; Tomasko and Smith 1982). One year later in 1980, Voyager 1
flew by the Saturn system, and using the onboard thermal IR spectrometer (IRIS), the or-
ganic molecules CHy4, deuterated methane (CH;D), C,H,, C,Hy4, C,Hg, C3Hy4, C3Hg, C4H,,
C,N,, HCN, HC;N, as well as carbon dioxide (CO,) and molecular hydrogen (H;), were all
detected in Titan’s atmosphere (Hanel et al. 1981; Coustenis and Bezard 1995; Samuelson
et al. 1997; Coustenis et al. 1999). Excluding H,, which was seen in absorption (residing
in the troposphere), all the remaining vapors were observed in emission (residing in the
stratosphere), and analyses of these data indicated that most of the vapors were abundant
enough to condense and form a profusion of organic ice clouds in Titan’s cold mid to low
stratosphere.

At this time, the possibility of organic ice clouds forming in Titan’s stratosphere was un-
foreseen. The season on Titan was early northern spring, as Titan’s north polar region had
just emerged from winter, and it was fortuitous that IRIS was scheduled to perform a mosaic
of Titan’s north polar region—a spatially crude limb scan of the stratosphere—at high north-
ern polar latitudes (see Fig. 2). The circles in Fig. 2 represent the 36-different tangent height
positions of the IRIS fields-of-view (FOVs), which represents the FOVs footprint size on
Titan’s north polar limb. The FOV diameters range from roughly 220 km at the beginning

@ Springer



125 Page 6 of 36 C.M. Anderson et al.

Fig. 2 Adapted from Samuelson
et al. (1997). Schematic
illustrating the Voyager 1 IRIS
effective fields-of-view (FOVs)
positioning on Titan’s limb
during the north polar mosaic
observation recorded in
November 1980. The black
circles represent the 36-different
limb positions of the effective
IRIS FOV sizes. The 30-minute
mosaic began high in Titan’s
stratosphere (top most circles)
near 75°N when the spacecraft
was furthest out from Titan, and
then the FOV size steadily
diminished, i.e., better spatial
resolution on the limb, as the
mosaic continued to sample
deeper into Titan’s stratosphere,
and eventually onto the disk at
the end of the mosaic (bottom
most circles) near 55°N when the
spacecraft was closest to Titan.
Background Titan image credit:
NASA/JPL-Caltech/Space
Science Institute

of the observation (top most circles) to ~80 km near the end of the 30-minute observation
(bottom most circles) (see Samuelson and Mayo 1991; Samuelson et al. 1997; Mayo and
Samuelson 2005). The gradation in FOV size represents Voyager 1’s relative distance from
Titan—the spacecraft was further out at the beginning of the mosaic and closer to Titan at
the end of the mosaic. Figure 3 shows some resulting limb spectra from this north polar
limb mosaic at averaged tangent heights of 297 km, 186 km, and 55 km (each spectrum
contains three averaged spectra), in which the original tangent height positions have been
vertically-corrected by 65 km. Easily discernible are stratospheric emission signatures from
the vs band of HC3N ice near 506 cm™!, the vg band of dicyanoacetylene (C4N») ice at
478 cm™!, and a spectrally broad and intense unidentified emission feature—presumed to
be an ice cloud—that spectrally peaks at 221 cm™' (see Samuelson et al. 1997; Coustenis
et al. 1999; Mayo and Samuelson 2005). Over the last few decades, this latter spectral fea-
ture has been called by many names, such as the far-infrared cloud (Jennings et al. 2015),
a polar condensate cloud (Jennings et al. 2015), the far-infrared 220 cm™! cloud (Jennings
et al. 2012a), the far-infrared haze (Jennings et al. 2012b), Haze B (de Kok et al. 2007),
the 200240 cm™! feature (Samuelson et al. 1997), unidentified feature 2 (Coustenis et al.
1999), condensate X (Flasar and Achterberg 2009), and the Haystack (Anderson et al. 2014,
2018). Hereafter, we refer to Titan’s unidentified 221 cm™! stratospheric particulate feature
as the Haystack. Had the IRIS mosaic instead occurred near Titan’s south pole, the strato-
spheric ice detections in Titan’s north polar region would have gone undiscovered, and the
upcoming planning for the Cassini mission may have gone very differently for Titan.
Even though the vg band of HC3N ice near 506 cm ™' and its respective vapor at 499 cm™
were observed as a single blended emission feature (see middle and lower panels in Fig. 3;

1
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Fig. 3 Voyager 1 IRIS limb
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Samuelson 1985, 1992; Coustenis et al. 1999), a consequence of IRIS’ fixed 4.3 cm™! spec-
tral resolution, the ice abundance relative to the gas was still observed to be more abundant
in Titan’s north polar lower stratosphere than at higher stratospheric altitudes (Samuelson
1985, 1992). This observed behavior in ice abundance is consistent with vapor condensation
formation processes, in which HCsN vapor forms higher up in Titan’s atmosphere, cools as
it diffuses/subsides downwards, and then condenses into ice cloud particles in Titan’s cold,
lower stratosphere.

IRIS also discovered the Haystack (Fig. 3), and observed it to behave similarly to that
of HC;N ice, appearing more abundant in Titan’s lower stratosphere compared to those at
higher stratospheric altitudes. The Haystack was presumed to be a stratospheric ice cloud
due to 1) its spectrally broad and intense emission feature spanning wavenumbers 200 to 250
cm~!, with a 221 cm~! spectral peak, 2) its limited vertical dependence in Titan’s north po-
lar lower stratosphere, and 3) its restriction to latitudes poleward of ~50°N (see Samuelson
1985; Coustenis et al. 1999). Initial analyses of these data surmised the chemical composi-
tion of the Haystack was due to the 45-um transverse optic vibration mode (Erickson et al.
1981) of water ice (Samuelson 1985; Coustenis et al. 1999). However, the water ice identifi-
cation was eventually rejected given the amount of stratospheric water vapor calculated was
three orders of magnitude below that of the IRIS-determined water ice upper limit (Yung
et al. 1984; Samuelson 1985), as well as the obvious spectral mismatch between water ice
and the Haystack (Samuelson 1985; Coustenis et al. 1999; Samuelson et al. 2007, see also
Fig. 16). Subsequent laboratory thin ice film transmittance spectra were used to tentatively
identify the chemical composition of the Haystack as crystalline proprionitrile (C,HsCN)
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(Khanna 2005). However, as discussed in Sect. 3.2.3 with the aid of Cassini CIRS spectra,
pure C,HsCN ice was easily discounted as a likely Haystack candidate (see Fig. 16 and also
Samuelson et al. 2007; Nna-Mvondo et al. 2018).

The vg band of C4N; ice at 478 cm™! was also observed by Voyager 1 IRIS in Titan’s
north polar lower stratosphere (Khanna et al. 1987; Samuelson 1992; Samuelson et al. 1997;
Coustenis et al. 1999); see middle and lower panels in Fig. 3. However, unlike with the
observed behavior of HC3N ice and its corresponding vapor, there was no observational
evidence of C4N, vapor in Titan’s stratosphere. This was puzzling since the C4N, vapor
emission feature at 471 cm~' would be easily detectable if C4N, ice was condensing from
the vapor to form the IRIS-observed ice clouds. The absent C4N, vapor emission feature
at 471 cm~! led to a vapor mixing ratio upper limit calculation of 4x107'°, and the C4N,
ice abundance was determined to be ~100 times greater than if the ice had condensed out
from its uniformly-mixed vapor (Samuelson et al. 1997). C4N, vapor is therefore not in
equilibrium with the ice under the assumption that C4N; ice clouds form as a result of
vapor condensation, since both vapor and ice must be in equilibrium to maintain a steady-
state. Here we define steady-state to only include the contribution from condensation in the
absence of kinetics, since the latter is most likely a minor contributor to the steady-state
of the stratospheric ice clouds in Titan’s dense atmosphere. Photolytic decomposition of
C4N, vapor was later proposed to satisfy vapor-ice equilibrium (Samuelson et al. 1997).
However, as discussed in Sect. 3.2.1, an alternate formation mechanism for C4N, ice clouds
was invoked 30-years later from analyses of CIRS far-IR spectra to explain this observed
vapor-ice conundrum, while at the same time satisfying vapor-ice equilibrium (Anderson
et al. 2016).

Continued analyses of Voyager 1 IRIS north polar limb far-IR spectra revealed the pres-
ence of a rather tenuous and uniformly-distributed ice cloud residing in Titan’s lower strato-
sphere at altitudes between 58 and 90 km (Mayo and Samuelson 2005). These ice particles
contributed to Titan’s scattering continuum between 250-560 cm™', with calculated effec-
tive particle radii between 1 and 5 um. Based on Mie calculation fits, the most likely candi-
dates proposed for the chemical compositions were HCN ice and C,Hg ice, near the upper
and lower boundaries of the cloud, respectively (Mayo and Samuelson 2005). However, from
the spectral continuum analyses, no direct identifications of the chemical compositions were
possible.

