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ABSTRACT

We have developed a seasonal radiative-dynamical model of Titan’s stratosphere to
investigate the temporal variation of temperatures in the 0.2-4 mbar range observed by the
Cassini/CIRS spectrometer. The model incorporates gas and aerosol vertical profiles derived
from Cassini/CIRS and Huygens/DISR data to calculate the radiative heating and cooling rate
profiles as a function of time and latitude. At 20°S in 2007, the heating rate is larger than the
cooling rate at all altitudes, and more specifically by 20-35% in the 0.1-5 mbar range. A new
calculation of the radiative relaxation time as a function of pressure level is presented, leading
to time constants significantly lower than previous estimates. At 6°N around spring equinox,
the radiative equilibrium profile is warmer than the observed one at all levels. Adding
adiabatic cooling in the energy equation, with a vertical upward velocity profile
approximately constant in pressure coordinates below the 0.02-mbar level (corresponding to
0.03-0.05 cm s at 1 mbar), allows us to reproduce the observed profile quite well. The
velocity profile above the ~0.5-mbar level is however affected by uncertainties in the haze
density profile. The model shows that the change in insolation due to Saturn’s orbital
eccentricity is large enough to explain the observed 4-K decrease in equatorial temperatures
around 1 mbar between 2009 and 2016. At 30°N and S, the radiative model predicts seasonal
variations of temperature much larger than observed. A seasonal modulation of adiabatic
cooling/heating is needed to reproduce the temperature variations observed from 2005 to 2016
between 0.2 and 4 mbar. At 1 mbar, the derived vertical velocities vary in the range -0.05
(winter solstice) to 0.16 (summer solstice) cm s at 30°S, -0.01 (winter solstice) to 0.14

(summer solstice) cm s at 30°N, and 0.03-0.07 cm s™ at the equator.

Key words: Titan, atmosphere; Atmospheres, structure; Atmospheres, dynamics
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1. Introduction

Due to Saturn’s obliquity of 26.7°, Titan experiences large seasonal variations of insolation.
The 0.056 eccentricity of Saturn’s orbit adds a significant modulation to this insolation.
Above the 10-mbar level, Titan’s radiative time constant is less than a Titan year (29.5 Earth
years) (Strobel et al. 2009, Flasar et al. 2014) so that significant seasonal variations of

temperature are expected in the mid-stratosphere and mesosphere.

Infrared observations by the IRIS instrument aboard the Voyager 1 spacecraft in November
1980 pointed out a north-to-south asymmetry of temperatures in the 0.4-1 mbar region, with
temperatures at 55°S being higher than at 55°N by 4 and 8 K at 1 and 0.4 mbar respectively
(Flasar et al. 1990). These observations occurred shortly after northern spring equinox, at a
heliocentric longitude Ls = 9°. Flasar and Conrath (1990) proposed that the asymmetry was
due to a phase lag in the response of the atmosphere to the seasonally-varying insolation due
to dynamical inertia. On the other hand, Bézard et al. (1995) suggested that the asymmetry
results from the larger concentrations of infrared radiators (photochemical gases and aerosols)

present at high northern latitudes.

The Cassini Composite Infrared Spectrometer (CIRS) aboard Cassini allowed us to monitor
the thermal structure of Titan’s stratosphere from July 2004 to September 2017, which
corresponds to L = 293°. Combining limb- and nadir-viewing observations between 2004 and
2006, Achterberg et al. (2008a) retrieved the temperature field over the pressure range 5x107-
5 mbar from about 75°S to 75°N. The corresponding season was around northern mid-winter
(Ls =293-323°). Compared with Voyager 1 observations, the north-to-south asymmetry was
stronger and temperatures at 55°S were higher than at 55°N by about 18 and 11 K at 1 and 0.4

mbar respectively. Compared to southern latitudes, high northern latitudes were then
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experiencing reduced solar heating and enhanced abundances of photochemical gases and
aerosols, both of which likely contribute to the lower temperatures. Besides this asymmetry,
mid-stratosphere temperatures on Titan were reaching their maximum at latitudes 0-30°S. On
the other hand, the stratopause was found higher and warmer beyond 50°N than anywhere
else on the satellite, which very likely results from adiabatic heating from downwelling air at
winter polar latitudes. Achterberg et al. (2011) extended the analysis of Achterberg et al.
(2008a) using Cassini/CIRS data up to December 2009, i.e. shortly after northern spring
equinox (Ls = 4°). Between 2004 and 2009, a large decrease of temperatures in the stratopause
region (above the 0.1-mbar level) was found beyond 30°N. Elsewhere in the stratosphere and

lower mesosphere, the temperature variations did not exceed 5 K.

The temporal and latitudinal variations of temperature observed in the stratosphere and lower
mesosphere result from combined variations of the insolation, modulating the solar heating
rate, of the atmospheric composition, which governs the radiative cooling and solar heating
rates, and of dynamical motions, which provide adiabatic heating and cooling. To try to assess
the relative importance of these actors, it is first necessary to constrain as precisely as possible
the radiative forcing terms, which requires a good knowledge of the distribution of the
radiatively-active gases and aerosols. Such information is available from Cassini/CIRS, which
measures in nadir- and limb-viewing geometry the thermal emission spectrum of Titan from
10 to 1495 cm™. This allows the retrieval of the gas concentration and aerosol extinction
profiles that contribute to the radiative cooling between approximately 130 and 450 km (5-
0.005 mbar) (e.g. Vinatier et al. 2010a, 2010b, 2015). The Descent Imager/Spectral
Radiometer (DISR) aboard the Huygens probe measured the optical properties and vertical
distribution of haze particles between 0 and =150 km (Tomasko et al. 2008c, Doose et al.

2016) on 14 January 2005 near 10°S. Used with a correct representation of the methane
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opacity, these results allow us to compute the solar heating rate profile as a function of zenith
angle. Combining Huygens/DISR and Cassini/CIRS data, Tomasko et al. (2008b) were able
to investigate the heat balance at the location and time of the Huygens descent. They inferred
that the day-averaged solar heating rate profile exceeded the cooling rate profile by a
maximum of 0.5 K/Titan day (0.03 K/Earth day) near 120 km altitude (5.5 mbar) and

concluded that the general circulation must redistribute this heat to higher latitudes.

In Titan’s stratosphere, a meridional circulation, similar to Hadley cells on Earth, is driven by
the latitude-dependent solar heating (see a review of Titan’s general circulation in Lebonnois
et al. 2014). General Circulation Models (GCMs) have been developed to investigate Titan’s
dynamics, in particular the superrotation characterized by prograde zonal winds up to ~200 m
s in the winter stratosphere (see Newman et al. 2011, Lebonnois et al. 2012 and Lora et al.
2015 for recent three-dimensional GCMs). These models show a pole-to-pole circulation,
particularly in the stratosphere, with rising motion in the summer hemisphere and subsidence
in the winter hemisphere except around equinox, when a more symmetric equator-to-pole
circulation takes place throughout the atmosphere. They generally succeed in reproducing at
least qualitatively the dominant features of Titan’s atmospheric structure, such as the zonal
wind pattern and temperature field, but suffer from approximations in the treatment of the
radiative transfer and/or various other simplifications. The strong subsidence at high winter
latitudes predicted by the GCMs is confirmed by the high temperatures and the large
enrichment in minor photochemical species observed in the upper stratosphere and
mesosphere (Achterberg et al. 2011; Teanby et al. 2007, 2009; Vinatier et al. 2007, 2010a).
The temperature anomalies observed in winter around the north pole have been used to
estimate downward vertical velocities of ~10 cm s around 0.01 mbar in 2005-2007

(Achterberg et al. 2011). Changes in the vertical abundance profiles of minor species



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

observed near the south pole in autumn were also used to derive the following vertical
velocities: from 0.1 to 0.4 cm s™ near 0.003 mbar in 2010-2011 and 2011-2012 (Teanby et al.
2012, Vinatier et al. 2015), 0.25 cm s near 0.01 mbar in 201 1-2012, and 0.4 cm s near 0.02

mbar in 2015 (Vinatier et al. 2017a).

