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Abstract

The temperature structure of Titan’s upper atmosphere exhibits large variability resulting from numerous spatially
and temporally irregular external energy sources, seasonal changes, and the influence of molecular species
produced via photochemistry. In particular, Titan’s relatively abundant HCN is thought to provide substantial
cooling to the upper atmosphere through rotational emission, balancing UV /EUV heating, and thermal conduction.
Here we present the analysis of ALMA observations of Titan from 2012, 2014, 2015, and 2017, corresponding to
planetocentric solar longitudes of ~34°-89°, including vertical HCN and temperature EProﬁles retrieved from the
lower mesosphere through the thermosphere (~350-1200 km; 3 x 107°-2 x 10~® mbar). Throughout the
atmosphere, temperature profiles differ by 10 to 30 K between observations approximately 1 Earth yr apart,
particularly from 600 to 900 km. We find evidence for a large imbalance in Titan’s upper atmospheric energy
budget between 2014 and 2015, where the mesospheric thermal structure changes 51gn1ﬁcantly and marks the
transition between a mesopause located at ~600 km (2 x 10~ 4 mbar) and ~800 km (3 x 10~ mbar). The retrieved
HCN abundances vary dramatically during the 2012-2017 time period as well, showing close to 2 orders of
magnitude difference in abundance at 1000 km. However, the change in HCN abundance does not appear to fully
account for the variation in mesospheric temperatures over the Lg ~ 34°-89° period. These measurements provide
additional insight into the variability of Titan’s mesospheric composition and thermal structure following its 2009
vernal equinox and motivate continued investigation of the origins of such rapid changes in Titan’s atmosphere
throughout its seasonal cycle.

Unified Astronomy Thesaurus concepts: Titan (2186); Natural satellite atmospheres (2214); Radiative transfer
(1335); Submillimeter astronomy (1647); Planetary science (1255); Solar system astronomy (1529); Planetary

atmospheres (1244); Remote sensing (2191); Astrochemistry (75)

1. Introduction

Titan, Saturn’s largest moon, possesses a substantial atmos-
phere that is characterized by a thermal structure similar to that
of the Earth, though colder and more vertically extended (up to
~1500 km), resulting from its comparatively reduced insolation
and low gravity (see Flasar et al. 2014; Yelle et al. 2014;
Horst 2017, and references therein). Through observations by
the Voyager 1 and 2 and Cassini spacecraft and direct
measurements by the Huygens probe during its descent in
2005, Titan’s atmospheric behavior and dynamics have been
well studied through roughly half of its ~29.5 yr seasonal cycle
(see, for example, Smith et al. 1982; Lindal et al. 1983; Vervack
et al. 2004; Flasar et al. 2005; Fulchignoni et al. 2005;
Shemansky et al. 2005; Yelle et al. 2006; Teanby et al.
2008, 2012; Snowden et al. 2013; Vinatier et al. 2015;
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Teanby et al. 2017, 2019; Sylvestre et al. 2020; Creecy et al.
2021; Seignovert et al. 2021; Sharkey et al. 2021). Additionally,
measurements from ground-based observatories have helped to
bridge gaps between missions to the Saturnian system (e.g., Kim
et al. 2000; Geballe et al. 2003; Gurwell 2004; Moreno et al.
2005). However, the nature of short-term variability in the
dynamical state of Titan’s upper atmosphere, the seasonal
evolution of its stratosphere (~80-300 km), and the contribution
of many different chemical and dynamical components to
Titan’s atmospheric radiative budget still remain enigmatic after
the end of the Cassini/Huygens mission.

Models of Titan’s upper atmosphere—consisting of the
mesosphere (typically defined as ~300-600 km), thermosphere
(~600-1000 km), and ionosphere (>1000 km)—attempt to
simulate Titan’s atmospheric thermal structure through the
balance of heating by solar EUV /UV photons, electron and ion
precipitation, interactions with Saturn’s magnetosphere and
plasma sheet, thermal conduction, and cooling by rotational
and vibrational emission from hydrogen cyanide (HCN) and
various hydrocarbons produced via photochemistry (Yelle 1991;
Miiller-Wodarg et al. 2000, 2008; Yelle et al. 2008; Bell et al.
2010, 2011; Westlake et al. 2011; Bell et al. 2014; Snowden &
Yelle 2014; Snowden & Higgins 2021). Additionally, atmo-
spheric wave activity induced by gravitational tides may produce
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significant temperature perturbations in the upper atmosphere
(Strobel 2006). These predictions, along with inferences of
temperature from in situ density profiles obtained with the
Cassini Ion and Neutral Mass Spectrometer (INMS) and
Huygens Atmospheric Structure Instrument (HASI) and mea-
surements derived through stellar occultations from the ground
and the Cassini Ultraviolet Imaging Spectrograph (UVIS),
revealed large variability in Titan’s middle and upper atmo-
spheric thermal structure on both diurnal and seasonal time-
scales. Further, observations from the Cassini Composite
Infrared Spectrometer (CIRS), Imaging Science Subsystem
(ISS), and Visible and Infrared Mapping Spectrometer (VIMS)
instruments covering roughly half a Titan year indicated that
Titan’s radiative energy budget may not be fully balanced on
both temporal (seasonal) and spatial (hemispheric) scales
(Li 2015; Creecy et al. 2019, 2021), though further observations
are required to determine the nature and effects of this imbalance
on timescales of a Titan year or more.