Lastly, an unidentified emission feature at 700 cm™~' was also observed—presumed to
be an ice cloud—in Titan’s northern polar stratosphere (see upper and middle panels in
Fig. 3). C3Hy4 ice has been the only candidate proposed (Samuelson 1992; Coustenis et al.
1999). This feature was also observed 25 years later by CIRS in Titan’s northern winter
polar stratosphere (see Fig. 9); however, a definitive identification of this stratospheric ice
feature still remains to be determined.

1

3 The Cassini Era

Nearly 25 years after the Voyager 1 flyby of Titan, the Cassini spacecraft entered into Sat-
urn’s orbit and began its remarkable 13-year journey through the Saturn system. During
this time, Titan transitioned from northern to southern winter, and numerous stratospheric
ice clouds comprising different chemical compositions were observed by three of Cassini’s
remote sensing instruments: the Visible and Infrared Mapping Spectrometer (VIMS), the
Imaging Science Subsystem (ISS), and CIRS.
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-

Fig. 4 Fig. 9 from Anderson et al. (2014); originally adapted from Le Mouélic et al. (2012). VIMS color
composite image (red = 5 um, green = 2.78 um, and blue = 2.03 pm) of Titan’s north polar winter cloud
system observed in December 2006. Evident are two clouds morphologies—the homogeneously-distributed
cloud extending poleward of ~53°N is most likely due to condensed ethane and the copper colored hetero-
geneously-distributed cloud most evident at 5 um, seen poleward of ~64°N, is most likely due to condensed
methane

3.1 VIMS and ISS Observed Stratospheric Ice Clouds

Early on in the mission, VIMS detected diffuse and homogeneously-distributed ice clouds
in Titan’s north polar winter stratosphere, residing mostly at low stratospheric altitudes,
spanning latitudes 51°N to 68°N (Griffith et al. 2006). Initially, between latitudes 48°N and
55°N, radiative transfer analyses were applied and clouds were inferred to reside between
30 and 60 km, with effective particle radii no larger than ~3 pm (Griffith et al. 2006). The
low altitudes ruled out clouds comprising chemical compositions other than C,Hg or CHy
ice. Methane clouds, however, were ruled out due to the small particle size, the long-lasting
and homogeneous cloud characteristics, along with a lack of opacity at 5 pm (see Fig. 4).

Subsequent VIMS observations of Titan’s northern winter polar cloud revealed the emer-
gence of a second cloud morphology with a heterogeneous horizontal structure poleward
of ~64°N; this was in addition to the homogeneously-distributed C,Hg ice clouds that ap-
peared to diffusely extend to higher northern winter polar latitudes (see Fig. 4; Rannou
et al. 2012; Le Mouélic et al. 2012). Concurrent CIRS observations, combined with Radio
Science Subsystem (RSS) measurements, revealed Titan’s tropopause temperatures at these
high northern winter polar latitudes had cooled by several degrees below 70 K, suggesting
CHy ice as the chemical composition of this second type of cloud morphology (Anderson
etal. 2014). This second type of cloud was reported by Anderson et al. (2014) to form as a re-
sult of strong subsidence, and not convection, and were therefore named Titan’s Subsidence-
Induced Methane Clouds (SIMCs) (Anderson et al. 2014). Titan’s SIMCs condense directly
from the vapor to solid phase via subsidence, and at high northern winter polar latitudes in
the very low stratosphere, these clouds were expected to form near 50 km at 85°N (in March
2005) and ~48 km at 74°N (in May 2007).

A more recent VIMS study detailed the time evolution of this northern winter polar cloud,
and reported it to spatially cover the north polar region beginning at the onset of the mission
in 2004 through spring equinox in 2009 (Le Mouélic et al. 2012, 2018). The investiga-
tors created VIMS mosaics orthographically re-projected over Titan’s north pole, using an
orange-reddish color to enhance the 4.78 pum spectral feature—this is most likely the v,
band of HCN ice (see Fig. 4 in Anderson et al. 2018). They also report the spectral feature at
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Fig. 5 Image from the ISS
narrow-angle camera depicting
the ISS-discovered south polar
cloud, acquired in June 2012.
Cloud image scale is ~600 km
across (see West et al. 2016).
Image credit:
NASA/JPL-Caltech/Space
Science Institute

3.21 pm, which is most likely the v3 band of HCN ice (see Anderson et al. 2018). However,
Le Mouélic et al. (2018) do not distinguish between the north polar cloud’s differing cloud
morphologies or their chemical compositions as discussed above; rather, focus remains on
the 3.21 and 4.78 um spectral features. The core of the cloudy structure is reported to begin
thinning (becomes less opaque) between December 2007 and November 2008, with signif-
icant cloud dissipation most notable in March 2009. Finally, in June 2010, a small cloud
residual was observed above Titan’s fully illuminated north pole. This study did not provide
any altitude information on this cloud system spanning the 2004 to 2009 time period since
there was no radiative transfer modeling performed in this study.

Later on in Titan’s mid southern fall season, the ISS instrument observed the rapid onset
of a chemically-unknown particulate feature appearing at altitudes slightly below Titan’s
south polar stratopause (altitude location shown in Fig. 1; image shown in Fig. 5). This
newly formed particulate feature was nominally observed by ISS at an altitude of 300 & 10
km in May 2012, with its circulation pole located at 85.5°S, 263.7°W (West et al. 2016).
Over the years, this upper stratospheric ice cloud feature has been referred to by many
different names, such as the high-altitude southern polar cloud (de Kok et al. 2014), the
south polar cloud (West et al. 2016), the winter polar vortex (Teanby et al. 2017), the vortex
cloud (Jennings et al. 2017), the HCN ice cloud at Titan’s south pole (Horst 2017), and the
southern polar vortex (Le Mouélic et al. 2018). In an effort to distinguish this distinct cloud
from the many other observed stratospheric ice clouds, most notably those observed and
discovered by CIRS, we hereafter call this cloud the ISS-discovered south polar cloud.

Despite the unusually high formation altitude of the ISS-discovered south polar cloud—
slightly below Titan’s stratopause—that was observed at altitudes typically too warm for
ice cloud formation via vapor condensation (i.e., vapors are sub-saturated at these high al-
titudes), the study by West et al. (2016) suggested that the unusual morphology and texture
of this cloud seen in the ISS images was indeed characteristic of vapor condensation forma-
tion processes. ISS time monitoring of this cloud revealed its formation to have occurred as
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early as late 2011 (roughly two years post northern spring equinox), and visible in the ISS
images up until late 2014 (West et al. 2016), depicting a rather long-lived and dynamically
stable cloud—this implies relatively small ice particle radii. A recent VIMS study, however,
monitored the time evolution of the ISS-discovered south polar cloud, revealing a significant
increase in its spatial extent between 2012 and end of mission in 2017 (Le Mouélic et al.
2018). Specifically, the investigators report a spatial extension from 85°S down to 75°S in
2013, then down to 68°S in 2014, then further extending down to 60°S in mid-2016, and fi-
nally expanding down to ~58°S in April 2017. The complete south polar spatial extent still
remains unknown since the south polar region became more engulfed in darkness as end of
mission approached. However, the reported spatial expansion of the ISS-discovered south
polar cloud is consistent with the horizontal growth of Titan’s south polar vortex, reported
to steadily increase in spatial extent from 90°S to 75°S in 2012 then down to 60°S in 2016
(Teanby et al. 2017).

The first identification of at least one of the chemical compounds contained within the
ISS-discovered south polar cloud was reported by de Kok et al. (2014). These investigators
analyzed a VIMS image cube acquired in June 2012 and identified the spectral feature at
3.21 um to be that of HCN ice, with a derived ice cloud altitude of 300 + 70 km, somewhat
similar to the ISS-determined altitude location from May 2012 (West et al. 2016). Continued
VIMS analyses between 2012 and 2017 identified both the HCN ice spectral signatures
at 3.21 pm and 4.78 um, and noted that these HCN ice spectral features were observed
in most of the VIMS spectra spanning the 2012-2017 time period. This study, however,
provided no information on the time-varying altitude locations of the ISS-discovered south
polar cloud since the investigators did not perform any radiative transfer analyses. Thus,
detailed analyses on the vertical extent of the time-varying ISS-discovered south polar cloud,
its full chemical inventory, as well as its formation mechanism still remain to be determined.