The goal of this paper is to investigate the heat balance of Titan’s stratosphere using a
seasonal radiative model based on measurements by Cassini/CIRS of the distributions of the
radiative agents and state-of-the-art representation of gas and aerosol spectral properties. We
also take into account constraints from Huygens/DISR measurements. We then calculate the
season-dependent radiative solution for the temperature profile and compare it with the
observed variations of temperature at different levels and latitudes to derive constraints on the
dynamical heating/cooling. Here, we restrain our analysis to mid-latitudes (30°S-30°N) where
gas and aerosol do not exhibit large seasonal variations. Section 2 describes the temperature
data, retrieved from Cassini/CIRS measurements, with which we are comparing our model.
Section 3 presents our seasonal radiative model and the gas and aerosol distributions used in
the radiative transfer code to calculate heating and cooling rates. Radiative model results are
presented in Section 4 and compared with observations to constrain the missing adiabatic
heating and cooling terms. Also shown is a calculation of the radiative time constant as a
function of pressure level. We discuss these results in Section 5 and present our conclusions

in Section 6.

2. Observations
Retrievals of Titan’s temperature field are routinely achieved using nadir and limb
observations of the v4 band of methane through Focal Plane FP4 of Cassini/CIRS. This focal

plane covers the interval 1050-1495 cm™ at a spectral resolution adjustable from 15.5 to 0.5
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cm™ (apodized). It consists of a 10-pixel linear array, with a 0.27-mrad field of view (FOV)
per pixel (Flasar et al. 2004). Temperature maps were retrieved by Achterberg et al. (2008a)
for mid-winter conditions (2004-2006) combining nadir-viewing (2.8-cm™ resolution) and
limb-viewing (15.5-cm™ resolution) sequences. The nadir data cover latitudes from 90°S to
60°N and yield information in a pressure range of about 5-0.2 mbar while the limb data cover
latitudes from 75°S to 85°N and yield information in a pressure range ~ 1-0.005 mbar.
Achterberg et al. (2011) extended the analysis to cover 5.5 years of Cassini/CIRS
observations from July 2004 to December 2009, just after northern spring equinox. Here we
use a further extended data set encompassing observations up to June 2016, i.e. Titan flybys
TO to T118 (Achterberg et al. in preparation). For each flyby, zonal-mean temperatures were
obtained by zonally averaging temperatures retrieved from individual nadir-viewing spectra
(2.8-cm™ resolution) using 5° latitude bins with 2.5° spacing and interpolating the retrieved
temperatures onto a uniform latitude grid for each flyby. Averaging was done in a reference
frame that removes the 4° offset of the stratospheric symmetry axis from the surface pole
(Achterberg et al. 2008b). In our analysis, we used temperatures retrieved at 0.2, 0.5, 1, 2 and
4 mbar, which cover the range of maximum temperature information. Note that these
temperatures actually represent a vertical average over 1 to 1.5 scale heights due to the width
of the contribution functions in the methane band and the filtering applied in the retrieval
process. We restrained our analysis to equatorial and mid-latitudes and selected data at 6 = 0°,
30°N and 30°S. For a given latitude 6 and a given flyby, we averaged the three temperatures
retrieved by Achterberg et al. (in preparation) at latitudes 6-2.5°, 6 and 6+2.5°. Figure 1
shows the retrieved 1-mbar temperatures as a function of time for these three latitudes. The
error bars correspond to the standard deviation (SD) of temperatures in each 5° bin divided by
square of root of the number of data points. Seasonal variations are clearly visible in this data

set. At the equator, the 1-mbar (~185 km) temperature increases slightly from 2005 to 2011-
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2012 (by less than 1 K), and decreases more noticeably after 2012 (by ~4 K between 2012
and 2016). At 30°N, the temperature increases by ~4 K from 2005 to 2012 and decreases by
about the same amount from 2012 to 2016, while at 30°S the temperature regularly decreases

by ~8 K from 2005 to 2016.
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Figure 1: Time variation of 1-mbar temperatures retrieved from Cassini/CIRS
measurements at three latitudes, 0°, 30°N and 30°S.

Vinatier et al. (2015) produced maps of temperature and composition from selected sequences
of CIRS limb spectra recorded between October 2006 and May 2013 at a resolution of either
0.5 or 15.5 cm™. Reliable information extends from 5 to 0.001 mbar, a region below which
the temperature profile smoothly joins the Huygens/HASI profile measured in situ at 10°S in
January 2005 (Fulchignoni et al. 2005). We used Vinatier et al.’s results around 6°N, a
latitude least sensitive to seasonal effects, as a reference profile to test our model and
investigate the heat balance at this latitude. To smooth out small local temperature variations,
we averaged four temperature profiles recorded at 4-5°N, on January 2007 (Ls = 327°),
December 2009 (Ls = 4°), June 2010 (Ls = 11°) and May 2011 (Ls = 21°), thus corresponding

to northern mid-winter to mid-spring conditions. This profile is shown in Fig. 7. The 1-SD
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formal error bar due to noise propagation is about = 0.2 K in the range 0.1-1 mbar increasing
to+ 0.3 K at 0.01 mbar and +0.4 K at 5 mbar. The standard deviation of our set of four
temperature profiles is larger, 0.5 to 1.5 K from 0.2 to 2 mbar, 2 K at 0.1 and 5 mbar and 5 K

at 0.01 mbar.

3. Seasonal radiative model
We developed a one-dimensional seasonal radiative-dynamical model to investigate the

observed temperature variations in Titan’s stratosphere. We solve for the energy equation:

9T (z) _ g(z) 6T(z)
o = h(z) — c(z2) —w(2) ( >, ) (D
h(z) is the solar heating rate equal to — Eq I;Z()p) where F'« is the downward solar flux, ¢(z) is
p
the radiative cooling rate equal to — f AFir®) (ith g being the upward thermal emission

D

flux, w the upward vertical velocity, C, the specific heat, and g the acceleration of gravity.

The term W(Z) = represents the adiabatic cooling rate and W(Z) ) the cooling rate due to
Cp

vertical advection. The solar flux is calculated for diurnally averaged (i.e. zonally-averaged)
insolation. We neglect the meridional advection of heat. As discussed by Achterberg et al.
(2011) and Teanby et al. (2017), this term is expected to be <0.2 time the vertical advection
term, based on the mass continuity equation and the observed horizontal temperature

gradients, all the more at low latitudes where these temperature gradients are very small.

3.1 Solar flux

Our atmospheric grid consists of 41 pressure levels uniformly distributed in log-scale from
1.466 bar (surface pressure) to 0.133 ubar (around 650 km). The solar flux is calculated as a
function of zenith angle 6, and altitude from 2610 to 40000 cm™ (3.8-0.25 pm) using a plane

parallel radiative transfer code that incorporates the DISORT algorithm (Stamnes et al. 1988)
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with 8 streams to solve for scattering. The solar irradiance spectrum at 1 AU is the 2000
ASTM Standard Extraterrestrial Spectrum Reference E-490-00 (available at
http://rredc.nrel.gov/solar/spectra/am0/). We consider opacity from methane and aerosols.
Methane absorption is modeled from 2610 cm™ (3.8 um) to 25000 cm™ (0.400 um) using the
correlated-k distribution method. From 2690 to 11850 cm™, absorption coefficients are
calculated with a line-by-line radiative transfer model and molecular line parameters
(positions, intensities, energy levels) from the TheoReTS database, which includes new
accurate theoretical linelists of 12CH4, 13CH4 and 12CH3D (Rey et al. 2017). The assumed N,-
broadened halfwidths and far wing lineshape are described in Rey et al. The CH3;D/CHj4 ratio
corresponds to D/H = 1.32x10™* (Bézard et al. 2007). For each 40-cm™" interval, a set of 16 k-
coefficients, 8 for the interval [0:0.95] of the normalized frequency g and 8 for the interval
[0.95:1.00], is calculated on a set of pressures and temperatures. Beyond 11850 cm™, we used
the coefficients of the Voigt-Goody band model calculated by Karkoschka and Tomasko
(2010, Table 4) based on methane transmission measurements from laboratory, Huygens and
HST data. We then essentially proceeded as in Irwin et al. (1996) and generated, for each
pressure and temperature of our set, 24 transmission (7,) spectra with column densities (@)
equally spaced in log space between a minimum value such as 7, = 0.997 and a maximum
value such as 7, < 0.01. This function 7,(a) was then fitted with an exponential sum
characterized by 10-point Gaussian Legendre quadrature abscissae and weights, using a
Levenberg-Marquardt non-linear least squares algorithm (Press et al. 1997). The first guess of
the 10 k; absorption coefficients was derived from the £ distribution of a Malkmus-Lorentz
band model (Eq. 12 of Irwin et al. 1996) having the S and B parameters given in Table 4 of
Karkoschka and Tomasko (2010). The function 7,(a) was actually fitted with the 10
parameters k; and (k;-k;.;), for 1 = 2,10, discarding the iterations leading to negative values of

any of them, to ensure that they increase monotonically. We kept the original sampling of