Vertical perturbations of ~10-30 K on ~50-100 km scales
(on order 1-2 scale heights) were present in the Huygens/HASI
thermospheric measurements, indicating strong wave activity
(Fulchignoni et al. 2005; Aboudan et al. 2008). Ionospheric
measurements with the INMS revealed 30-60 K variations in
temperature over a number of Cassini flybys between 2004 and
2010 and further evidence of wave activity on large (150-450
km) vertical scales (Miiller-Wodarg et al. 2006; Snowden et al.
2013). These perturbations in temperature were found to be
much larger in the upper atmosphere than in the lower
mesosphere and stratosphere (Lorenz et al. 2014). Additionally,
INMS measurements revealed warmer upper atmospheric
temperatures on Titan’s nightside and while it was within
Saturn’s plasma sheet; cooler temperatures were found on both
the dayside and when Titan was in Saturn’s magnetospheric
lobe, though no strong correlation was found between temper-
ature and latitude, longitude, solar zenith angle, or local solar
time (Cui et al. 2009; Westlake et al. 2011; Snowden et al.
2013). UV occultations sounding Titan’s middle atmosphere
measured a mesopause at ~650 km (Shemansky et al. 2005;
Liang et al. 2007) and temperature inversions between 350 and
500 km attributed to Titan’s seasonally variable detached haze
layer (Sicardy et al. 2006; Lavvas et al. 2009), which was also
detected with ISS and HASI (Porco et al. 2005; Fulchignoni
et al. 2005; West et al. 2011).

As a strong contributor to both cooling Titan’s upper
atmosphere and producing further complex organic species,
HCN provides substantial insight into Titan’s innately linked
chemical and dynamical systems. HCN was first detected on Titan
by Voyager 1 (Hanel et al. 1981) and has been routinely observed
in the millimeter regime (see, for example, Paubert et al. 1987;
Hidayat et al. 1997; Marten et al. 2002; Courtin et al. 2011;
Rengel et al. 2022). Following observations of CH, fluorescence
in Titan’s mesosphere—resulting in additional measurement of
Titan’s mesopause near 600 km (Kim et al. 2000)—HCN
fluorescent emission was observed with the NIRSPEC instrument
on Keck II by Geballe et al. (2003) and subsequently reanalyzed
by Yelle & Griffith (2003) and Kim et al. (2005) to produce
vertical profiles in Titan’s mesosphere and thermosphere. These
measurements and those from the Cassini VIMS, UVIS, and
INMS instruments revealed Titan’s HCN mole fraction to
range between ~3 x 10™* and 3 x 10> at 1000 km, along
with evidence for diurnal variability (Shemansky et al. 2005;
Magee et al. 2009; Koskinen et al. 2011; Adriani et al. 2011;
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Vinatier et al. 2015; Cui et al. 2016). In the stratosphere and
mesosphere, the variability of Titan’s HCN abundance has been
studied using Cassini/CIRS, revealing dramatic enhancements at
high latitudes larger than an order of magnitude throughout
Titan’s seasonal cycle (Teanby et al. 2007; Vinatier et al. 2015;
Teanby et al. 2019). Further discrepancies exist between these
observations and predictions from photochemical models (e.g.,
Loison et al. 2015; Willacy et al. 2016; Vuitton et al. 2019),
raising additional questions pertaining to the role of HCN in
Titan’s chemical and radiative balance.

After the end of the Cassini/Huygens mission, ground-based
observations continue to provide insight into Titan’s complex
atmospheric composition and dynamics on short-term and
seasonal timescales. In particular, the Atacama Large Milli-
meter/submillimeter Array (ALMA) has proven to be a
powerful facility to study planetary atmospheres and allows
for the study of Titan’s stratosphere through thermosphere by
way of strong rotational emission lines from a variety of
molecular species. Previous ALMA observations from 2012 to
2015 allowed for the study of temperature and HCN abundance
in Titan’s stratosphere during its northern spring (Molter et al.
2016; Serigano et al. 2016; Thelen et al. 2018, 2019a, 2019b),
while spectral Doppler shift measurements revealed short-term
variability in Titan’s wind field in the middle and upper
atmosphere (Lellouch et al. 2019, hereafter L19; Cordiner et al.
2020). Additionally, through the combination of carbon
monoxide (CO) and HCN emission lines, L.19 retrieved Titan’s
vertical temperature and HCN abundance profiles near the
equator during 2016, showing a distinct mesopause at
~800 km.

Here we analyze ALMA observations of Titan from 2012,
2014, 2015, and 2017 (Lg ~ 34°-89°) to determine the thermal
structure and HCN abundance throughout Titan’s upper
atmosphere. These results are compared to previous measure-
ments from the Cassini and Voyager missions, ground-based
observations, and model predictions of Titan’s atmosphere. We
describe the observations and data reduction in Section 2 and
the radiative transfer modeling process in Section 3. The
results, comparisons to previous measurements and models,
and discussion are presented in Section 4, followed by
concluding remarks in Section 5.

2. Observations

Data from the ALMA main array, comprised of up to 50 12
m antenna dishes, were obtained from the ALMA Science
Archive® covering the period 2012-2017. Observations of
Titan were chosen such that the ALMA spatial resolution, often
denoted by the FWHM of the point-spread function (PSF)—
i.e., the synthesized beam—was <075 (roughly half the
angular size that Titan’s solid body plus extended atmosphere
subtends on the sky). The spectral resolution was high enough
to resolve the ~10 MHz wide HCN line core, enabling
measurement of Titan’s upper atmospheric temperature profile
(L19). The same rotational transition of HCN was measured
across multiple observations so as to directly compare the
derived vertical HCN and temperature profiles; in this case, the
HCN J=4-3 transition at 354.505 GHz was used. The
resulting parameters for selected archival observations with
the qualities specified above are presented in Table 1, including
a mix of dedicated Titan observations from 2012, 2016, and

8 https:/ /almascience.nrao.edu/aq/
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Table 1
ALMA Observational Parameters

Project Obs. Int. Spec. Chan. Spatial Pos. Subsol. Ls"
Code Date Time Res. Width Res." Ang. Lat.