3.2 CIRS-Observed Stratospheric Ice Clouds

Over the course of the Cassini mission, CIRS observed numerous ice clouds in Titan’s
stratosphere with varying chemical compositions such as HC3N ice (Sect. 3.2.1, Ander-
son et al. 2010), C4N, ice (Sect. 3.2.1, Anderson et al. 2016), co-condensed HC;N:HCN
ice (Sect. 3.2.2, Anderson and Samuelson 2011), C¢Hg ice (Sect. 3.2.5, Vinatier et al.
2018), co-condensed C¢Hg:HCN ice (Sect. 3.2.4, Anderson et al. 2017), and the chemically-
unidentified Haystack (Sect. 3.2.3, Samuelson et al. 2007, de Kok et al. 2007, Jennings et al.
2012a,b, 2015, Anderson et al. 2014, 2018). Most of these detections resulted from CIRS’
expanded spectral range and higher spectral resolution over that of its predecessor IRIS, es-
pecially in the low energy part of the far-IR spectral region. IRIS had one interferometer,
with the spectral range covering 200 to 1500 cm~! (50 to 6.67 um), and a fixed spectral res-
olution (Av) of 4.3 cm~!. CIRS, on the other hand, was comprised of two interferometers,
had broader spectral coverage (10-1500 cm™!; 1000-6.67 um), with variable spectral res-
olutions, although in practice, Titan spectra were recorded at Av = 14.1 cm~!, 2.56 cm™!,
and 0.48 cm™! (all apodised FWHM values). One interferometer contained the mid-IR focal
planes FP3 and FP4, spectrally covering 600-1100 cm™! (16.67-9.09 um) and 11001500
cm™! (9.09-6.67 um), respectively, while the second interferometer consisted of a single-
element far-IR focal plane sensitive to the spectral range 10 to 600 cm ™! (1000 to 16.67 um).
The FP1 far-IR FOV was circular, with decreasing sensitivity from the center (at O mrad) to
the edge, 3.2 mrad from the center, where the sensitivity dropped to zero (see Flasar et al.
2005; Anderson and Samuelson 2011). It is necessary to take the spatial FOV characteristics
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Fig. 6 Conceptual CIRS far-IR
limb scan of Titan’s north polar
region. The black circles
represent the effective
fields-of-view (FOVs) sizes of
the CIRS far-IR detector (FP1).
Altitude separation between
contiguous FOVs is not drawn to
scale. Typical CIRS limb scan
durations were ~30 minutes,
recording ~300 individual
spectra at varying tangent
heights, beginning near 350 km
(top most circles) and then
steadily sampling deeper into
Titan’s stratosphere, ending at
tangent heights near —150 km
(below the surface). There is a
98%—t0—99% overlap of
contiguous FOVs, enabling
sub-FOV-diameter spatial
resolution. Background Titan
image credit:
NASA/JPL-Caltech/Space
Science Institute

into account wherever data from the limb of Titan are being analyzed since spatial deconvo-
lution in any radiative transfer model is essential. For a review of the CIRS instrument, see
Flasar et al. (2005) and Jennings et al. (2017).

The vertical distributions and spectral dependences of the majority of the CIRS-observed
stratospheric ice clouds were determined from analyses of CIRS far IR-targeted low spectral
resolution limb scans. The black circles in Fig. 6 represent the placement of the CIRS far-
IR FOV on Titan’s limb during such a limb scan, and although not drawn to scale, are
essentially contiguous footprints on Titan’s limb that overlap the FOV by 98% to 99% at
each tangent height. Each CIRS far-IR limb scan targeted ~300 individual tangent heights,
beginning near Titan’s lower mesosphere (~350 km) and then steadily sampling deeper
into Titan’s stratosphere, ending at tangent heights near —150 km, which is below Titan’s
solid surface horizon. The FOV diameter ranged from roughly 220 km at the beginning of
the observations to ~100 km near the end of the 30-minute limb scan (see Anderson and
Samuelson 2011). The significant overlap of contiguous FOVs enables a much narrower
vertical resolution (~30 km) than FOV size would otherwise imply, and is optimized in
the 100 to 250 cm™! spectral region where the CIRS far-IR interferometer has the highest
signal-to-noise ratio. Figure 7 gives a limb scan example at 15°S at 160 cm™! acquired
during northern winter in September 2006 and Fig. 8 gives a limb scan example at 75°S at
215 cm™! acquired nine years later in late southern fall in July 2015.

The detailed procedure for determining sub-FOV-diameter spatial resolution is described
in Anderson and Samuelson (2011). The vertical distributions for Titan’s aerosol over three-
to-four contiguous altitude regions (between 0 and 500 km), are each represented by ana-
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Fig. 7 CIRS far-IR limb-scan 400 — T T T
tangent height intensity profile at

15°S during northern winter in

September 2006. Filled black

hexagons represent the limb scan 300
at 160 cm ™~ —each symbol
indicates a tangent height at
which each spectrum was
acquired. The solid gray curve is
a radiative transfer model fit to
the data assuming two vertically
diffuse aerosol components with
varying chemical compositions,
while the solid orange curve
represents a model fit with one
aerosol component and the
vertically restricted 160 cm™
ice cloud, which was found to

reside at altitudes between 60 and

90 km at this latitude (Anderson -100
and Samuelson 2011)

15°S limb scan at 160 cm™
Model 1: two aerosols
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Iytic solutions. Eventually the stratospheric ices are also included as an opacity source. The
number of free parameters included in the separate analytic expressions for the different
opacities are kept to a minimum. To determine the numerical values for the free parameters,
the Levenberg-Marquardt nonlinear least squares fitting procedure is utilized. Anderson and
Samuelson (2011) have empirically determined that the wavenumbers spanning ~100 to
250 cm~! have sufficient signal-to-noise ratios to determine accurate solutions. One reason
the deconvolution of the intensity function (the average intensity over the FOV) works so
effectively is because the 98-99% overlap in the CIRS FP1 FOVs during the far-IR limb
scans essentially yields the derivative of the intensity function as well as the intensity func-
tion itself. This is true provided there is an adequate signal-to-noise ratio, which has been
found in practice to occur at wavenumbers between ~100 and 250 cm~!. For a detailed
account of how the aerosol and stratospheric ice cloud vertical distributions are determined
from CIRS far-IR limb scans, see Anderson and Samuelson (2011).

The extension of the CIRS far-IR spectral range down to 10 cm™' (1000 um; IRIS cut-off
at 200 cm™! [50 um]) opened up a previously unexplored far-IR spectral region containing a
wealth of nitrile ice signatures, many of which are expected to comprise the chemical com-
positions of Titan’s stratospheric ice clouds. The top panel in Fig. 9 shows a CIRS composite
limb spectrum of Titan, with the FP1 FOV centered at a tangent height of ~125 km (mid-IR
spectra are averaged over 100 to 150 km), recorded near 65°N during northern winter in
2006. In the bottom panel, the wavenumber dependence of the Planck intensity curve com-
puted at 130 K is shown, which is comparable to the condensation temperatures in Titan’s
mid-to-low stratosphere. The Planck intensity is maximized in the low energy part of the far-
IR at wavenumbers surrounding 200 cm™!, coinciding with the spectral location for many
nitrile ice cloud signatures (some hydrocarbons too) that reside at altitudes in Titan’s mid
to low stratosphere, and therefore contribute to the local environment there. On the other
hand, the Planck intensities for wavenumbers higher than ~700 cm™~! are much reduced at
130 K, indicating that these ice signatures will be much more difficult to detect in Titan’s
mid to low stratosphere. The strong vapor emission features seen in the upper panel for
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Fig,S CIRS far-IR limb-scan 500 [T T I T T T [T I T T T
tangent height intensity profile at 215 cm -1

215 cm™! during late southern
fall in July 2015. Filled black
hexagons represent the CIRS
limb scan at 215 cm*l, with each
symbol representing a tangent
height. Indicated in the figure are
the altitude locations and
intensity contributions from the
HASP cloud and the Haystack.
The gray curve shows a radiative
transfer model fit that does not
restrict the Haystack with
latitude, resulting in a very poor
fit. On the other hand, the orange
curve represents a radiative
transfer model that restricts the
Haystack to latitudes poleward of
~70°S, resulting in a very 100

¢ CIRS 75°S limb scan
Model 1: no cut—off in latitude
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wavenumbers higher than ~700 cm~! simply means that these vapors are originating and
contributing to Titan’s atmosphere at altitudes higher in the stratosphere than those of the
ices. Thus, the low energy part of the far-IR is an ideal spectral location to detect Titan’s mid
to lower stratospheric ice clouds due to the combination of the Planck intensity maximizing,
the spectral location of many low energy nitrile ice signatures, the CIRS high signal-to-noise
ratio in this part of the spectrum, and the increase in stratospheric ice signal due to the ob-
serving geometry of the CIRS far-IR limb scans, i.e., integrations along long path lengths
of atmosphere. In order to determine the various ice cloud chemical compositions in Titan’s
stratosphere, as well as their formation mechanisms, the vertical distributions and spectral
dependences of Titan’s retrieved stratospheric particulate opacities must be combined with
subsequent laboratory thin ice film transmission spectroscopy experiments. The remainder
of this section details the various CIRS-observed stratospheric ice clouds.