10
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Karkoschka and Tomasko (2010): 5 cm™ in the interval 11850-19300 cm™ and 25 cm™ in the

interval 19300-25000 cm™.

500 T ~—
N Nominal

N Doose etal. -
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I-um extinction coefficient (km'l)

Figure 2: Haze extinction coefficient at 1 pm for our nominal model (solid line), Doose et
al.’s (2016) model (dashed line) and one with a constant scale height of 70 km above 160
km (dash-dot line). In the thermal infrared range, at 1090 cm™, these extinction profiles are
scaled by factors of 0.0103, 0.0113 and 0.0099 respectively.

The methane mole fraction profile used in the radiative transfer is that derived by Niemann et
al. (2010) from the analysis of Huygens/GCMS in situ measurements, with a uniform mole
fraction of 1.48 x 107 above 45 km. The temperature profile Ty(p) is that retrieved by Vinatier
et al. (2010a) from Cassini/CIRS limb and nadir spectra recorded near 20°S in March 2007,

not far from the Huygens descent latitude.

The properties of the aerosol particles (single scattering albedo, phase function) were taken

from the recent reanalysis of Huygens/DISR observations by Doose et al. (2016, Table 2)

11
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with information on the phase function from Tomasko et al. (2008c). Longward of 950 nm,
we used the single scattering albedo derived by Hirtzig et al. (2013) from modeling of
Cassini/VIMS data. We used the wavelength dependence of the extinction given in Table 2 of
Doose et al. (2016). The vertical variation of the extinction at the Huygens site is constrained
in detail between 0 and 144 km from the DISR measurements but only in average above this
altitude. Doose et al. then added the additional constraint of the optical limb altitude as
observed by Karkoschka and Lorenz (1997) to produce an analytical vertical profile of
extinction characterized, in the stratosphere, by an optical depth scale height decreasing from
large values below 80 km to a value of 65 km at 120 km and an asymptotic value of 45 km at
very high altitudes (Fig. 2). Here we considered additional constraints from Cassini/CIRS
measurements of the aerosol continuum emission in limb-viewing and nadir geometry
between 600 and 1500 cm™ . These measurements provide a vertical profile of the extinction
at thermal wavelengths with a good precision between approximately 140 and 400 km (3-0.01
mbar) (Vinatier et al. 2010b, 2015). We used here the vertical dependence of the extinction
determined from limb observations in January 2007 around 5°N (Vinatier et al. 2010a, b) and
adapted by Vinatier et al. (2015) (dashed line in their Fig. 15). Their extinction profile has a
scale height (H) of about ~65 km up to 350 km decreasing to ~48 km above 400 km. Our
nominal profile for the haze extinction is then the Doose et al. profile up to 160 km, that we
extend above with H = 65 km from 160 to 350 km, linearly decreasing to 48 km at 400 km
(Fig. 2). The extinction profiles derived from CIRS measurements at equatorial and mid-
latitudes show however a significant variability with latitude and year above 250 km (Vinatier
etal. 2015, 2016). Although part of it may be an artifact due to uncertainties in the continuum
calibration, especially at high altitudes (> 400 km), most of it is probably real, including the
presence of the variable detached haze layer, as discussed in Vinatier et al. (2015). An

average of the profiles observed in 2010-2012 between 20°N and 30°S (Fig. 15 of Vinatier et

12



253 al. 2015) shows a vertical variation close to the Doose et al. profile up to 300 km and

254  intermediate between our nominal profile and Doose et al. up to 400 km. On the other hand,
255  observations at 26°S in January 2016 exhibit an approximately constant scale height H as
256  large as 70 km between 200 and 500 km (Vinatier et al. 2016). We consider that the full
257  Doose et al. profile and one having H = 70 km above 160 km represent a reasonable envelope
258  of the actual extinction profiles at low latitudes (Fig. 2).

259

260  We assumed a Lambertian surface with the reflectivity inferred by Jacquemart et al. (2008)
261  between 900 and 1600 nm from DISR/DLIS spectra taken at an altitude of 25 m and after
262  landing of the Huygens probe. The surface reflectivity down to 400 nm was obtained from
263  Eq. 5 of Karkoschka et al. (2012), giving the relative spectral variation of I/F derived from
264  DISR/DLVS data after landing, and scaled with the Jacquemart et al. value at 900 nm.

265  Between 250 and 400 nm, we assumed a linear variation of 4x10™ nm™! and, beyond 1600
266  nm, we used the Hirtzig et al. (2013) albedos derived from the methane windows in

267  Cassini/VIMS spectra near the Huygens landing site. We account neither for the strong
268  opposition effect seen in the phase function of Titan’s surface (Karkoschka et al. 2012) nor
269  for the fact that the surface at Huygens’ landing site is darker than average at low latitudes.
270  However, the influence of the surface reflectivity on the heating rate at stratospheric levels
271  should be relatively low.

272

273 3.2 Thermal emission

274  Without scattering, the thermal flux at pressure level p is equal to:
275 Fr() = 21 f}" do [T B, (T(x))Ex(zs — 1)dTy — [37 By(T(20)) Bty — T)d7s ], (2)
276  where 1, is the optical depth at wavenumber o and pressure level p, B« 7,’) is the Planck

277  function at the temperature 7 of the level of optical depth 7, and wavenumber o, and E; is

13
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the second-order exponential integral (E,(x) = | L

dt). The two terms in Eq. 2 represent
the fluxes from respectively the upwelling and downwelling radiation at pressure level p. We
calculate this integral from 20 to 1560 cm'l, and divide it into n; = 74 intervals of width do =
20 cm™'. Thermal emission from outside this spectral interval can be neglected in the energy

budget. Our grid has n, = 51 pressure levels uniformly distributed in log-scale from p;

= 1.466 bar (surface pressure) to Pn, = 0.1466 pbar (around 650 km). By linearizing the

Planck function as a function of optical depth within each atmospheric layer of our grid [},
j+1], and assuming that the Planck function is constant over each spectral interval k of width

oo, 1.e.:

B (T0) = By (T0)) 5 252+ B (T01)) 2 5y ®

Eq. 2 at a given pressure level p; can be written out as summations over indices &k and ; as:

BO'k (T(pl)) fO'k+50'/2

Fir(p) = 1 80 Sk, [P (000 2, (1, () = 10 () dor +

i—1 1 +60/2 Ta(p' ’ ’ I
S L [ g [0 B (1)) 265t — 70 (p)) dy -

Ta(pj+1)
np-1 1 ox+60/2 76(pj) , / '
Syt e da [ B, (T(25)) 2Ea (e, (p0) = T5) dr | 0

where the first term in the summation over % is the contribution from the surface, the second
one that from atmospheric layers below level i and the third one that from atmospheric layers
above level i. Combining Egs. 3 and 4 allows us to express the flux at pressure level p; as a

linear combination of the Planck functions at the n, pressure levels (p;) and n; wavenumbers
(on):

n
Fir(p) =80 Tk, 577 Boy (T())) A 5)
where 4, 1s a dimensionless coupling factor between levels p; and p; for the K™ frequency

interval. We calculated this exchange matrix 4 for the reference temperature profile 7o(p) (see
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above) and neglect its dependence on temperature in our seasonal model, given that it is

generally much weaker than that of the Planck function.