(s) (kHz) (kHz) (arcsec) (deg) (deg) (deg)
2011.0.00727.S 2012 Jun 15 1572.6 122 61 0.470 x 0.365 52.60 12.64 34.34
2012.1.00635.S 2014 Apr 25 3125 976 488 0.457 x 0.380 —81.53 22.10 55.68
2013.1.00446.S 2015 Jun 12 151.3 282 244 0.361 x 0.304 —67.06 24.28 68.41
2015.1.01023.8° 2016 Aug 19 29259 19384 1953 0.265 x 0.144 52.13 26.07 81.59
2016.A.00014.S 2017 May 8 1080.0 976¢ 488 0.231 x 0.185 —75.85 26.41 89.49
Notes.

¥ Spatial resolution corresponds to the FWHM of the ALMA PSF.
b Refers to the solar longitude (measured from the vernal equinox) of Saturn.
¢ Previously analyzed by 19, shown here for reference.

d Higher spectral resolution windows centered just on the HCN line core were also included in these observations for the measurement of winds.

2017 and short observations from 2014 and 2015, where Titan
was used as a flux calibration source. As the 2016 data were
previously analyzed by L19, the observational parameters and
spectra are only shown here for context and comparison.

The ALMA observations were reduced and calibrated in the
Common Astronomy Software Application (CASA) package
(Jaeger 2008) using the Joint ALMA Observatory (JAO)
pipeline scripts provided with each observation. Typical
pipeline calibration procedures included the correction of
complex visibility gain and phase measurements and amplitude
calibration using strong (sub)millimeter continuum sources,
such as quasars or solar system moons (including Titan itself).
For observations from 2014 and 2015, where Titan was used as
a flux calibration target, the JAO scripts were modified to
remove commands flagging spectral windows containing HCN
emission lines, which are often removed during calibration
procedures due to their strong, broad line wings. Calibrated
visibilities were corrected to Titan’s rest velocity frame using
ephemeris data from the JPL Horizons System’ and decon-
volved to remove interferometric artifacts using the CASA
tclean task. During imaging, pixel sizes were set to one-
fourth to one-fifth of the ALMA synthesized beam size. The
Hogbom clean algorithm (Hogbom 1974) was used, and
additional weighting to long antenna baselines was applied
using the Briggs weighting scheme with a robust parameter of
0.5 (Briggs 1995). The data were cleaned to a flux threshold of
twice the rms noise.

Individual spectra were extracted from pixels at Titan’s nadir
and western limb and converted to radiance units for use during
radiative transfer modeling using the procedures described in
Thelen et al. (2018, 2019b). The nadir spectra of Titan’s strong,
rotational HCN emission lines are particularly sensitive to the
mesospheric temperature structure (L19); comparisons of HCN
nadir spectra are shown in Figure 1, with the inset showing
differences in the line core depth between each observation.
Simultaneously modeling both limb and nadir spectra allows
for the retrieval of Titan’s vertical thermal profile while
mitigating degeneracy imposed by variability in the vertical
HCN volume mixing ratio (VMR) profile (L19). To ensure that
the HCN line core was fixed at the rest frequency, small
spectral line shifts were added to the extracted limb spectra (on
the order of 1-2x the ALMA channel spacing; Table 1) to
account for Doppler shifts induced by upper atmospheric winds

° https://ssd.jpl.nasa.gov /horizons /app.html# /

found in high-resolution observations of various molecular
species (L19; Cordiner et al. 2020).

3. Radiative Transfer Modeling

As rotational HCN emission lines are pressure-broadened by
Titan’s atmosphere and thus vary in line shape due to changes
in the atmospheric state with altitude (and as a result of the
ALMA beam size and latitude), radiative transfer models were
calculated independently for spectra from each observation to
determine both the continuous vertical HCN VMR and
temperature profiles from the top of the stratopause to the
lower thermosphere. Modeling was performed using the
Nonlinear optimal Estimator for MultivariatE spectral analySIS
(NEMESIS) radiative transfer code developed by Irwin et al.
(2008). Synthetic HCN spectra were calculated implicitly using
NEMESIS in line-by-line mode using spectral line and partition
function data from the Cologne Database for Molecular
Spectroscopy'® (Miiller et al. 2001) and HITRAN catalog'’
(Gordon et al. 2022). Line broadening and temperature-
dependence coefficients, collisionally induced absorption pairs,
and initial gas profiles for N,, CH,4, and H, were taken from
Serigano et al. (2016), Molter et al. (2016), Thelen et al.
(2018), and references therein. A priori vertical profiles for CO,
HCN, and HC;N were used from ALMA observations of Titan
in 2012, 2014, and 2015 presented in previous analyses (Molter
et al. 2016; Serigano et al. 2016; Thelen et al. 2018, 2019a,
2019b). The temperature and HCN a priori vertical profiles
used here are shown in Figure 2.

Models of Titan’s (sub)millimeter thermal emission were
initialized using temperature profiles from Cassini Radio
Science observations sensitive to Titan’s troposphere and
stratosphere at altitudes <100 km (Schinder et al. 2012, 2020).
Spectral windows adjacent to the HCN J = 4—3 emission line
were then used to determine offsets between the data and model
continuum to derive a multiplicative corrective scaling factor
(if needed), as described in Thelen et al. (2018); these
corrective factors were on order 0.90-1.10, a typical uncer-
tainty for flux density calibrations of ALMA with quasars and
solar system objects (Fomalont et al. 2014).