3.2.1 HC3N and C4N, Ice Clouds

CIRS observed the vs band of HC3N ice at 506 cm™! in Titan’s lower stratosphere during
three different seasons: northern winter, early northern spring, and late southern fall (An-
derson et al. 2010, 2016). The vy band of HC3N ice at 506 cm™' was easily separated from
its corresponding gas at 499 cm~! (unlike with IRIS) due to CIRS’ higher spectral resolu-
tion. The upper left quadrant in Fig. 10 shows the first detection of the vg band of HC3;N
ice at 62°N during northern winter in July 2006, with the FP1 FOV centered on a tangent
height of 125 km (Anderson et al. 2010). The investigators (Anderson et al. 2010) reported a
mean particle radius of 3.0 4 0.4 pm, an ice column abundance of 3.1 x 10'* molecules cm 2
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Fig. 9 Upper curve: CIRS far- and mid-IR limb spectra plotted as functions of wavenumber, recorded near
65°N during mid northern winter (July 2006) and averaged over tangent heights covering 100 to 150 km.
Stratospheric organic vapors are labeled, as is the vg band of HC3N ice at 506 em~!, an unidentified ice
feature at 700 cm™!, the unidentified broad ice emission feature centered at 221 cm™! (the Haystack), and
the broad ice emission feature that peaks at 160 em™!, with its contribution to the continuum indicated by
the light gray shaded region. Without the 160 em~! ice feature, the continuum would reduce to the dashed
curve level. Lower curves: spectral dependences of laboratory-measured absorbances or imaginary part of
the refractive index for various compounds that may contribute to ice clouds observed in Titan’s stratosphere.
The ices CoNy, HCN, and co-condensed C¢Hg:HCN (39% HCN, 61% CgHg) are taken from (Anderson
et al. 2018), CoH5CN from Nna-Mvondo et al. (2018), H>O ice is taken from Hudson and Moore (1995),
HC3N ice comes from Moore et al. (2010), and C4N, comes from Dello Russo and Khanna (1996). The
Planck intensity curve computed at 130 K is superimposed (thin black curve), which is representative of the
lower stratospheric temperatures at which ices are forming

(abundance value revised from Anderson et al. 2010), and a cloud top near 150 km. The up-
per right quadrant in Fig. 10 shows the second observation of HC3;N ice at 70°N in August
2007. This observation, however, recorded the ice emission features at two different tangent
heights, with the FP1 FOV centered on 140 and 160 km, thus allowing for a vertical distri-
bution determination of the HC3;N ice cloud (Anderson et al. 2010). A mean particle radius
of 2.23 4 0.42 pm and a corresponding column abundance of 2.7 x 10'* molecules cm™>
(abundance value revised from Anderson et al. 2010) were determined, with the cloud top
residing at ~165 km. The best fit radiative transfer model found an HC;N ice cloud thick-
ness between ~10 and ~20 km. The limiting factors on cloud thickness and ice particle size
are vapor abundance and large particle precipitation near the cloud bottom. The cloud thick-
ness is consistent with calculations showing that about half of the HC;N vapor is removed
from the altitude where the cloud begins to condense (cloud top) at ~4 km below the cloud
top altitude. Moreover, the small HC;N ice particle sizes are indicative of long-lived and
dynamically-stable stratospheric ice clouds; large ice particles will precipitate out in rela-
tively short times compared to that of the stable HC;N ice clouds. The observed abundance
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Fig. 10 CIRS limb spectra showing stratospheric HC3N ice clouds, along with other stratospheric particu-
lates, at three different Titan seasons. The upper left quadrant shows an average of 24 spectra, recorded at
62°N during northern winter (2006), with the FP1 FOV centered at 125 km. Easily discernible are strato-
spheric particulate emission features from the 160 em™! ice cloud (Sect. 3.2.2), the Haystack (Sect. 3.2.3),
a tentative detection of C4N» ice, and the first detection of HC3N ice (Anderson et al. 2010, 2014; Anderson
and Samuelson 2011). The upper right quadrant shows an average of 25 spectra, recorded at 70°N during
northern winter (2007), with the FP1 FOV centered at ~150 km. The same stratospheric ice features are
evident as those at 62°N (Anderson et al. 2010). The lower left quadrant shows an average of 254 spectra,
acquired at Av =2.56 em~ !, recorded at 70°N in early northern spring (2010), with averages over the FP1
FOVs centered on 100 km, 150 km, and 200 km. Evident are stratospheric ice emission features from the
160 cm™! ice cloud, the Haystack, HC3N ice, albeit significantly reduced in abundance, and the first defini-
tive detection of C4N» ice (Anderson et al. 2016). The lower right quadrant shows an average of 35 spectra,
recorded at 79°S during late southern fall (2015), with the FP1 FOV centered on 125 km. At this time, there is
no evidence of the 160 cm™! ice cloud, and instead, the emergence of the HASP cloud is visible (Sect. 3.2.4),
appearing at this tangent height as a broad shoulder to the left of the very strong Haystack. There is no trace
of C4Nj ice, although the beginning of HC3N ice cloud formation is observed (Sect. 3.2.1). The 2006, 2007,
and 2015 spectra were recorded at Av = 0.48 em™! , and shown here convolved with a gaussian kernel to
Av=2.56cm™!

of HC;N vapor at the cloud top, compared to that of the HC;N ice abundance, is consistent
with vapor condensation as the formation mechanism.

Following the first two HC3;N ice observations, a customized CIRS limb integration was
designed to target a more precise vertical distribution and abundance determination of Ti-
tan’s HC3N ice clouds. In early northern spring (April 2010), CIRS recorded Titan limb
spectra at 70°N at a spectral resolution of 2.56 cm™', with the FP1 FOVs centered on tan-
gent heights of 100 km, 150 km, and 200 km (Anderson et al. 2016). Each limb integration
contained ~84 spectra, shown as a weighted average in the lower left quadrant in Fig. 10.
However, the strength of the HC;N ice emission feature at 506 cm™! was significantly re-
duced compared to that observed during northern winter, and instead, the vg band of C4N,
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Fig. 11 Schematic illustrating
an alternate C4N» ice formation
mechanism to that of vapor
condensation. In this formation
mechanism, photolysis within
extant HCN and HC3N ice
particles has been proposed to
form C4N, ice—via solid-state
chemistry (Anderson et al. 2016).
In this case, only ~1% of C4N»
ice molecules will reside on the
particle surface (in other words,
unobservable), instead of 100%
required by vapor condensation,
thus satisfying vapor-ice
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ice at 478 cm~! had emerged. Since both the C4N, vapor emission features at 471 cm~! and
107 cm™! were absent, and with the rather large abundance of C4N; ice observed, it was
concluded that C4N, vapor must be highly sub-saturated and therefore not in equilibrium
with the pure ice—this unequivocally rules out vapor condensation as the formation mecha-
nism. This observation was also the first indication that C4N, ice formation may result from
depletion of the HC3N ice inventory, shedding some light on the formation mechanism of
Titan’s C4N, stratospheric ice.

With C4N, vapor observed by CIRS to be absent in Titan’s stratosphere (this was also
confirmed by Jolly et al. 2015), Anderson et al. (2016) postulated that solid-state photo-
chemistry provides an alternate mechanism besides that of vapor condensation for produc-
ing Titan’s observed C4N, stratospheric ice clouds. In this scenario, HC3N vapor subsides
to condense at the initial cloud top. HCN vapor, being more than two orders of magnitude
more abundant than HC3N vapor (Coustenis et al. 2007, 2016), is also subsiding and soon
afterwards, both HC;N and HCN vapors enter into altitude regions where they undergo si-
multaneous saturation, i.e., co-condensation. Once the two ices form a co-condensate, the
individual molecules are very nearly in contact, so photochemistry is readily induced be-
tween the two molecules (see schematic in Fig. 11). On the other hand, if you only have
a layered ice, then the HCN and HC3N particles are close together only at their common
boundary, so photochemistry is unable to promote interactions between the two ice layers
very efficiently.

As detailed in Anderson et al. (2016), the UV irradiation initiates the solid-state photo-
chemical reaction HCN + HC3N — C4N, + H, within extant HC;N:HCN co-condensed
ice particles (see Fig. 11 and also Anderson et al. 2016, 2018). In order to inhibit diffusion
of C4N; molecules through the ice particle, the formation of an HCN ice barrier between
the surface and interior of the particle is needed to keep the C4N; ice in the interior, sepa-
rate from the C4N, vapor outside the particle. This is needed to maintain a low C4N, vapor
pressure in the presence of a relatively high C4N, ice abundance buried deeper toward the
center of the particle. Once all HC3N ice is photolytically destroyed, the photochemical re-
action will terminate. UV-irradiation studies of extant HCN:HC;N co-condensed ices are
still needed to confirm this formation mechanism.

Such a solid-state photochemical reaction has similarities to the terrestrial reaction
HCI + CION,; — HNOj; + Cl,, which is known to produce HNOj3 coatings on water ice par-
ticles in Earth’s stratosphere, a byproduct of the catalytic chlorine chemistry that produces
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ozone holes in Earth’s polar stratosphere (see for example Molina et al. 1987; Solomon
1999). The cold temperatures in Titan’s lower stratosphere combined with the associated
strong circumpolar winds that isolate polar air act in much the same way as on Earth, giv-
ing rise to compositional anomalies and stratospheric condensate clouds that are the sites of
heterogeneous chemistry. While there are differences in detail—the terrestrial case entails
oxygen and halogen compounds, whereas Titan’s chemistry involves organics—the overall
picture is remarkably similar on the two worlds.