The exchange matrix 4 was calculated through a line-by-line radiative transfer program that
incorporates opacity from the collision-induced absorption (CIA) of N,-H,-CHy4 pairs, lines
from CH,4, CH3;D, C,H¢, C,H,, C,H,4, CH3C,H, C4H,, C3Hg, CO, CO, and HCN, and aerosols.
Spectroscopic line parameters are described in Vinatier et al. (2010a) with, in addition, C,Hg
lines in the 7-pum region from HITRAN2012 (Rothman et al. 2013), the CH3C,H bands
around 15.5 and 30 pm from Geisa2011 (Jacquinet-Husson et al. 2011), and rotational lines
from CHy4, CO and HCN as described in Lellouch et al. (2014). Line parameters of C4H;
bands were updated following Geisa2011. References for the CIA coefficients are given in
Vinatier et al. (2007), with the N,-CH4 coefficients multiplied by a factor of 1.5, following
Tomasko et al. (2008b). For the main haze opacity, we utilized the spectral dependence of the
extinction cross section derived from Cassini/CIRS measurements by Vinatier et al. (2012)

from 600 to 1500 cm™ and by Anderson and Samuelson (2011) at shorter wavenumbers.

We used the vertical profiles of C,Hg, C,H,, C,H4, CH3C,H, C4H,, CsHg, and HCN derived
by Vinatier et al. (2010a) from limb measurements near 20°S in March 2007". As for the
calculation of the solar flux, the CHy profile is that of Niemann et al. (2010) and the CHs;D
profile derives from D/H = 1.32 x 10™* (Bézard et al. 2007). The CO, and CO mole fractions

were held constant at 1.6 x 10™® and 4.7 x 10~ respectively (de Kok et al. 2007).

We assumed a uniform composition from 30°S to 30°N and constant throughout the mission.

This is consistent with monitoring studies based on Cassini/CIRS nadir observations by

! Temperature and abundance profiles available from the Virtual European Solar and
Planetary Access (VESPA) http://vespa.obspm.fr/planetary/data/epn/query/all/

15



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

Teanby et al. (2008) and Coustenis et al. (2013), which all show limited variations of
composition at latitudes less than 30° in the ~2-10 mbar region. As shown later, C,H,, C,Hg
and CH4 are the main gaseous cooling agents. Compiling the C,H, and C,Hg profiles retrieved
from CIRS limb and nadir observations from 2007 to 2016 by Vinatier et al. (2010a, 2015,
2017b), we have calculated the standard deviation (SD) of the mole fractions in these sets at
levels between 0.5 and 2 mbar. We found a SD of about 10% of the mean value for C,Hg,
which is about the 1-SD uncertainty of the retrievals, and 15-20% of the mean value for C,H,,

which is only marginally larger than the retrieval uncertainty.

The vertical profile of haze extinction is the one described above to model the solar flux
deposition, scaled to a value of 4.1 x107'” cm™ at 200 km and 1090 cm™ as derived by
Vinatier et al. (2015) in the 30°S-20°N region in 2010-2012. We added the opacity of the
nitrile haze characterized by Anderson and Samuelson (2011). The spectral dependence of
this opacity at 15°S is given in Fig. 15 of that paper; it peaks at 160 cm™ and is significant in
the range 90-290 cm™. We used a normal optical depth of 0.0054 at 160 cm™, as derived by
Anderson and Samuelson (2011) at 15°S, and the associated vertical profile of extinction,
having a mass extinction coefficient peaking at 87.5 km with a full width at half maximum

(FWHM) of 18.8 km.

3.3 Numerical aspects

Starting from the initial temperature profile 7o(p), Eq. 1 is integrated through a time-marching
scheme, with a constant step A& (typically 10~), & being related to the time ¢, Sun distance d
and heliocentric longitude ¢ through the relations (Landau and Lifchitz 1969, Egs. (15,10)

and (15,11)):

t=%(f—esin€), 6(a)
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d =a(l—ecosé), 6(b)

cosé—e

cos¢ = 6(c)

1-ecosé’

where T,,; is Saturn’s orbital period, e its orbit eccentricity, a its semi-major axis, with the
origin of time and longitude taken at perihelion (=0, =0, ¢ = 0). Note that the heliocentric
longitude with an origin at northern spring equinox L is then equal to ¢ + L,’, L, being the
value of L at perihelion. The solar declination ¢; is given by:

sind; = sin§ sin L, 6(d)

where 6 is Saturn’s obliquity.

The time-marching integration is run for long enough so that the influence of the initial
profile Ty(p) has vanished at the end. At each time step, the diurnally averaged solar flux is
derived for the corresponding solar declination and Sun-Saturn distance by integrating over
daytime and interpolating as a function of cos(6;) from the solar fluxes pre-calculated for
zenith angles 6; = 0, 30, 50, 60, 70, 80 and 85° (Section 3.1). The thermal flux is calculated
from Eq. 5, assuming as a boundary condition a constant surface temperature of 93.5 K and
emissivity of 1.0. Radiative cooling and heating rates are then calculated on the atmospheric
pressure grid by differentiation of the solar and thermal fluxes. After adding the adiabatic and
advective cooling/heating terms in Eq. 1 to the radiative terms, the variation of temperature
AT at each level is calculated from Eq. 1 as Az times the sum of these three energy terms, and

the process is iterated till the desired date.

4. Results

4.1 Heating and cooling rates in the stratosphere
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Figure 3 shows, at three different pressure levels, the spectral heating rate /4,, giving the

wavelength dependence of the absorbed solar energy (the solar heating rate in Eq. 1 is

h= f h,dA). At pressures less than ~5 mbar, heating is dominated by aerosol absorption of

solar radiation at wavelengths below 0.8 um, with a peak around 0.4 um at 0.1 mbar and 0.45
um at 1 mbar. At 10 mbar, the strong methane bands between 0.8 and 3.7 um provide
substantial additional heating. In this region, methane and aerosol absorption provide

comparable contributions to the solar heating while, at deeper levels, methane absorption

dominates.
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Figure 3: Spectral heating rate 4, giving, as a function of wavelength, the contribution per
unit wavelength to the day-averaged solar heating rate at three different atmospheric levels.
For clarity, 4, at 0.11 mbar is multiplied by 0.1 and /4, at 1.2 mbar by 0.2. The solar
heating rate is integrated from 0.25 to 3.8 um. Insolation conditions correspond to 20°S
and March 2007.
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Figure 4: Spectral distribution of the cooling rate ¢, averaged over 20-cm™ bins, giving, as
a function of wavenumber, the contribution to the radiative cooling rate at three different
atmospheric levels. For clarity, ¢, at 0.09 mbar is multiplied by 0.1 and ¢, at 0.9 mbar by
0.2. The temperature profile pertains to 20°S and March 2007.