As previous studies retrieved Titan’s vertical temperature
(using CO) and HCN profiles throughout Titan’s stratosphere

10 hips: //cdms.astro.uni-koeln.de
i https://hitran.org
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Figure 1. Titan HCN (J = 4—3) nadir spectra from ALMA observations in 2012 (blue), 2014 (cyan), 2015 (green), 2016 (red), and 2017 (purple). Spectra are
vertically offset above or below the 2014 spectrum by subsequent multiples of 2n'W cm 2 sr~! /em ™' for clarity and plotted in radiance units to account for the change
in beam size between observations. The inset shows comparisons of absorption in the HCN line core, which sounds Titan’s mesopause, and the spectra have been

shifted to compare absorption depths.
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Figure 2. A priori vertical profiles used for radiative transfer modeling. (Left) Temperature a priori profiles from Thelen et al. (2018, 2019a) retrieved from ALMA CO
spectra (100-550 km) and Cassini Radio Science data (<100 km) in 2012 (blue), 2014 (cyan), 2015 (green), and 2017 (purple). (Right) HCN VMR profiles retrieved
from ALMA H'>CN and HC'N spectra in 2012, 2014, and 2015 from Thelen et al. (2019b). A simple vertical gradient (black) was used to test the sensitivity of

retrievals to vertical structure.

(Serigano et al. 2016; Molter et al. 2016; Thelen et al.
2018, 2019b), we parameterized NEMESIS models of HCN
spectra such that the vertical temperature and HCN abundance

were allowed to vary continuously above the stratopause
(~250-350 km) in a grid of 108 atmospheric layers. Layers
were separated vertically by 3—40 km, increasing with altitude.
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Figure 3. Comparison of retrieved temperature profiles from 2015 after using
perturbations of the a priori temperature and HCN profiles shown in Figure 2 to
illustrate the stability of the retrieved mesopause and lower mesospheric
inversion near 400 km (~0.01 mbar). The best-fit vertical profile is shown in
green.

Simple a priori vertical profiles above the stratosphere were
used to avoid imparting artificial vertical structure on the
retrieved profiles. These include an isothermal profile at 160 K
at altitudes >600 km and a simple vertical HCN gradient in log
(VMR) from its condensation altitude at ~80 km (Marten et al.
2002) up to a VMR =2 x 107* at 1100 km (Vuitton et al.
2007). Subsequent model runs incorporated perturbations to the
HCN profile by an order of magnitude in either direction or
used the photochemical model profile of Loison et al. (2015) to
test the sensitivity of the retrievals to vertical structure (Molter
et al. 2016; L19). Unique vertical features, such as a small
temperature inversion around 400 km (Figure 3), were
considered valid if they manifested in the majority of retrievals.
The correlation length for temperature and HCN profiles was
set to 1.5 and 3.0 scale heights, respectively, so as to prevent
unphysical vertical oscillations in the retrieved HCN profiles
(Molter et al. 2016; Thelen et al. 2018). The 1o errors on the
vertical thermal profile were initialized at 1 K above the
stratopause and raised to 5-10 K in the upper atmosphere,
while the HCN a priori errors were set at 100% of the
HCN VMR.

As in L19, the HCN abundance and temperature were
retrieved simultaneously by fitting both nadir and limb spectra
at once. While previous observations have shown Titan’s
thermospheric temperature and HCN abundance to vary with
longitude (Snowden et al. 2013; Cui et al. 2016), we found the
retrieved profiles from the east and west limbs to fall within the
corresponding retrieval errors. To accurately model emission
from the ALMA beam shape, 20 emission angles were used for
each viewing geometry, as described in Thelen et al. (2018)."
A representative set of emission angle weights are shown in
Figure 4 for the observation from 2017 May 8 (ALMA Project
Code 2016.A.00014.S). A smaller range of data points was
modeled near the HCN line center at the native ALMA spectral
resolution, allowing for higher weighting of the line core
during the x* minimization of iterative spectral inversions,
thereby optimizing the sensitivity of the retrievals to the
relevant atmospheric pressures. Derivatives calculated for the
HCN J=4-3 limb and nadir spectral radiances as a function
of both HCN VMR and temperature are shown in Figure 5 (see

12 The ALMA spectrum extraction and emission angle weighting code may be
found at https://data.mendeley.com/datasets/szbcb44s43/1 (Thelen &
Molter 2018).
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Section 2.1 of Irwin et al. 2008 for a complete description of
functional derivatives in the NEMESIS code). These functional
derivatives illustrate the sensitivity of the HCN line core to
Titan’s temperature profile up to ~1000 km and the
complementary nature of limb and nadir spectral sensitivity
to HCN abundance that helps to break the degeneracy in HCN
and temperature retrievals (L19). The resulting best-fit limb and
nadir spectra are shown in Figure 6; see the Supplementary
Materials of 19 for the analysis of data from 2016.

4. Results and Discussion

The retrieved vertical profiles corresponding to the best-fit
spectral models presented in Figure 6 are shown in Figures 7
and 8, accompanied by the retrieved temperature and HCN
profiles from 2016 adapted from L19. As with previous
observations of Titan’s mesosphere and thermosphere, sub-
stantial variability is present between the four profiles derived
here and that of L19 above ~400 km (0.01 mbar), reaching
maximum differences of 10-30 K. The differences across our
retrieved temperatures are much larger than those found for the
stratosphere during the same period with similar ALMA
observations (generally ~5 K from Earth year to year; Figure 2,
left; Thelen et al. 2018). A distinct mesopause was found for all
four observations analyzed here and in the profile derived from
2016 data by L19, as indicated by the presence of absorption in
the HCN line core (Figure 1, inset) that is distinctly sensitive to
the pressure, temperature, and HCN abundance of the
atmosphere >600 km (Figure 5). The location and temperature
of these relative minima are largely different from one
observation to the next. This is also clearly visible in the raw
spectra as differences in the relative depth and shape of the
HCN line cores. The warmest and lowest temperature
minimum, 153.7 £4.0 K at 563 &+ 10 km (~3.8 x 10" mbar),
was found in 2014 (Lg~56°). The coldest and highest
mesopause, 134.9+34 K at 812442 km (~33 x 107°°
mbar), was found in 2015 (Ls ~ 68°), just under 26 Titan days
(413 Earth days) later. The 2012 and 2017 measurements and
those found by L19 are bracketed by these extremes, resulting
in a distinct and rapid separation between the 2012 and 2014
(Ls ~ 34°-56°) observations and those after 2015 (Lg > 68°).
The upper atmospheric temperatures vary between 153 K
(2016; L19) and 165 + 4.4 K (2014) at 1200 km (2.0 x 10~®
mbar), while the largest temperature difference in the lower
mesosphere is found at ~450 km (4.6 X 10~* mbar) between
2015 and 2016, where the temperature varies between
155+3.8 and 169+ 3.0 K. Authors L19 noted a stable,
quasi-isothermal region in their retrieved profiles from
~450-600 km, which was also evident in the a priori profiles
they employed based on data from Cassini/CIRS. Similarly, a
small temperature inversion was found to be stable in our 2012,
2015, and 2017 results, as shown in the inset in Figure 7. These
inversions may be attributed to Titan’s detached or transient
haze layers, as discussed further in Section 4.2.2.