The final CIRS observation revealing the vs band of HC;N ice in Titan’s stratosphere was
discovered at 79°S in late southern fall (July 2015), following the observed reversal of the
meridional circulation pattern (see for example Teanby et al. 2012, 2017). The lower right
quadrant in Fig. 10 shows the resulting limb integration spectrum, with the CIRS far-IR
FOV centered on a tangent height of 125 km. This limb integration shows the emergence of
stratospheric HC3N ice as Titan’s south polar region was heading into winter; particle size
and abundance are currently being determined.

3.2.2 The 160 cm™" Ice Clouds

The 160 cm™" ice cloud is the name given to a spectrally broad (~100-300 cm™!), quasi-
continuum ice emission feature, spectrally peaking at 160 cm ™', located in Titan’s northern
winter lower stratosphere (Anderson and Samuelson 2011; Anderson et al. 2014, 2018, see
Figs. 9, 10, 12). Its significant contribution to Titan’s continuum is shown by the gray shaded
region in the upper panel in Fig. 9 and also evident in Fig. 10. This ice cloud was discovered
using the CIRS low spectral resolution far-IR limb scans (Fig. 7; Anderson and Samuelson
2011), which enable separation of Titan’s vertically-restricted stratospheric ice clouds from
the surrounding ubiquitous aerosol continuum. As discussed in Sect. 3.2, the significant
overlap in FOVs during a CIRS far-IR limb scan allows for not only the average intensity
over each FOV but also the derivative of these intensities (at wavenumbers where there is
sufficiently high signal-to-noise ratios), enabling a sub-FOV-diameter vertical resolution.
Figure 7 gives an example of such a limb scan at 160 cm™~!, recorded during the northern
winter season in September 2006 at 15°S. Specifically, the figure shows the tangent height-
intensity profile containing ~300 individual limb spectra (solid black hexagons), with the
FOV center—for each tangent height observation—separated by a few km at most. It became
clear very early in the analysis that the limb scans spanning wavenumbers ~100—~300 cm™!
required an additional, vertically-limited, opacity source to that of the ubiquitous aerosol in
order to better fit the CIRS limb scan observations. The gray curve in Fig. 7 shows the best
fit radiative transfer model at 160 cm~! consisting of two vertically diffuse aerosols with
different chemical compositions. It is clear that the fit is rather poor, and instead, when one
aerosol and one vertically restricted stratospheric ice cloud—the latter residing at altitudes
between ~60 and 90 km in the lower stratosphere—are included, the fit dramatically im-
proves, as shown by the orange curve (Anderson and Samuelson 2011). The 160 cm™! ice
cloud was found by Anderson and Samuelson (2011) to be a geometrically thin and effec-
tively continuous sheet of ice cloud that tends to increase monotonically from roughly 60°S
to high northern polar latitudes during northern winter. The 160 cm™! ice cloud’s derived
spectral dependence at 15°S is shown by the black curve in Fig. 12. From the radiative trans-
fer analysis along with predicted cloud top locations for the various organic vapors in Titan’s
stratosphere, this cloud was expected to contain both HCN and HC;N ice due to its altitude
location in Titan’s lower stratosphere.

The 160 cm™! ice emission feature is located in a spectral region that contains overlap-
ping, low-energy lattice vibration features (librations) of multiple nitrile ices (see bottom
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Fig. 12 Modified from Anderson and Samuelson (2011) and Anderson et al. (2018). Black curve represents
the CIRS-derived spectral dependence of Titan’s 160 em~! ice cloud discovered at lower stratospheric alti-
tudes (~60 to 90 km) during northern winter at 15°S. The green curve shows the weighted sum of individual
HCN and HC3N ices from thin ice film transmission spectroscopy (vapors deposited at 30 K; see also Moore
et al. 2010). As discussed in Anderson et al. (2018), in the low-energy part of the far-IR, the sum of the in-
dividual ices is nearly identical to layered ice experiments. The orange curve depicts a co-condensed thin ice
film containing mixed HC3N and HCN, demonstrating that co-deposition (i.e., co-condensation) experiments
better reproduce the CIRS observations

panel in Fig. 9 and also Fig. 16), and as laboratory experiments indicate (Anderson and
Samuelson 2011; Anderson et al. 2018), is consistent with an ice mixture dominated by
HCN and HC;N ice formed via co-condensation processes in Titan’s stratosphere (Anderson
and Samuelson 2011; Anderson et al. 2014, 2018). Thin ice film transmission spectroscopy
reveals that layered HC3N and HCN ices do not reproduce the 160 cm ™! ice cloud feature;
rather, the ice cloud is consistent with ice particles formed via co-condensed HC;N:HCN
(see Fig. 12; Anderson and Samuelson 2011, Anderson et al. 2018), resulting from combi-
nations of the v; band and lattice modes of HC3;N and the libration mode of HCN (Anderson
and Samuelson 2011; Anderson et al. 2018).

3.2.3 The Haystack

As discussed in Sect. 2, the Haystack is a name given to one of Titan’s long-lived strato-
spheric ice clouds with an unknown chemical composition (Anderson et al. 2014, 2018).
The Haystack is easily identifiable due to its broad emission feature spectrally peaking
at 221 cm™', and spanning wavenumbers ~200-250 cm™! (see Figs. 9, 13, 14, 15). The
Haystack’s spectral signature is quite strong, suggesting that whatever it is made out of is
very abundant. The large spectral extent and its spectral location in the far-IR further sug-
gests that the Haystack contains more than one chemical compound. Some chemical com-
pounds that have been proposed as the identity of the Haystack are water ice (Samuelson
1985; Coustenis et al. 1999), crystalline C,HsCN (Khanna 2005), predominantly pure HCN
ice (de Kok et al. 2008), and complex nitriles that have -C—CN bending vibrations (Jennings
et al. 2012a,b).
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Fig. 13 CIRS far-IR limb
integrations spanning 30°N to
85°N during northern winter, all
acquired at tangent heights of
~125 km. The 85°N, 62°N, r 1
55°N, and 30°N spectra were L Northern Winter
recorded in early 2005, mid 10
2006, early 2006, and late 2006, L ]
respectively. The spectra at
55°N, 62°N, and 85°N were r 1
vertically offset from the 30°N
spectrum. With the exception at
30°N, the Haystack is evident at sl _
the remaining latitudes, with its
strongest signature near the north
pole
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As discussed above in Sect. 2, the Haystack was first observed by Voyager 1 IRIS in
Titan’s early northern spring stratosphere (November 1980) at latitudes poleward of ~50°N
(Samuelson 1985; Coustenis et al. 1999) (Fig. 3). Later, with Cassini CIRS, the Haystack
was first observed at the beginning of the mission in 2004 (mid northern winter), and
then continuously observed at high northern polar latitudes throughout northern winter (see
Fig. 13), and well into northern spring (Samuelson et al. 2007; de Kok et al. 2007; Jennings
et al. 2012b; Anderson et al. 2014). As with IRIS, the Haystack appeared to be restricted to
latitudes poleward of ~50°N during northern winter. A few years later during mid southern
fall, the Haystack made its debut at high southern polar latitudes (Figs. 10, 14, 15; Jennings
et al. 2012a, 2015), and was observable in CIRS far-IR disk-viewing spectra up until end of
mission (data were acquired through May 2017).

Figure 16 shows a CIRS far-IR limb integration averaged spectrum (Av = 0.48 cm™!)
recorded at 85°N at a tangent height of ~135 km during mid northern winter in March 2005.
This figure shows the very strong emission feature of the Haystack (solid black curve), ob-
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Fig. 14 CIRS far-IR limb
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served when it was at its strongest during northern winter. The varying color-coded contin-
uum intensity curves were generated from Mie scattering calculations (for a 2 um particle
radius), coupled with our radiative transfer model (model detailed in Anderson and Samuel-
son 2011), using the appropriate aerosol and collision induced absorption (CIA) opacities
and the temperature structure at 85°N (see Anderson et al. 2014). The optical constants for
H,O0 ice (aqua curve) were taken from Hudson and Moore (1995); vapor was deposited at
140 K, C,H;sCN ice (orange curve) were taken from Nna-Mvondo et al. (2018); vapor was
deposited at 135 K, HCN ice (green curve) were taken from Anderson et al. (2018); va-
por was deposited at 110 K, co-condensed CsHg:HCN ice (purple curve) containing a 4:1
mixing ratio were taken from Anderson et al. (2017); vapor was deposited at 110 K, and
co-condensed C¢Hg:C,HsCN:HCN ice (pink curve) containing a 3.6:1.4:1.0 mixture ratio
were determined from Nna-Mvondo et al. (2018); vapor mixture was deposited at 110 K.
The obvious spectral mismatch between the Haystack and all five ice examples is evident.
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Fig. 15 CIRS far-IR limb Wavelength (um)
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Specifically, for pure C,HsCN ice, it was ruled out as a likely Haystack compound due to its
very strong low-energy lattice mode (Samuelson et al. 2007). However, as seen in the figure,
this lattice mode is easily damped out when C,;HsCN ice becomes part of a co-condensed
ice. This is expanded on in Nna-Mvondo et al. (2018). C,HsCN ice may still indeed con-
tribute to the Haystack’s identity, as part of a co-condensate, although the formation mech-
anism will most likely be something other than vapor condensation. This quashing trend
of low-energy ice modes is also evident with the strong libration mode of HCN ice. The
libration mode of pure HCN ice spectrally peaks near 168 cm™!, but when co-condensed
with C¢Hg ice (purple curve) or co-condensed with C¢Hg and C,HsCN ice (pink curve), the
libration mode of HCN is easily modified. A detailed discussion on co-condensed ices, as
they specifically pertain to Titan’s stratospheric ices, are found in Anderson et al. (2018).