The spectral distribution of the radiative cooling rate (c.), averaged over 20-cm-1 intervals, is

shown in Fig. 4 at three different levels in the stratosphere. The cooling rate ¢ in Eq. 1 is the

integral over wavenumber of ¢;: ¢ = f ¢, do . The most efficient gaseous coolers are ethane

(820 cm™), acetylene (730 cm™) and, above the ~5 mbar level, methane (1300 cm™). Note
that at (and below) the 9-mbar level, the methane band heats the atmosphere from above.
Substantial cooling in the stratosphere arises from the continuous aerosol opacity. As noted
earlier by Tomasko et al. (2008b), the cooling effects of gas and aerosol emission are of the
same order. Note, in the 9-mbar cooling rate spectrum, the contribution from the nitrile haze

peaking at 160 cm™ (Anderson and Samuelson 2011).
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In Fig. 5, we show the heating and cooling rate profiles calculated with our model for the
composition and temperature profile derived from CIRS measurements near 20°S in March
2007. Both profiles steadily decrease with depth, by more than 3 orders of magnitude from
the lower mesosphere to the lower troposphere. In the whole region 0.1-5 mbar, best
constrained by CIRS measurements in terms of temperature, haze and composition, the
heating and cooling rate profiles are remarkably similar, the former being regularly 20-35%
larger than the latter. The difference between them varies between 3 x 10° K s™ at 0.1 mbar
and 2 x 107 K s™ at 5 mbar. As the observed temperature variation around 2007 is less than 1
K year” (Fig. 1), i.e. <3 x 10® K s™, the energy balance equation (Eq. 1) implies that this
difference has to be balanced by adiabatic cooling. This leads to upward velocities decreasing

from 0.25 cm s at 0.1 mbar to 0.09 cm s™' at 1 mbar and 0.014 ¢m s™' at 5 mbar.
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Figure 5: Heating (solid line) and cooling (dashed line) rate profiles calculated with our
model using the temperature profile retrieved from CIRS measurements at 20°S in March
2007. The heating rate profile corresponds to day-averaged conditions and insolation
parameters for March 2007.

Around 15 mbar (85 km), which corresponds to the peak of the nitrile haze, the cooling and
heating rates are almost equal. Just below, around 25 mbar (71 km), the heating rate exceeds
the cooling rate by about 70%. This region corresponds to the fall-off of the C,H¢ and C,H;
mixing ratios due to condensation, these two gases being important infrared radiators in the
whole stratosphere. Below the 50-mbar level, in the troposphere, the heating rate is about
40% larger than the cooling rate. Note that no information from CIRS data is available using
the v4 CH4 band below the ~ 10-mbar level, and the temperature profile then joins the
Huygens/HASI in situ measurements at 10°S (Fulchignoni et al. 2005). Above the ~ 0.03-
mbar level, the heating rate is about twice the cooling rate, which would call from Eq. 1 for an
upward velocity w of about 1.5 cm s”'. However, this estimation is very uncertain due to the

poorly known haze density in this region.

4.2 Radiative relaxation times

Evaluation of radiative time constants is important to investigate the response of Titan’s
atmosphere to various perturbations, such as the diurnal and seasonal cycles of insolation, or
atmospheric waves. As discussed by Flasar et al. (2014), the radiative time constant (7,) is the
characteristic time for radiatively damping out a small perturbation from the equilibrium state,
keeping unchanged all other energy terms such as solar and dynamical heating. From Eq. 1, 7,
is formally equal to the inverse of the derivative of the cooling rate with respect to

temperature:
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Figure 6: Vertical profiles of radiative relaxation time in Titan’s atmosphere. The solid line
corresponds to damping out a Gaussian temperature perturbation having a full width at half
maximum of one pressure scale height. The dotted line shows the radiative time constant
calculated by Achterberg et al. (2011) at 5°S using the direct cooling-to-space
approximation for the radiative cooling. The dashed line represents the temperature
divided by the cooling rate, following the approach of Strobel et al. (2009).
430

431  However, c(z) in a given layer depends to some extent, through exchange terms, on the
432  temperature outside this layer so that the vertical shape of the assumed perturbation has to be

433  specified. We assumed here a Gaussian perturbation having a FWHM of 1 pressure scale

434  height and centered in a layer [p;:p;+;]. Doing so, 2;((@)
Z

can be calculated from Eq. 5 as a
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where j runs over the
aT(p;)

linear combination of terms in the form (A, ;- A, ;)

1

perturbed levels with appropriate weighting. The resulting profile of 7, is shown in Fig. 6 as a

solid line.

The radiative time constant readily increases with depth from less than 1 Titan day above the
0.1-mbar level to about 1 Titan year in the lowest layers of the troposphere. In the range 0.1-5
mbar, in which we are mostly interested here, the radiative time constant varies between
0.0015 and 0.02 Titan year, implying that the stratosphere can respond radiatively to the
seasonally-varying insolation with negligible time lag. We also made a calculation for a
perturbation having a twice larger FWHM (2 scale heights). The resulting time constants are

then ~ 25% larger in the stratosphere and ~ 60% in the troposphere below the 300-mbar level.

In Fig. 6, we also show the radiative cooling timescale calculated by Achterberg et al. (2011)
at 5°S using the direct cooling-to-space approximation and including opacity from CHa4, C;H;
and C,Hg. Their time constants are 4-5 times larger than those inferred in this work. A factor
of ~ 2 is likely due to the lack of aerosols and other gases in their calculations and the
remaining difference from ignoring the exchange terms, as discussed in Section 5. We also
plotted in Fig. 6, the ratio of temperature to cooling rate (7(z)/c(z)), which yields a simpler
estimate of the radiative timescale. As can be seen from Eq. 1, rather than relevant to damping
of a temperature perturbation, this time constant pertains to a case in which the solar heating
is turned off (as well as the dynamical term). This is the approach that was used by Strobel et
al. (2009) to compute the radiative timescale. Figure 6 shows that, doing so, the radiative

damping time is overestimated typically by a factor of 10.
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459 4.3 Temperature profile at 6°N

460  We first compare the predictions of our seasonal radiative model, with no adiabatic

461  heating/cooling, to the temperature profile retrieved near 6°N around northern spring equinox
462  (See Section 2), a region where seasonal variations of insolation are minimal. Figure 7 shows
463  the temperature profile calculated with the three haze profiles of Fig. 2. Temperatures in these
464  models essentially differ above 200 km due to different assumptions on the vertical profile of
465  aerosol extinction. The warmest profile is associated with the largest aerosol number

466  extinction profile and vice versa, confirming that aerosol heating from scattering and

467  absorption of solar radiation dominates over their cooling effect due to thermal emission. The

468  difference between the extreme profiles increases from 7 K at 0.1 mbar to 20 K at 0.001 mbar.

1 v 1 v 1 v 1 v 1 \' 500
Retrieved \
_ Haze: nominal L q 450
001 fp -~ Haze: Doose et al. i
————————— Haze: H =70 km \ : 400
“.| i 4 350
Vi
0.1 L4 300
- i/ 4250
S >
: 1m0 £
~ e
o =¥
S 4150 2
) ~
2 [ =
A 10k 1100 ~
100 | 1>°
6°N
I Northern spring equinox
1000 .- 1 M 1 M 1 M 1 M 1 M O

60 80 100 120 140 160 180 200

Temperature (K
469 P K)

Figure 7: Comparison of a temperature profile retrieved from Cassini/CIRS measurements
around 6°N and northern spring equinox (thick solid line) with radiative model profiles
calculated for the three haze models in Fig. 2. No dynamical term is included in the energy
equation.
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Whatever haze profile is used, the radiative model profile is warmer than the retrieved one at
all levels except around 15 mbar (85 km). Note that below 5 mbar, the profile is not
constrained by Cassini/CIRS measurements but essentially represents the Huygens/HASI
profile (10°S, January 2005). To bring the calculated and observed profiles closer, it is

necessary to add adiabatic cooling. For our nominal haze model, we find that a constant

. . . . dP . .
vertical velocity, expressed in pressure coordinates (Z = —pgw, where p is the atmospheric

density), of = -1.3 Pa per Titan day up to the 0.6-mbar level, slightly decreasing in amplitude
at higher altitudes to reach = -1.0 Pa per Titan at 0.02 mbar, allows us to reproduce fairly well
the observed profile from the 0.05-mbar level down to the troposphere (Fig. 8, dashed line).
The largest discrepancy occurs around 15 mbar, where the model profile is 5 K colder than

the Huygens profile.
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Figure 8: Comparison of a temperature profile retrieved from Cassini/CIRS measurements
around 6°N and northern spring equinox (thick solid line) with two radiative model
profiles using the nominal haze model. The thin solid line shows the case with no
additional adiabatic heating (same as in Fig. 7). The dashed line shows a model with a
constant velocity below the 0.6-mbar level, when expressed in pressure coordinates, equal
to -1.3 Pa/ Titan day, decreasing to -1.0 Pa / Titan day at 0.02 mbar and -0.5 Pa / Titan day
at 0.01 mbar (Fig. 9).