The retrieved vertical HCN profiles, as shown in Figure 8,
show similarly large variability between the four observations
analyzed here. In particular, the 2012 spectrum required
substantially lower HCN abundance throughout the atmosphere
above ~600 km (2.5 x 10~* mbar), resulting in an order of
magnitude less HCN in the lower atmosphere than the other
retrievals and ~30x less than the 2014 and 2016 (L19) profiles
near 1100 km (7.6 x 10~® mbar). Attempts to fit the spectrum
from 2012 using the retrieved HCN profiles from 2014 a priori
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Figure 4. Weighting function distribution for nadir and limb viewing geometries for the 2017 observation. Beam locations were placed such that the top-of-
atmosphere latitudes matched for both locations for each observation, taking into account Titan’s tilt. Weighting distributions are not coadded, as plotted, but
calculated individually for each extraction region. Titan’s solid body radius (2575 km; dashed circle), top of atmosphere (1200 km above the surface; solid circle), and
top-of-atmosphere latitudes are shown. The FWHM of the ALMA beam is denoted by the dashed ellipses.

resulted in large reduced 2 values for spectral fits and required
significant or physically unlikely deviations from the input
profiles. This suggests that the atmosphere in Titan’s low
northern latitudes during 2012 was depleted of HCN above the
mesopause (occurring near this location in 2012) by a factor of
2-30. Similarly, the 2015 and 2017 retrievals require roughly
an order of magnitude less HCN above ~800 km (7.4 x 10~°
mbar) than those of 2014 and 2016 (L.19). The retrieved HCN
VMR values at 1000 km, along with the mesopause altitudes
and temperatures, are plotted as a function of time in Figure 9.
While the distinct transition between the 2014 and 2015
mesopause locations and magnitudes is evident here, a
correlation with the HCN abundance is not apparent.

4.1. Comparisons to Previous Studies

Our results are compared to previous measurements and
predictions of Titan’s thermal profile in Figure 10. Titan’s
mesospheric temperature profiles appear to transition between two
states, with a mesopause at ~600 or 800 km, similar to previous
measurements by Kim et al. (2000) and Liang et al. (2007; revised
from Shemansky et al. 2005) in 1999 and 2004, respectively. Our
profiles also agree with the altitudes of the mesopause predicted
by the atmospheric models of Lellouch et al. (1990) and Yelle
et al. (1997), though the magnitude of the mesopause temperature
is only matched by the Lellouch et al. (1990) model in 2015;

our 2014 profile is significantly warmer (~20 K) than the results
of Yelle et al. (1997), despite the similar location of the inversion.
These comparisons may reflect the differences in the incorporated
physics and inclusion of HCN cooling between the two models
(Yelle 1991), while the discrepancy with the model of Yelle et al.
(1997) may be due to assumptions of or seasonal variations in
aerosol heating and CH4 or C,Hg abundances, which affect the
temperature profile more strongly at ~600 km (Yelle 1991). Our
retrieved mesopause temperatures are generally warmer than
previous observations from earlier in Titan’s seasonal cycle,
though they occur at similar altitudes, with the exception of the
profile derived from HASI measurements during the Huygens
descent, where a temperature minimum of 152 K was found at
~490 km. We find warmer upper atmospheric temperatures than
the average profile measured by Cassini/INMS, though within
one standard deviation (125-165 K at 1200 km) observed over a
large number of flybys (Snowden et al. 2013). The retrieved
profiles are generally cooler than the models of Bell et al.
(2010, 2014) and do not exhibit a mesopause at ~900 km, as seen
there; however, the temperatures above those altitudes are
generally in good agreement. Our retrieved temperature profiles
tend to relax toward the a priori value of 160 K above ~1100 km,
where the spectra are less sensitive to deviations in the
temperature profile (Figure 5), consistent with the thermospheric
model of Miiller-Wodarg et al. (2008) at 1000 km for low
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Figure 5. Plots of normalized functional derivatives calculated by NEMESIS for HCN (J = 4—3) spectra as a function of frequency and altitude with respect to HCN
VMR (left column) and temperature (right column) in nadir and limb viewing geometries (top and bottom row, respectively). Contours increase with relative

contribution.