The first detection of the Haystack in Titan’s south polar stratosphere occurred in the
mid southern fall season (July 2012; Jennings et al. 2012a). The investigators used CIRS
weighted-averaged disk-viewing spectra—targeting 75°S—recorded at Cassini-Titan dis-
tances >50,000 km. This larger distance from Titan results in a larger FP1 FOV diameter
size (~320 km), in which the FOV subtended both Titan’s limb and disk. Such an obser-
vation was unavoidable, however, since Cassini’s orbit at this time was in an inclined ori-
entation so the dedicated far-IR limb scans required to constrain the vertical and latitudinal
distributions (discussed in Sect. 3.2) at high polar latitudes were not possible. Thus, the
limitations imposed by this type of disk-viewing observation prevents detailed vertical and
latitudinal information. However, radiative transfer analyses could still improve the current
state of knowledge especially at this critical moment in time when CIRS serendipitously
caught the onset of the Haystack’s formation.

By July 2015, Cassini had returned to a lower inclination, allowing for far-IR limb-
viewing of Titan’s south polar stratospheric regions, recorded at distances between ~15,000
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and 35,000 km off Titan’s limb. CIRS FP1 high spectral resolution limb integrations (typ-
ically centered on 125 km tangent height) at multiple latitudes during Titan’s late southern
fall season are shown in Fig. 14. Although this figure depicts a strong latitudinal depen-
dence of the Haystack, in limb integration mode (or sit-and-stare mode), the large CIRS
FP1 FOV collects and integrates the signal from many altitudes simultaneously. This causes
the Haystack’s spectral signature to appear in lower latitude spectra, where the Haystack
actually does not reside. From analysis of far-IR limb scans acquired in July 2015 (example
limb scan at 215 cm™! is shown in Fig. 8), our best fit radiative model (model details given
in Anderson and Samuelson 2011) reveals the Haystack to reside at latitudes poleward of
~70°S. This point is further illustrated at 215 cm™! in Fig. 8. When no attempt is made to
restrict the Haystack with latitude, the resulting fit is very poor (gray curve). However, when
the presence of the Haystack is restricted to latitudes poleward of ~70°S, a very satisfactory
fit (orange curve) results. From these analyses, the Haystack’s altitude location is found to
reside fairly deep in Titan’s stratosphere, with a cloud top near ~110 km. This is evident in
the limb scan at 215 cm™! (Fig. 8) and also indicated in Fig. 1.

Observations of the Haystack have spanned many seasons, including its disappearance
from Titan’s northern spring stratosphere, with its reemergence in Titan’s southern fall
stratosphere (Jennings et al. 2012a,b, 2015). No matter the latitude or season, the Haystack’s
spectral dependence remains the same. This lack of spectral variation, combined with no
known corresponding vapor in the stratosphere, implies that the Haystack—similarly to
C4N; ice clouds—has a different formation mechanism from that of vapor condensation.
Continued experimental efforts are needed to identify the chemical composition of Titan’s
Haystack.

3.2.4 The HASP Ice Cloud

The High-Altitude South Polar (HASP) cloud is a name given to the CIRS-discovered mas-
sive cloud system that developed at altitudes throughout Titan’s mid stratosphere at high
southern polar latitudes during late southern fall in 2015 (Anderson et al. 2017, 2018, see
Figs. 1, 8, 10, 15). The CIRS HASP cloud was first observed in the far-IR near Titan’s south
pole is March 2015 and the last observation occurred in February 2016, when Cassini began
to ramp back up into a higher inclined orbital configuration, preventing further close-in far-
IR limb observations of Titan’s south polar stratosphere. Between March 2015 and February
2016, the CIRS HASP cloud was always observed at high southern polar latitudes, but at
distinctly lower altitudes than the ISS-discovered south polar cloud, which was observed
near 300 km.

Figures 15 and 17 show far-IR limb integrations in late southern fall (2015) at 79°S
(upper spectra in Figs. 15 and 17) compared to those recorded 10 years earlier in Titan’s
mid northern winter (2005) at 85°N (lower spectra in Figs. 15 and 17), with the CIRS FP1
FOVs centered on ~125 km in Fig. 15 and ~225 km in Fig. 17. Noticeable immediately in
Fig. 15 is the appearance of a spectral mismatch between the Haystack at 79°S compared to
the Haystack at 85°N. The spectral dependence of the Haystack is actually unaltered—the
broad shoulder appearing to the lefthand side of the Haystack at 79°S is due to the CIRS
HASP cloud. Likewise, in Fig. 17, in which the FP1 FOV is centered at a tangent height
100 km higher in the stratosphere than in Fig. 15, trace amounts of the Haystack material in
Titan’s stratosphere are observed in these limb integration spectra, both at 85°N and at 79°S,
whereas the strong spectral signature from the CIRS HASP cloud is only evident at 79°S.
All of the apparent spectral pollutions result from CIRS operating in the limb integration
mode. In this scenario, the large CIRS FP1 FOV collects the signal from many altitudes si-
multaneously during a limb integration, picking up on the HASP cloud opacity from 100 km
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Fig. 16 CIRS far-IR limb integration spectrum at 85°N recorded during mid northern winter in March
2005 (black curve), showing the spectral dependence and intensity contribution to Titan’s stratosphere from
the Haystack. The various color-coded curves are synthetic spectra generated from our continuum model at
85°N (Anderson and Samuelson 2011; Anderson et al. 2014, 2018) for five different ices (Mie scattering
calculations were performed with a 2 um particle radius): water ice (aqua curve; vapor was deposited at
140 K; from Hudson and Moore 1995), pure Co H5CN ice (orange curve; vapor was deposited at 135 K; from
Nna-Mvondo et al. 2018), pure HCN ice (green curve; vapor was deposited at 110 K; from Anderson et al.
2018), co-condensed CgHg:HCN ice in a 4:1 mixing ratio (purple curve; mixed vapors were deposited at
110 K; from Anderson et al. 2017), and co-condensed CgHg:CoH5CN:HCN ice in a 3.8:1.4:1.0 mixing ratio
(pink curve; mixed vapors were deposited at 110 K; from Nna-Mvondo et al. 2018). One of the main reasons
that pure CoH5CN ice was ruled out as a Haystack candidate was due to its strong low-energy lattice mode,
easily seen in the figure (orange curve), and never observed by CIRS (Samuelson et al. 2007). However,
during co-condensation formation processes, the CoH5CN lattice mode is easily damped out, as is the HCN
libration mode

higher up in the stratosphere when the FOV is centered on 125 km and also picking up on
the Haystack’s opacity 100 km deeper down in the stratosphere when the FOV is centered on
225 km. As radiative transfer analyses of far-IR limb scans show the CIRS HASP cloud and
the Haystack are vertically separated by ~100 km (seen also in Fig. 8§)—the CIRS HASP
cloud vertically resides near 210 km and the Haystack is located near 110 km in July 2015.
CIRS data analyses of the low spectral resolution far-IR limb scans must be utilized to un-
ambiguously retrieve the vertical distributions and spectral dependences for all of Titan’s
stratospheric particulates.

The spectral dependence of the CIRS HASP cloud is directly connected to its chemical
composition (as is true for all other stratospheric particulates). The CIRS-derived spectral
dependence of the HASP cloud is shown in Fig. 18, while Fig. 19 depicts the spectral de-
pendences between the HASP cloud and the 160 cm~! ice cloud. The disparate spectral
dependences amongst the two clouds—observed 10 years apart—demonstrates that the two
ice clouds are comprised of different chemical compositions.

The vertical extent of the CIRS HASP cloud is observed at stratospheric altitudes where
the pure compounds HCN, HC;N, and C¢Hg are all expected to condense and form strato-
spheric ice clouds (Fig. 1). As with the northern winter 160 cm~! ice cloud, whose for-
mation mechanism is consistent with simultaneous saturation of HCN and HC;N, i.e., co-
condensation, a similar formation scenario is expected for the CIRS HASP cloud, poten-
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Fig. 17 CIRS far-IR limb
integrations recorded at 79°S in
late southern fall (black curve; 100 50 33 25 20
July 2015) and at 85°N in mid 5
northern winter (orange curve;

March 2005), with the FP1 FOV

centered on ~225 km.