This velocity profile corresponds to an upward vertical velocity w in the range 0.03-0.05 cm
s at 1 mbar, taking into account a 1 K uncertainty (Fig. 9), which corresponds to the
dispersion in our 6°N temperature profile selection (Section 2). w varies as (pg)" below the

-0.92

0.6-mbar level and as (pg) "~ in the 0.6-0.02 mbar range. At higher levels, the velocity is set

so that it varies as (pg) "' from 0.02 to 0.01 mbar, and as (pg)"> above (Fig. 9). The

approximate constancy of % below the 0.02-mbar level suggests only weak divergence of
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the upward flow in the stratosphere, while the decrease of % at higher levels implies stronger

divergence, i.e. horizontal poleward motion. However, this conclusion is not firm due
uncertainties in the haze profile. It still holds if we use the upper limit for the haze density (“H

=70 km” case) but not for the lower limit (Doose et al. profile), in which case a strong

decrease of Z—i above the = 1 mbar level is required to reproduce the 6°N temperature profile

(Fig. 9).
0.001 0.001
001 F 3 001 | E
0.1 [ J 0.1 ]
E) ' E)
o o
e e .
o 1r - o 1 -
2 2
[aW i ] A~ | |
10 . 10 3
100 F . 100 E ]
oo f oA 1000 7 g
0.01 0.1 1 10 10° 10* 107 102 10" 10° 10
pgw (Pa/ [Titan day]) Vertical velocity w (cm s_l)

Figure 9: Upward velocity profile used to model the temperature profile retrieved at 6°N
around equinox, given in pressure units per Titan day (left panel) and in cm s™ (right
panel). The black line corresponds to the model with the nominal haze profile that yields
the best fit of the temperature profile (Fig. 8), while the red line corresponds to the Doose
et al. profile and the blue line to the “H = 70 km” haze profile shown in Fig. 2. The grey
area around the best fit velocity profile corresponds to a temperature uncertainty taken as
the standard deviation of our 6°N temperature profile selection given in Section 2.

4.4 Seasonal variations of temperature at 1 mbar
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We first investigate here the variations of temperatures at 1 mbar derived from Cassini/CIRS
in the equatorial region from 2004 to 2016 (Fig. 1). Figure 10 shows our model predictions
using a constant upward velocity of 0.040 cm s™' at 1 mbar as derived above around 6°N near
northern spring equinox. This model predicts a ~7 K drop between pre-equinox (2006-2008)
and 2016. This variation is due to Saturn’s eccentricity of 0.054, which modulates the
distance to the Sun and thus the solar flux striking the Saturn system. A model with zero
eccentricity (dashed line in Fig. 10) shows a shallow maximum around mid 2010 and similar
temperatures in 2006 and 2016. In contrast, the model accounting for the orbital eccentricity
predicts a maximum around 2007, between the perihelion (July 2003) and the equinox
(August 2009), followed by a decrease due to the increasing distance with the Sun. In fact,
while the temperatures after 2012 are then correctly reproduced by this model, the contrast
between pre-equinox and 2016 (~7 K) is even larger than the observed value of ~4 K.
Increasing the vertical velocity in the model uniformly shifts the calculated temperatures and
does not help to reduce the contrast (Fig. 10). To better reproduce the observations, a
modulation of the vertical velocity, i.e. of the adiabatic cooling, is required. We chose to do
so by simply adding a sine function of the heliocentric longitude Ls to the velocity, which then
becomes:

w(p) = we(p) + wy, (p) sin Lg (8)
At the 1-mbar level, w. = 0.055 cm s!and Wwm = 0.020 cm s allows us to reproduce relatively
well the observed variation (red line in Fig. 10). The vertical velocity at 1 mbar then varies
seasonally between 0.035 and 0.075 cm s™' but is always positive (upward), meaning
dynamical cooling of the equatorial region all year through. Note that the vertical profile of w,
used here and shown in Fig. 11 differs somewhat from those used at 6°N in Section 4.3
because it was adjusted to better match the temperatures at 0.2, 0.5, 1, 2 and 4 mbar retrieved

by Achterberg et al. (in preparation) and shown in Section 4.6.
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Figure 10: Time variation of 1-mbar temperatures in the equatorial region are compared
with predictions from our seasonal radiative model. Solid lines represent models with
constant-with-time upward velocity profiles having w(1 mbar) = 0.040 and 0.055 cm s™".
The dashed line represents a model with w = 0.055 cm s and the orbital eccentricity set to
zero. The red line represents a model with a seasonally-varying vertical velocity profile:
w(1 mbar) = 0.055 — 0.020 sin(L) cm s, where L; is the heliocentric longitude.
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Figure 11: Thick solid lines: upward velocity profile used to model the temperature profile
retrieved at 6°N around equinox (Fig. 8), given in pressure units per Titan day (black) and
in cm s-1 (red). Thin solid lines: year-averaged upward velocity profile w. used to model
the seasonal temperature variations at the equator as retrieved by CIRS (Figs. 10 and 15).
Thin dashed lines: amplitude of the sine term of this upward velocity profile w,,. See Eq. 8.
Note that w,. and wy, are constrained from CIRS observations only from 0.2 to 4 mbar.

527

528  We then applied our model to latitudes 30°N and S where seasonal variations of insolation are
529  more pronounced. Figure 12 shows the predicted variations of temperature at 1 mbar over a
530  full Saturnian year (29.46 years), using a constant-with-time upward velocity profile (with
531  w=0.055cm s at I mbar). Such a model predicts large variations of temperature as a

532 response to the seasonally-varying insolation with peak-to-peak amplitudes of 33 K at 30°S
533  and 19 K at 30°N. The amplitudes are stronger in the southern hemisphere than in the

534  northern due to the orbital eccentricity, the perihelion occurring less than a year before

535  southern summer solstice. Clearly, the predicted variations are much stronger than observed
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by Cassini since 2004 (Fig. 12). Most noticeable in this comparison is the observed decrease
of the I-mbar temperature since 2013 at 30°N, which is at odds with the increase predicted by
the radiative model as a result of increasing insolation. This behavior can only be explained
by an increase of the dynamical cooling with time at this latitude. More generally, the
observed variations at 30°N and S point to dynamics acting to counterbalance the seasonal
variations in the solar heating. This means dynamical heating, or reduced cooling, in winter
and enhanced dynamical cooling in summer. To model this pattern in a simple way, we
proceeded as above and modulated the vertical velocity in the form of Eq. 8. The best fits to
the data that we obtained are shown in Figs. 13-14 with the corresponding values of w, and
wm given in Table 1. As can be seen, this simple model is able to reproduce the observed

variations relatively well.

Table 1. Model parameters for the vertical velocity profile'

Latitude w, (1 mbar) w,, (1 mbar) Pressure range o, O
(cms™) (cms™) (mbar)
Equator  +0.055 -0.020 <0.01 -0.40 -0.40
30°N +0.063 +0.075 0.01-0.025 0.20 0.20
30°S +0.053 -0.105 0.025-0.4 0.45 0.30
0.4-1 1.0 0.60
> 1 1.2 0.90

' upward velocity is modeled as w(p) = w,(p) + w,,,(p) sin L, and w, (resp. w,,) varies as
(pg) ™% (resp. (pg)~%m) in a given pressure range.
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Figure 12: Time variation of 1-mbar temperatures at 0°, 30°N and 30°S predicted by the
seasonal radiative model using a constant-with-time upward velocity profile with w(1
mbar) = 0.055 cm s™'. Data retrieved from Cassini/CIRS measurements (Fig. 1) are
overplotted for comparison.
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Figure 13: Time variation of 1-mbar temperatures at 30°N predicted by the seasonal
radiative model are compared with data retrieved from Cassini/CIRS measurements (Fig.
1). Black line: constant-with-time vertical velocity; colored line: vertical velocity varying
with solar longitude (see parameters in Table 1).
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Figure 14: Same as Fig. 12 for 30°S.