northern latitudes (164 + 6 K at 20° N). The profiles derived from
ALMA observations between 2012 and 2017 are consistent with
the range of values found through contemporaneous observations
with the Cassini/CIRS instrument in the lower mesosphere (see
Mathé et al. 2020, as depicted by the range of temperatures in
orange in Figure 10, and Vinatier et al. 2020). Compared with the
stratosphere, which varies significantly at high latitudes and on
seasonal timescales (Sylvestre et al. 2020; Sharkey et al. 2021),
the derived mesospheric temperature profiles from ALMA
observations present evidence for larger-magnitude thermal
variability within low-latitude regions on shorter timescales.
Previous measurements of Titan’s upper atmospheric HCN
by ground-based observations and Cassini are compared to our
retrieved 2014 and 2015 (Lg~56° and 68°) profiles in
Figure 11. Results from Cassini UVIS and VIMS observations
(Shemansky et al. 2005; Koskinen et al. 2011; Adriani et al.
2011) and the NIRSPEC instrument on Keck II (Yelle &
Griffith 2003; Kim et al. 2005) show generally higher HCN
abundances in the upper atmosphere than found with the
Cassini INMS instrument (Magee et al. 2009; Cui et al. 2016)
and predicted by photochemical models (Willacy et al. 2016;
Vuitton et al. 2019; Dobrijevic et al. 2021). While our 2014
(Lg ~ 56°) retrieval and that of L19 in 2016 (Lg~ 82°) fall
somewhere in the middle of these prior observations, the 2012,
2015, and 2017 results deviate further still above ~900 km,
extending the range of measured HCN in Titan’s upper
atmosphere from ~3 x 107> to 3 x 107>, with relative maxima

occurring at altitudes of ~950-1100 km. While atmospheric
nitriles (e.g., HC5N) have been found to vary with latitude up
to 2 orders of magnitude between Titan’s equator and winter
pole in the stratosphere (Teanby et al. 2007; Vinatier et al.
2015), we find that the temporal HCN variability is far more
significant in the upper atmosphere throughout its year
compared to contemporaneous retrievals in the stratosphere at
low latitudes by the Cassini CIRS instrument (Teanby et al.
2019; Coustenis et al. 2020; Mathé et al. 2020; Vinatier et al.
2020).

4.2. Interpretations
4.2.1. Upper Atmospheric Energetics and Dynamics

Compared to Titan’s stratosphere, which evolves on seasonal
timescales (Flasar et al. 1981), the upper mesosphere and
thermosphere exhibit short-term variability due to the complex,
highly variable environment Titan encounters during its
passage through Saturn’s nonuniform magnetosphere and
gravitational potential (due to Titan’s orbital eccentricity
~0.03) and its changing insolation. Above 1000 km, we
measure variations of 3-10 K between observations, likely
resulting from the combined effects of environmental factors
such as changes in charged particle precipitation (found to
increase the temperature by ~7 K by Snowden & Yelle 2014)
and Titan local time (de La Haye et al. 2008). These changes
typically affect Titan’s thermosphere on much shorter
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Figure 6. ALMA spectra (black) extracted from nadir (left column) and limb (right column) pixels compared with the best-fit NEMESIS models (colored lines) for
2012 (first row), 2014 (second row), 2015 (third row), and 2017 (fourth row).
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Figure 7. (Left) Retrieved vertical temperature profiles corresponding to the NEMESIS best-fit models in Figure 6. The retrieved temperature profile from L19 is
shown in red for comparison. (Inset) Comparison of the retrieved 2012, 2015, and 2017 profiles near the location of Titan’s detached haze layer. (Right) Errors on the
retrieved 2012, 2014, 2015, and 2017 models. The pressure scale on the right y-axis is approximate.
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Figure 9. (Top) HCN VMR at 1000 km as a function of time. (Bottom) Mesopause (black diamonds) and haze layer (blue lines) altitudes (left y-axis) and mesopause
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timescales than the time between observations analyzed here
(on the order of 1 Titan day; Bell et al. 2011; Snowden &
Yelle 2014), so while the effects of energy sources from the
external environment are present, they are difficult to quantify
directly and compare from one observation to the next.

No clear trend between the measured temperatures and Titan’s
orbital position with respect to the Saturnian magnetosphere is
apparent across the small sample size of data analyzed here.
Titan’s location during the 2014 and 2016 observations is very
similar—to the west of Saturn, in the ram direction with respect
to the Saturnian magnetosphere (see descriptions in Rymer et al.
2009 and Westlake et al. 2011)—though the thermal structure
varies dramatically between these two dates. Titan was observed
completely outside of Saturn’s magnetosphere by Cassini during

2013 December, roughly 8 Titan days before the 2014 ALMA
observation (Bertucci et al. 2015). The effects of the 2013 event,
during which Titan was directly exposed to solar wind particles,
may be indirectly seen in the difference in the temperature and
HCN profiles between the 2012 and 2014 observations.
Similarly, this time period also marked the maximum of solar
cycle 24, which may increase the EUV flux experienced by Titan
compared to many of the Cassini observations made during solar
minimum (Yelle et al. 2014).

The effects of HCN cooling are significant at altitudes >700
km, as a variation in HCN abundance by ~an order of
magnitude may cool the atmosphere by ~20 K (Yelle 1991;
Bell et al. 2010; Snowden & Yelle 2014). This may help
explain the warmest thermospheric temperatures in the 2012
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(Lg ~ 34°) profile, where HCN abundances were found to be
significantly less than the other three observations and the
measurements of 119 (Lg ~ 82°). The thermal profile of L19 is
cooler than the profiles we retrieved above ~950 km and
accompanied by a relatively high HCN abundance in the
thermosphere, while our profiles from 2015 and 2017 are
warmer and require less HCN. The temperature and HCN
profiles from 2014 (Lg ~ 56°) remain puzzling, as the thermo-
spheric temperatures are much higher than those of L19 and
those predicted by the model of Snowden & Yelle (2014) for
similar HCN VMRs. The large change in HCN abundance
from 2012 to 2014 (Ls ~ 34°-56°) and the seeming imbalance
between its predicted cooling on the thermosphere may be the
result of the recent change in Titan’s postequinox stratospheric
circulation, disruption of polar vortices, or other energetic
events during the northern spring period (Teanby et al. 2012;
Vinatier et al. 2015; Teanby et al. 2017; Coustenis et al. 2018;
Teanby et al. 2019; Coustenis et al. 2020; Sharkey et al. 2020;
Vinatier et al. 2020; Sharkey et al. 2021).