Noticeable immediately is a ~ 4
spectral difference between the
two latitudes, with only trace
amounts of Haystack material
contributing to these limb
integration spectra. The strong
spectral signature observed at
79°S is due to the HASP cloud,
which resides ~100 km higher in
the stratosphere than the
Haystack. The observed spectral
pollutions result from the large
range in stratospheric altitudes
averaged over the FP1 FOV
during the limb integrations
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tially comprised of co-condensed ice particles containing combinations of HCN, HC3N,
and C¢Hg. Thin ice film transmission spectroscopy targeting ice mixtures containing vari-
able amounts of HCN, HC;N, and C¢Hg have been reported by Anderson et al. (2017), with
their results indicating that the CIRS HASP cloud’s chemical composition is consistent with
a co-condensed C¢Hg:HCN ice containing ~80% CgHg and ~20% HCN; this is shown in
Fig. 18.

3.2.5 Other Potential Ice Clouds

More efforts have been put forth to describe additional opacity signatures from presumed
stratospheric ice clouds. One example was found at 58°S during northern winter, and in ad-
dition to the 160 cm™! ice cloud that was observed near ~90 km, an additional ice cloud
was found about 30 km deeper in the stratosphere, peaking at 60 km (Anderson and Samuel-
son 2011). The altitude location combined with the far-IR spectral dependence peaking near
80 cm ™! indicated that this ice cloud was composed of condensed C,Hg ice. However, far-
IR targeted thin ice film transmission spectroscopy experiments are still needed to confirm
this chemical identify.

The second example involves the vg band of pure CsHj ice at 682 cm™!. This ice spectral
feature was reported to explain some of the stratospheric ice emission features observed in
CIRS mid-IR nadir (in May 2013) and limb (in March 2015) spectra (Vinatier et al. 2018).
Most notably for the limb spectra spanning 168 km to 278 km, the observed width of the
observed ice emission features were reported to be significantly broader than those shown
for the vg band of pure CsHj ice at 682 cm™'. Even so, an upper limit of 1.5 um for the C¢Hg
particle radius was reported. Three additional spectral peaks at ~687, 695, and ~702 cm™!
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were also reported, although the investigators could not reproduce these spectral features
with the refractive indices found in the literature from the pure nitrile ices HCN, HC3N,
CH;CN (acetonitrile), Co,HsCN, or C,Nj,. The four observed spectral signatures may indeed
result from co-condensed ices, although dedicated thin ice film transmission spectroscopy
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for mixtures containing C¢Hg are still needed—at various deposition temperatures—to spec-
trally match the opacity spectral signatures reported by Vinatier et al. (2018).

4 Titan Stratospheric Ice Experimental Efforts

The first experimental laboratory study to interpret ice emission features observed in Titan’s
north polar stratosphere by IRIS was performed in the far-IR by Khanna et al. (1987). The
investigators identified the IRIS-observed ice emission feature at 478 cm~! as the vg band
of crystalline C4N,; ice. The C4N, vapor was deposited at 70 K, warmed to 90 K, and then
annealed. Experimental studies continued in the mid-IR with C;H, and C4H, ice (Khanna
et al. 1988). Even though these hydrocarbon ices were not observed by IRIS, Khanna et al.
(1988) claimed that they may reside in Titan’s lower stratosphere given their very strong
observed vapor emission features in the mid-IR. Subsequent experiments in the mid-IR were
performed involving HCN, HC;N, and C4N, (Masterson and Khanna 1990). HCN vapor
was deposited at 60 K, then the ice was warmed and annealed at 80 K for 30 minutes. Both
HC;3N and C4N,; vapors were deposited at 70 K, then warmed and annealed at 90 K for 30
minutes. The fundamental vibrational modes and combination or overtone bands of the ice
spectral peaks detected were assigned across the wavenumber range 450-5000 cm™', and
also their complex refractive indices were calculated.

Next, an extensive laboratory effort was initiated involving HCN, HC3N, CH;CN,
C,H;5CN, C,H;CN, C;N,, and C4N», spanning wavenumbers 80 to 5000 cm~! (Dello Russo
and Khanna 1996). The vapors were deposited somewhere between 50 and 100 K, and an-
nealed at various temperatures (see Table 1), then cooled to 95 K and 35 K, where their trans-
mittance spectra were recorded. This was the first detailed laboratory effort demonstrating
the strong low-energy vibrational modes of Titan-relevant nitrile ices in the far-IR, espe-
cially below 200 cm™!. Following this experimental effort, a focused study on C,HsCN ice
was put forth, in an effort to chemically identify Titan’s Haystack (Khanna 2005). Whereas
earlier work regarding C,HsCN ice performed by Dello Russo and Khanna (1996) showed
C,H5CN ice had a strong spectral feature at 225 and 226 cm~'(due to the v;3 C-C=N
bending mode), the re-examination of C;HsCN ice by Khanna (2005) revealed that the v
band had shifted to 221 cm~!. The 4 to 5 cm~! wavenumber shift resulted from annealing
C,H;5CN ice at 120 K (compared to 140 K from the earlier experiment) and also the an-
nealing time duration was much longer (4 to 5 hours). Additional discrepancies at higher
energies were also found. More recently, a very detailed study of C;HsCN ice, with a fo-
cus on better understanding Titan’s CIRS-observed stratospheric ice clouds, especially in
regards to the Haystack, was reported for vapor deposition temperatures ranging from 30 K
to 150 K (Nna-Mvondo et al. 2018).

In the Cassini era, the first Titan-relevant experimental study was performed by Moore
et al. (2010). Both the amorphous and crystalline phases of HCN, HC3;N, CH3;CN, C,HsCN,
and C,N,, spanning wavenumbers 30 to 5000 cm~' were measured, as well as determina-
tions of their complex refractive indices. As with all the previous Titan-related thin ice film
transmission spectroscopy studies, all the vapors were deposited at cold temperatures (e.g.,
30 K), ensuring the amorphous phase was achieved, and then annealed to warmer temper-
atures for their transition to the crystalline phase (see Tables 1 and 2 for details, as well as
Anderson et al. 2018).

In order to interpret and chemically identify many of the CIRS-discovered stratospheric
ice clouds, a new experimental approach, modified from all the previous Titan ice work, was
needed. As discussed in Sects. 1 and 3, Titan’s stratospheric ice clouds commonly form as
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Table 1 Summary of crystalline phase laboratory studies related to Titan’s stratospheric ice clouds

Compound Experimental conditions Spectral range Published
work

HCN deposited at 60 K 450-5000 cm ™! Masterson

annealed for 30 min at 80 K and Khanna
(1990)

deposited between 50 and 100 K 80-5000 cm ™! Dello Russo
annealed for 30 to 180 min at 120 K and Khanna
cooled to 95 K, 35 K (1996)
deposited at 50 K 30-5000 cm™~! Moore et al.
annealed at 120 K for 120 min in mid-IR (2010)
annealed at 120 K for 80 min in far-IR
cooled to 20 K, 35 K, 50K, 75 K, 95 K, 110 K

HC3N deposited at 70 K 450-4000 cm ™! Masterson
annealed 30 min at 90 K and Khanna
cooled to 60 K (1990)
deposited between 50 and 100 K 80-5000 cm ™! Dello Russo
annealed 30 to 180 min at 110 K and Khanna
cooled to 95 K, 35 K (1996)
deposited at 50 K 30-5000 cm ™! Moore et al.
annealed at 110 K for 120 min in mid-IR (2010)
annealed at 110 K for 65 min in far-IR
cooled t0 20K, 35K, 50K, 75K, 95 K, 110 K

CyNp deposited between 50 and 100 K 80-5000 cm™! Dello Russo
annealed 30 to 180 min at 90 K and Khanna
cooled to 95 K, 35 K (1996)
deposited at 20 K 30-5000 cm ™! Moore et al.
annealed at 90 K for 60 min in mid-IR (2010)
annealed at 90 K for 90 min in far-IR
cooled to 20 K, 35 K, 50 K, 75 K

CyN»o deposited at 70 K 400-4000 cm™! Khanna

annealed 30 min at 90 K
also annealed at 155 K

deposited at 70 K 450-4000 cm ™!
annealed 30 min at 90 K
cooled to 60 K

deposited between 50 and 100 K 80-5000 cm ™!
annealed 30 to 180 min at 120 K
cooled to 95 K, 35 K

CH3CN deposited between 50 and 100 K 80-5000 cm~!
annealed 30 to 180 min at 130 K
cooledto 95 K, 35 K

deposited at 50 K 30-5000 cm !
annealed 66 min at 130 K in mid-IR

annealed 45 min at 130 K in far-IR

cooled t0 20K, 35K, 50K, 75 K, 95 K, 110 K

collisional cooling cell 50-5000 cm™~!
particles formed at 95 K, 110 K, 130 K

C,H3CN deposited between 50 and 100 K 80-5000 cm~!
annealed 30 to 180 min at 130 K
cooledto 95 K, 35 K

et al. (1987)

Masterson
and Khanna
(1990)
Dello Russo

and Khanna
(1996)

Dello Russo
and Khanna
(1996)

Moore et al.
(2010)

Ennis et al.
(2017)

Dello Russo
and Khanna
(1996)
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Table 1 (Continued)