4.5 Seasonal variations of temperature at other levels

In Section 4.4, we focused on the 1-mbar level, which is the region best constrained by
Cassini/CIRS observations in terms of haze properties and temperature, and we have tuned
our model to best reproduce the data at this level. In this section, we extend our modelling up
to 0.2 mbar and down to 4 mbar, where temperature information is also available (Fig. 15). To
do so, we used a vertical velocity profile w(p) varying as (pg)™* in a given pressure range as
indicated in Table 1 and shown in Fig. 9 at the equator. As we intend to keep a smooth

variation for w(p), we did not try to match exactly the average temperature at a given pressure
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571  level apart from that at 1 mbar. We then have typical discrepancies of £3 K on the average
572  temperatures which may be due to uncertainties in our haze model above ~0.4 mbar (Fig. 7)
573  and possibly systematic uncertainties in the temperature retrievals below ~2 mbar. We are

574  therefore more interested here in the seasonal variations of temperature at a given level than

575  in their absolute mean values.

185
180
175
170
165 F
160
155
150
145 ¢

2004 2006 2008 2010 2012 2014 2016
185
180
175
170
165 £* % up Salentlen Sfing s T2% usms

160 3
[ * & o ab i’ . % ]
155 £ AP e s dney -

150 %

Temperature (K)

145 e Lovivis Livrvs s Livrvs s Lovivis Lovivis L]
2004 2006 2008 2010 2012 2014 2016

185
180 F
175 £
170 £
165
160 | :
155 ;_4 S ete Puigtar SN e _
150 F LR

145 E... sl NI [ [ | NI | NI .
200 2006 2008 2010 2012 2014 2016

34



577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

Figure 15: Time variation of temperatures at 0.2, 0.5, 1, 2 and 4 mbar predicted by the
seasonal radiative model (colored lines) are compared with data retrieved from
Cassini/CIRS measurements at 30°S, equator and 30°N. In this model, the vertical velocity
varies as an affine function of sin L, (see parameters in Table 1).

In Fig. 15, we show the seasonal variations of temperature predicted by our model for
different pressure levels at 0, 30°N and 30°S. In these “best-fit” models, the vertical variation
of the constant and sine components of the velocity profile were chosen to reproduce
satisfactorily the observed seasonal variations at the three latitudes simultaneously (only one
set of parameters for all latitudes, given in Table 1). On the other hand, the velocity terms w,
and w,, at | mbar were adjusted at each latitude to best reproduce the seasonal variations at
this level, as discussed in Section 4.4. The CIRS-derived variations are overall fairly well
reproduced except noticeably at 4 mbar where the steady decrease of temperature at the

equator and at 30°N before equinox (2009) is not predicted by the model.
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Figure 16: Time variation of the 1-mbar model upward velocity at 0°, 30°N and 30°S as a
function of heliocentric longitude (lower scale) and year (upper scale).
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The seasonal variation of the model velocity profile w at 1 mbar is shown in Fig. 16 for the
three latitudes. The seasonal variation at other pressure levels can be obtained from the
parameters in Table 1. The vertical dependence of the two components (w, and w,, in Eq. 8) is

illustrated in Fig. 11.

5. Discussion

5.1 Heating and cooling rates

Tomasko et al. (2008b) computed the solar heating rate at Huygens probe-landing latitude,
averaged over longitude, using the haze model derived from DISR measurements by
Tomasko et al. (2008¢) and methane absorption coefficients simultaneously derived from
DISR measurements (Tomasko et al. 2008a). The solar heating rates we derived at 20°S in
March 2007 do not differ from those of Tomasko et al. by more than £25% in the range 10-
170 km. The largest differences occur at 10 and 170 km where our heating rate is some 20%
larger and near 90 km where our heating rate is 25% smaller. We regard these differences as
acceptable given the difference in the haze model, which was recently updated by Doose et al.
(2016), and in the methane absorption, which we calculate using the ab initio TheoReTS

database (Rey et al. 2017).

Cooling rates corresponding to the temperature, gas and haze profiles derived from Huygens
and Cassini/CIRS data were also calculated by Tomasko et al. (2008b). Our cooling rate
profile agree with theirs to within £20% in the whole altitude range 10-400 km, with the
maximum discrepancy occurring near 10 km (ours is 20% smaller) and 70 km (ours is 20%

larger).
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Comparing the heating and cooling rates calculated at the Huygens landing site, Tomasko et
al. (2008b) concluded that the former exceeds the latter by a maximum of 0.5 K per Titan day
near 120-130 km and that the excess decreases strongly below and above this altitude. At 125
km, we derive 0.4 K / Titan day, in good agreement with Tomasko et al. Below this altitude,
we also find that the net radiative heating minus cooling rate decreases rapidly, e.g. 0.07 K /
Titan day at 70 km and 0.02 K / Titan day at 50 km, quite similar to Tomasko et al.’s results.
On the other hand, we do not infer any decrease of this net radiative heating minus cooling
above 120-130 km, but instead a regular increase up to 3 to 4 K per Titan day at 250-300 km.
We note however that the decrease at higher altitudes invoked by Tomasko et al. is very
uncertain given the large uncertainties in their haze model above 140 km, the altitude where
the Huygens probe began measurements. Our haze model is also uncertain above ~200 km,

where the net radiative heating minus cooling rate reaches ~2 K per Titan day.

We can also compare our calculations with the General Circulation Model (GCM) of
Lebonnois et al. (2012, Fig. 10). At 20°S, their annual average of the solar heating rate is
almost twice as large as ours at 90-100 km, 50% larger at 60 km and 30% larger at 50 km.
These differences likely originate from differences in the haze model, that in Lebonnois et
al.’s GCM being coupled with the 3-dimensional circulation and not imposed from
observational constraints. More significant for our model comparison may be the ratio of
dynamical cooling to total (radiative plus dynamical) cooling, also equal to radiative solar
heating on an annual average basis. At 6°N, where seasonal modulation is minimum, this ratio
can be determined from Fig. 10 of Lebonnois et al. at 85 and 66 km as approximately 18%
and 25% respectively. Using the vertical velocity of 1.1 Pa/ Titan day that we inferred in
Section 4.3 at this latitude and the yearly-averaged solar heating rate from our model, we

obtain ratios of 17% at 85 km and 28% at 66 km, in excellent agreement with Lebonnois et
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643  al.’s GCM outputs. Lebonnois et al. (2012) do not provide information to compare results
644  above 100 km.

645

646 5.2 Radiative relaxation times

647 In Section 4.2, we calculated the radiative time constant (7z) corresponding to damping a
648  temperature perturbation relative to the radiative equilibrium state, having a FWHM of one
649  pressure scale height (Fig. 6). This time constant depends somewhat on the width of the

650  temperature perturbation and doubling the width increases its value by 25% in the

651  stratosphere. Strobel et al. (2009) provided another estimate of a radiative timescale by

652  dividing temperature by the cooling rate, which actually corresponds to the time decay of
653  temperature when the solar heating is turned off starting from the radiative equilibrium state.
654  While this timescale may be appropriate to investigate diurnal variations of temperature, it
655  strongly overestimates the time constant associated with the damping of small temperature
656  perturbations around the radiative equilibrium state such as those caused by gravity waves or
657  moderate seasonal variations of insolation. Figure 6 shows that our time constant 7 is about a
658  factor of 10 smaller than the timescale of Strobel et al., which is important to evaluate

659  correctly the response of the atmosphere to e.g. seasonal forcing or planetary waves. For
660 example, our calculation indicates that Tz exceeds 1 Titan year only in the first 7 km of

661  Titan’s atmosphere while Strobel et al.’s estimation would predict that it happens at all

662  altitudes below 76 km. In the upper troposphere and tropopause region, 30-60 km, 75 is 0.25
663  to 0.3 Titan year, which allows for non-negligible seasonal variations of temperature in

664  contrast to expectations using Strobel et al.’s simpler formulation. In the stratosphere, above
665 100 km (p < 10 mbar), Ty is less than 0.03 Titan year (25 Titan days), so that significant

666  seasonal temperature variations with almost no phase lag are expected.