While the changes between temperature profiles from ~400
to 600 km appear anticorrelated with changes in the HCN
VMR profiles, implying some cooling at these altitudes due to
increased HCN atmospheric content, this effect is less efficient
at these altitudes according to the model of Yelle (1991) and
not enough to explain the largest difference of ~15 K between

the 2015 and 2017 profiles. At these altitudes, vibrational
emission from C,Hg also becomes important, though the
profiles retrieved in the lower mesosphere with Cassini/CIRS
do not show significant dispersion at low latitudes during this
time period (Mathé et al. 2020). Unfortunately, the balance
between HCN, C,H,, CH,, and C,Hg cooling in the lower
mesosphere is difficult to quantify with observations by ALMA
due to the lack of observable transitions for these species in the
(sub)millimeter.

4.2.2. Detached Haze Layer

Images of Titan from the Voyager and Cassini missions
revealed the presence of a vertically variable, detached haze
layer (Rages & Pollack 1983; Porco et al. 2005; West et al.
2011, 2018; Seignovert et al. 2021) later linked to the top of
Titan’s stratospheric meridional circulation (Rannou et al.
2004; Lebonnois et al. 2012; Larson et al. 2015), as its seasonal
evolution cannot be explained by microphysical processes
alone (Cours et al. 2011). The efficient absorption of solar
photons by the dense haze in Titan’s lower mesosphere was
also found to manifest as a sharp inversion in thermal profiles
derived from ground-based and Cassini/UVIS stellar occulta-
tions, as well as in the Huygens/HASI data (Sicardy et al.
1999; Fulchignoni et al. 2005; Sicardy et al. 2006; Lavvas et al.
2009; Koskinen et al. 2011). High-cadence images near Titan’s
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2009 spring equinox by Cassini/ISS showed the altitude of the
detached haze layer descending rapidly from ~500 to ~350 km
between 2008 and 2011 along with the collapse of the main
haze (West et al. 2011; Seignovert et al. 2017; West et al. 2018;
Seignovert et al. 2021), resulting in similar postequinox
altitudes to that observed by Voyager 2 after Titan’s spring
equinox in 1980 (357 km at the equator; Rages &
Pollack 1983). The consistent haze altitudes between 300 and
500 km and their subsequent descent near equinox were
corroborated by Cassini/UVIS and ground-based occultations
during both the 1980 and 2009 spring equinoxes (Sicardy et al.
1999, 2006; Liang et al. 2007; Koskinen et al. 2011) and
through general circulation models of Titan’s atmosphere
(Rannou et al. 2002; Lebonnois et al. 2012; Larson et al. 2015).
However, the temporal and spatial nature of the occasionally
multiple, transient detached haze layers and plumes indicates a
complex relationship between dynamics and microphysics that
has proven difficult to predict on short timescales through
current modeling efforts.

In the ALMA temperature profiles presented here, we find
similar inversions in the 2012, 2015, and 2017 (Lg~ 34°, 68°,
and 89°) observations to those derived from occultation
observations (Figure 7 inset; Figure 9, bottom panel, blue
lines). The local temperature maximum in 2012 at 350 km
(2.6 x 1072 mbar) is in agreement with the altitudes of the
detached haze layer shortly after equinox, as observed by
Cassini and Voyager 2 (Rages & Pollack 1983; West et al.
2011), following the disruption of Titan’s pole-to-pole
circulation cell and the descent of the haze layer. Contempora-
neous Cassini/ISS images indicate that this feature may be
transient or a secondary descending layer that manifests during
the disappearance of the main detached haze layer below 300
km (Seignovert et al. 2021). Similarly, the inversion found in
2015 (Lg~ 68°) at 420 km (6.8 x 1073 mbar) does not appear
to correspond to a stable, postequinox haze layer through
comparison with Cassini/ISS extinction profiles, though the
2017 (Ls~ 89°) feature at similar altitudes aligns with the
stable layer observed close to the end of the Cassini mission
(West et al. 2018; Seignovert et al. 2021).

The absence of this feature in 2014 (Lg~ 56°) and its
subsequent reemergence in 2015 and 2017 (Lg~ 68° and 89°)
is in agreement with dynamical models of Titan’s atmosphere,
marking the seasonal separation of haze due to Titan’s
strengthening meridional circulation approaching solstice
(Lebonnois et al. 2012; Larson et al. 2015). These altitudes
are similar to those found in the temperature inversions
observed by Sicardy et al. (1999) in 1989, nearly one full Titan
year prior. However, as the morphology of the haze layer
appears inhomogeneous with latitude and longitude (West et al.
2011; Seignovert et al. 2021), the nature of the detached haze
layer is difficult to quantify through the temperature inversions
discussed here due to the relatively large ALMA beam
footprint on Titan’s disk. The ALMA resolution also smooths
out small, latitudinally dependent vertical temperature pertur-
bations, which complicates interpretations of these features and
direct comparisons with previous observations. Further, while
the measurement of temperature inversions was consistent
across multiple retrievals (Figure 3), the magnitudes of these
deviations are close to the corresponding retrieval errors
(Figure 7). As such, it must be cautioned that the relation of
these temperature features to the location of the detached or
transient haze layer is tenuous and somewhat dependent on the
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confirmation of the latter from contemporaneous observations
(e.g., those from Cassini/ISS or occultation measurements).
Future ALMA observations at higher spatial resolution may
present the opportunity to confirm this tentative connection and
analyze the migration of the haze layer in a more meaningful
way than presented here. Those observations would enable
more comprehensive studies of the temporal and latitudinal
evolution of Titan’s haze after the end of the Cassini mission.