Compound Experimental conditions Spectral range Published
work

CH5CN deposited between 50 and 100 K 80-5000 cm ! Dello Russo
annealed 30 to 180 min at 140 K and Khanna
cooled to 95 K, 35 K (1996)
deposited at 60 K 200-7800 cm ™! Khanna
annealed 4 to 5 hours at 120 K (2005)
deposited at 50 K 30-5000 cm ! Moore et al.
annealed at 140 K for 90 min in mid-IR (2010)

annealed at 140 K for 92 min in far-IR
cooled t0 20K, 35K, 50K, 75K, 95 K, 110 K

collisional cooling cell 50-5000 cm ! Ennis et al.
particles formed at 95 K, 110 K, 130 K (2017)
C3H3CN deposited between 50 and 100 K 80-5000 cm ™! Dello Russo
annealed 30 to 180 min at 145 K and Khanna
cooled to 95 K, 35 K (1996)

Table 2 Summary of Amorphous phase laboratory studies related to Titan’s stratospheric ice clouds

Compound Experimental conditions Spectral range Published work

HCN deposited at 50 K 30-5000 cm ! Moore et al. (2010)
warmed to 75 K, 95 K, 110 K

HC3N deposited at 50 K 30-5000 cm ! Moore et al. (2010)
warmed to 50 K, 75 K, 95 K

CoN»y deposited at 20 K 30-5000 cm ™! Moore et al. (2010)
warmed to 35 K, 50 K, 75 K

CH3CN deposited at 50 K 30-5000 cm ! Moore et al. (2010)
warmed to 75 K, 95 K, 110 K

CyH5CN deposited at 50 K 30-5000 cm ™! Moore et al. (2010)

warmed to 75 K, 95 K, 110 K

a result of the vapors diffusing/subsiding, cooling as they descend in Titan’s stratosphere,
then condensing once saturation has been achieved. Many of these vapors will enter alti-
tude regions where they will undergo simultaneous saturation, thus forming co-condensed
ice clouds. Thin ice film transmission spectroscopy for the purpose of studying Titan’s
stratospheric ice clouds must therefore be performed with vapor deposition at temperatures
>100 K. This is necessary since the structure of the ice, for both pure and mixtures, is mod-
ified between annealing and warm-deposition experiments (this is expanded on in Anderson
et al. 2018). The main reason is that during annealing experiments, a complete ordering of
the ice structure is not achieved, so a portion of the amorphous structure is irretrievably
retained in the final crystalline phase. These differences are more pronounced in the low-
energy part of the far-IR. Using C;H5CN ice as an example, Khanna (2005) reported that
the longer time required for annealing C,;HsCN ice, compared to other nitriles, is neces-
sary since there may be several possible orientations of the methyl (CH3) and methylene
groups (CH,) in the solid phase when the samples are quenched at low temperatures, thus
causing low barriers in the rotation of these groups around the single bonds. These effects
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are most noticeable in the low energy lattice modes, as recently detailed in a comprehensive
laboratory study on the ice phases of C;HsCN (Nna-Mvondo et al. 2018).

C,H;sCN ice was also recently studied by Ennis et al. (2017), in which C;HsCN and
CH;CN ice particles were generated at 95 K, 110 K, and 130 K under simulated Titan
temperature and pressure conditions using collisional cooling cell experiments. The inves-
tigators measured transmittance spectra from 50 to 5000 cm™!, with a focus in the far-IR
to study the morphology of the icy particulates, identify their crystalline phases, and also
attempt to spectrally match the Haystack. While a metastable b-phase (monoclinic) ice was
identified for CH3CN, there was no such phase observed for C;HsCN. Ennis et al. (2017)
also reported the 200250 cm ™! region was absent of an CH;CN spectral feature, but found
the vy3 band of crystalline C,HsCN ice at 110 K was located at 226 cm~', which is in
agreement with Dello Russo and Khanna (1996).

Reproducing Titan’s stratospheric ices in the laboratory requires forming the ice sam-
ples with both high purity and free of oxygen-bearing components. Whereas some of the
nitriles and hydrocarbons necessary for Titan ice experiments are available commercially
by chemical manufacturers (e.g., C;HsCN, CH3CN, C,H;), others like HCN, HC3N, C;N,,
C4N,, and C4H,; must be synthesized in the laboratory. No matter the way in which the
compounds are secured, all will likely contain some degree of contamination, such as the
air contaminants H,O and CO,, byproducts from the syntheses, or additional organics pro-
duced from exposing nitriles to ambient air. The presence of any sample impurity must be
purged since it can alter the spectral features of the Titan ice analogs, ultimately resulting
in inaccurately-determined complex refractive indices. Purifying the sample becomes very
crucial, and unfortunately, most of the published laboratory work focused on Titan’s strato-
spheric ices are impure. For example, some work efforts report CO, impurity bands in the
infrared spectra of their synthesized ices, e.g., in the HC3N spectra reported in Moore et al.
(2010), in the C4N; ice spectrum of Khanna et al. (1987), and in the CH;CN ice spec-
trum of Ennis et al. (2017). This latter work effort also noted the cryopump oil impurities
in their samples. They further showed the presence of CO, as an impurity in their CH;CN
and C,HsCN ice particle spectra (both generated from the purified commercial nitriles).
CO, was introduced as an impurity in the dry N, bath gas as well as an adsorbed formic
acid remnant from previous experiments. Moreover, their C;HsCN ice particle spectra also
contained traces of acetonitrile absorbed on the enclosed flow cooling cell or on the depo-
sition line walls. Additionally, when purchased chemicals are used, and no purification is
performed, the resulting absorbance spectra can contain air contaminants such as CO», e.g.,
in the C,N; ice spectra of Moore et al. (2010), or H,O, e.g., in the C;H5CN ice spectra of
Khanna (2005). In recent work, however, Anderson et al. (2018) illustrates the difficulties in
synthesizing the initial compounds needed for the Titan stratospheric ice experiments, the
efforts and time dedication involved in purifying the sample, and the corresponding benefits
that are reflected in the recorded transmittance spectra. These investigators also discuss their
new Titan ice chamber, focus on simulating Titan’s icy stratospheric environment, with an
emphasis on the formation of co-condensed ices.

5 Closing Remarks
Many of the extensive laboratory efforts focused on thin ice film transmission spectroscopy
over the last three decades (see for example Allamandola et al. 1988; Sandford and Allaman-

dola 1993a,b; Hudgins et al. 1993; Bohn et al. 1994; Bernstein et al. 1997; Allamandola et al.
1999; Moore et al. 2007; Hudson et al. 2009, 2014; Bouwman et al. 2010; Gerakines and
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Hudson 2015) have been astrochemistry-driven and/or aimed at the interpretation of ground-
and/or space-based observations of interstellar ices, ices in molecular clouds, as well as ices
on airless bodies (or with tenuous atmospheres) in the solar system, e.g., comets, Triton,
Pluto, asteroids, etc. Except for the experiments listed in Sect. 4, very few have focused on
simulating and reproducing Titan’s stratospheric ice clouds, especially those observed by
Cassini’s ISS, VIMS, or CIRS instruments. This is a direct result of limited observational
data, with most laboratory efforts regarding Titan’s stratospheric ices, aimed at interpreting
Voyager 1 IRIS-derived results obtained during the Titan north polar limb mosaic recorded
in 1980. It was not until Cassini arrived in the Saturn system in 2004, combined with its
13-year mission tenure, that observations of ice clouds residing in Titan’s stratosphere over
multiple seasons were acquired, resulting in the need for much more detailed experimen-
tal studies. Specifically, these experiments must be performed by depositing the vapor at
temperatures that are representative of Titan’s stratosphere, ideally at temperatures between
~67 K and 150 K. Dedicated thin ice film transmission spectroscopy experimental efforts
are critically needed to better understand the chemical compositions, optical properties, and
formation mechanisms of Titan’s observed stratospheric ice clouds. This is especially true
regarding co-condensed ices and for ices that do not form from vapor condensation pro-
cesses, i.e., C4N; ice, the Haystack, etc.

Titan’s stratospheric ice cloud structures are very complex, and these clouds play an
especially important radiative role where they spatially exist in Titan’s stratosphere. They
are significant sources of thermal infrared opacity, especially at winter polar latitudes, con-
tributing significantly to Titan’s atmospheric radiative balance. For example, based on the
sheer strength in intensity of the Haystack (it is ~50 times more opaque than the aerosol
at 221 cm~! during northern winter at 85°N), it appears to provide an exceptionally strong
radiative cooling mechanism where it resides spatially, with additional contribution from the
other stratospheric ice clouds. Both the Haystack and Titan’s additional stratospheric clouds
are all very efficient far-IR radiative coolers, which leads to significant and unexpected alter-
ations to Titan’s vertical temperature structures, especially in the winter polar stratosphere
(Schinder et al. 2011, 2012; Anderson et al. 2014). The vertical extent of the Haystack ap-
pears to correspond very closely to the location of Titan’s local stratospheric temperature
minimum near 110 km at 85°N during northern winter (Anderson et al. 2014). Other local
stratospheric temperature minima occur as well in the late southern fall season. Continued
radiative transfer analyses, radiative cooling calculations, along with ongoing experimen-
tal efforts, are critically needed to better understand the contributions from all of Titan’s
stratospheric ice clouds.
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