4.3. Considerations and Future Work

As the relative spatial and temporal scales enabled by the
archival ALMA observations do not allow for the full analysis
of temperature and HCN variability over relevant scales for
Titan’s upper atmosphere (e.g., a few Earth days, across
latitude and local time), a number of considerations must be
accounted for that constrain the interpretation of the results
presented here. First, we note that a direct comparison between
our ALMA results and those derived from HASI, INMS, and
spacecraft occultation measurements is difficult due to the
limitations of vertical and spatial resolution imposed by
ground-based remote sensing measurements. As a result, these
observations are not sensitive to vertical structure variability
(e.g., those seen by Fulchignoni et al. 2005; Miiller-Wodarg
et al. 2006; Snowden et al. 2013) due to wave activity, which
may account for additional temperature variability at these
altitudes on the order 10 K (Strobel 2006). Similarly, the
necessity to simultaneously retrieve the vertical temperature
and HCN profiles from nadir and limb geometries somewhat
obfuscates the direct assessment of Titan’s atmospheric state at
individual locations, as longitudinal and diurnal effects in HCN
abundance and temperature may be introduced into the
retrieved profiles (de La Haye et al. 2008; Cui et al. 2016).

As addressed in previous studies, complex atmospheric
changes with latitude on Titan are not well resolved due to the
relatively large ALMA beam size (Thelen et al. 2018, 2019b).
This effect results in smoothing of vertical profiles over large
latitude regions. While previous analyses with Cassini have
shown no correlation between neutral thermospheric tempera-
tures and latitude or longitude (Snowden et al. 2013), a full
latitudinal map of mesospheric temperature profiles would
considerably facilitate comparisons with models of Titan’s
atmosphere. Though beyond the scope of this work, additional
latitude points may be analyzed from 2016 and 2017
observations to characterize the variability of upper atmosphere
temperatures with latitude. Higher angular resolution observa-
tions will also enable an improved assessment of the effects of
wind shear and dynamics on these temperature profiles.
Higher-cadence observations would allow for the measurement
of temperature variability in Titan’s mesosphere to quantify
diurnal effects and those of Saturn’s magnetosphere, providing
a comparison to measurements by Cassini/INMS in Titan’s
thermosphere (Snowden et al. 2013; Cui et al. 2016). A study
of the monthly evolution of the mesospheric temperatures and
winds during mid-2014 may be possible using additional
ALMA archive observations. Finally, future observations with
ALMA may assist with the development of updated spacecraft
engineering models (e.g., for NASA’s future Dragonfly
mission), such as that of Yelle et al. (1997) for the Huygens
probe.
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5. Conclusions

Through the analysis of yearly ALMA observations of Titan
from 2012 to 2017 (Lg ~ 34°-89°), we found large variability
in the temperature and HCN abundance of Titan’s mesosphere
and thermosphere. The largest variation in mesospheric
temperatures occurs between 2014 and 2015 (Lg~ 56° and
68°), where the mesopause shifts dramatically upward by 250
km from 563 &+ 10 to 812 £ 42 km and cools from 153.7 + 4.0
to 134.9 + 3.4 K (Figure 9). The observed mesopause at both
~600 and ~800 km during this epoch agrees with prior
observations by Cassini and Keck II and corroborates the
results of models of Titan’s atmosphere; however, the large
variability observed here provides further challenges for
modeling Titan’s thermal structure in the mesosphere and
stratosphere. Smaller temperature changes in the thermosphere
and lower mesosphere may be explained by previously
observed perturbations in exogenic energy sources, such as
charged particle precipitation and interactions with Saturn’s
magnetosphere, which occur on timescales shorter than the
observations analyzed here. Though latitudinal gradients in
temperature were not derived from these observations,
dynamical instabilities related to Titan’s thermospheric jet
(L19; Cordiner et al. 2020) may account for differences in the
2016 and 2017 (Lg~ 82° and 89°) profiles. In the lower
mesosphere, we retrieve small inversions in the 2012, 2015,
and 2017 temperature profiles that may be indicative of the
location of transient or detached haze layers located between
~350 and 420 km following Titan’s spring equinox, similar to
prior observations during this time period by Cassini and 1
Titan yr before by Voyager 2 and ground-based observations.

Similarly large variability is found in Titan’s HCN
abundance, which extends the observed thermospheric HCN
by an order of magnitude, with measurements from ALMA and
Cassini now comprising VMRs from ~3 x 107> to 3 x 107>
above 900 km. While the range in HCN abundance from year
to year may account for deviations in the temperature profile
from 2012—which is relatively warm, while the HCN
abundance is fairly low—and minor temperature differences
in the lower mesosphere and thermosphere, the temperatures
retrieved for 2014, 2015, and 2017 require energy sources in
addition to HCN cooling, solar UV/EUV heating, and wind
shear. These sources may include variability in the abundances
of Titan’s other atmospheric species produced through
photochemistry, such as C,H, or C,Hg, wave activity, or
energy transfer from Titan’s lower atmosphere during the
seasonal transition to northern summer.

Future observations with ALMA may help to further
elucidate the connection between Titan’s upper atmospheric
temperature and HCN abundance through dedicated, high-
resolution observations over short timescales (i.e., <10 Earth
days), where diurnal differences and those due to Titan’s orbital
position relative to the Saturnian plasma environment are
relevant. While the variability of Titan’s thermosphere was
explored during the Cassini era, mesospheric temperature
differences with latitude, longitude, and local time may be
assessed through the unique capabilities of ground-based (sub)
millimeter facilities such as ALMA. In particular, these
observations are pertinent in the period around Titan’s
upcoming autumnal equinox in 2025, where similarly large
variations in mesospheric temperature may manifest.
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