667
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As discussed by Flasar et al. (2014), the radiative time constant 75, as we define it here, can

dac(z)
aT (z)

-1 . c@\7t . -
) while Strobel et al. simply used (%) . Using the cooling-

be formally written as (
to-space approximation and assuming that thermal cooling mostly occurs between the C,H;
band at 729 cm™' and the CH,4 band at 1305 cm'l, Flasar et al. estimated that the difference

between the two estimations in the stratosphere could amount to a factor between 6 and 11,

roughly in agreement with the factor of ~10 we find.

The cooling-to-space approximation was used by Achterberg et al. (2011) to estimate the

radiative relaxation time at 5°S in the stratosphere. While their results are a factor of 2 to 3
smaller than %, they are still 4-5 times larger than our 75 (Fig. 6). Achterberg et al. only

considered opacity from C,Hs, C,H; and CH,4 and, based on Tomasko et al.’s (2008b)
calculations, we estimate that the omission of other gases, and more importantly of haze,
could explain a factor of 2 difference with our 7. The rest is at least partly due to the use of
the cooling-to-space approximation which differs from our calculations where the perturbed
layer, only one scale height thick, can also significantly cool by emitting to other atmospheric

layers in addition to space.

5.3 Energy balance and adiabatic cooling

Comparing the radiative heating and cooling rates at 20°S in March 2007 (Section 4.1), we
found that the former exceeds the latter by 20-35% in the range 0.1-5 mbar. Given that the
actual temperature variation is at least an order of magnitude smaller than the radiative
cooling rate, conservation of energy implies an additional source of cooling to balance the
heating. The vertical upward velocity required to produce this cooling is about 0.09 cm s™* at 1

mbar and varies approximately as (pg)™ from 1 to 5 mbar and as (pg)** from 1 to 0.1 mbar.
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Similarly, around 6°N, a latitude least sensitive to seasonal effects, the radiative heating
exceeds the radiative cooling around equinox at all altitudes. As a result, the radiative solution
for the temperature profile is warmer than the observed one at all levels (Section 4.3, Fig. 7).
An exception is the region around 85-90 km, where the two profiles exhibit the same
temperature with equal heating and cooling rates. This is due to the presence of the nitrile
haze parametrized by Anderson and Samuelson (2011) which increases the cooling rate by
~30% at this altitude. The radiative equilibrium solution without this nitrile haze would be
about 4 K warmer at 85-90 km where it peaks according to Anderson and Samuelson. Above
200 km, the uncertainty in the model temperature profile due the haze profile increases with
height (Fig. 7). The difference between models using the lower and upper limits we fixed on
the haze profile (Fig. 2) reaches ~3 K at 250 km (0.25 mbar), ~7 K at 300 km (0.09 mbar),
~13 K at 350 km (0.035 mbar) and ~15 K at 400 km (0.013 mbar). The coldest profile
corresponds to the model of Doose et al. (2016) which has less aerosol density than the two
other models. In fact, aerosol opacity provides both atmospheric cooling at long wavelengths
and heating in the UV to near-infrared range, but the contribution to the heating dominates

over that to the cooling.

To bring the model in general agreement with the Cassini/Huygens-derived profile at 6°N, we
used an upward velocity profile w having 0.04 cm s™' at 1 mbar, varying as (pg) "' below the
0.6-mbar level down to the troposphere, and as (pg)™’* between 0.6 and 0.02 mbar (for our
nominal haze model). The largest discrepancy takes place at altitudes of Anderson and
Samuelson’s (2011) nitrile haze (85-90 km, ~15 mbar) where the model is ~5 K colder than
measured by Huygens/HASI at 10°S in 2005. This velocity profile corresponds to ~ -1 to -1.5
Pa per Titan day below the 0.02-mbar level (375 km), implying, from conservation of mass,

no strong divergence of the vertical flux, i.e. weak variations of the latitudinal flow (black
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lines in Fig. 9). On the other hand, above the 0.02-mbar level, the vertical mass flux in this
model is no longer approximately conserved and diverges horizontally in latitude. Note
however that the velocity profile above ~220 km (0.5 mbar) is relatively uncertain due to
uncertainties in the haze opacity profile. Using our lower limit for the haze density profile a
significant divergence of the vertical mass flow is needed at much lower levels, ~1 mbar
(Fig. 9). Also, although the nominal velocity profile allows us to reproduce generally well the
temperature profile retrieved at 6°N, discrepancies of a few degrees remain in places. For

example, the temperature gradient in the model from 1 to 0.1 mbar is not steep enough.

To fit more precisely the CIRS-derived temperatures from 4 to 0.2 mbar (Fig.14), we used a
slightly different vertical variation of the velocity profile with a maximum, expressed in
pressure units, at 0.4-1 mbar (185-225 km), decreasing above and, more slowly, below this
pressure range (thin and dashed lines in Fig. 11). This would imply (weak) convergence of the
vertical flow below this region, and divergence above, a feature generally consistent with the
upwelling branch of a Hadley cell (e.g. Lora et al. 2015). The two velocity profiles, derived
from fitting of the 6°N profile retrieved by Vinatier et al. (2015) and of the CIRS temperature
maps at selected levels (Fig. 15), differ by at most 40% in the 4-0.2 mbar pressure range (at 1
mbar, 0.040 cm s™' vs. 0.055 cm s™). This difference lies in the uncertainty area indicated in
Fig. 9 and results from small systematic differences (typically 1-3 K) in the retrievals from
Achterberg et al. (in preparation) and Vinatier et al. (2015). These differences partly result
from the use of different sets of spectra (respectively nadir spectra at 2.8-cm™ resolution and a
combination of nadir and limb spectra at 0.5-cm™ resolution) and the different vertical

resolution of the retrievals.

5.4 Seasonal variations of temperatures from 0.2 to 4 mbar
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At equatorial latitudes, we found that the modulation of solar heating due to Saturn’s orbital
eccentricity is large enough to explain the ~4 K drop between pre-equinox (2006-2008) and
mid-2016 temperature at 1 mbar. The Sun-Saturn distance increased from 9.2 to 10.0 AU
between January 2007 and January 2017, causing a decrease in insolation of 17%. This
induces radiatively a ~7 K drop in the 1-mbar temperature (Fig. 10). To reduce this drop to
the observed variation, a modulation of the adiabatic cooling is needed, with less cooling after
equinox than before. Assuming for simplicity a sin(L,) variation for this modulation, the
upward velocity at 1 mbar in our best fit model varies between 0.035 and 0.075 cm s over a

Titan year.

At 30°S and 30°N, we also find that our radiative model with no modulation of the adiabatic
cooling considerably overestimates the observed seasonal variation at all pressure levels
between 0.2 and 4 mbar. Assuming that the vertical velocity at a given level is an affine
function of sin(L;) (Eq. 8) and that its vertical variation is the same at all latitudes, the
observed variations of temperature are relatively well reproduced with the parameters listed in
Table 1. An exception is the 4-mbar temperatures at the equator and 30°N, which show a
steady decrease with time since the beginning of the Cassini mission. Such a variation cannot
be reproduced with our simple radiative-dynamical model and would require a functional

form for the time variation of the vertical velocity more complex than assumed in Eq. 8.

Our model shows that the time variation of the adiabatic cooling acts to counterbalance the
seasonal variations of solar heating, with enhanced upwelling in summer. The modulation is
stronger at 30°S than at 30°N, likely because the seasonal variations of solar heating are more
pronounced in the southern hemisphere than in the northern one due to the eccentricity of

Saturn’s orbit, perihelion occurring less than a year after southern summer solstice. At the
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equator, the relatively weak modulation of the adiabatic cooling (~35%) acts to mitigate the
variation of solar heating due to the eccentricity, with enhanced adiabatic cooling in northern
winter / southern summer when the Sun-Saturn distance is smaller. At 30°N and more
significantly at 30°S, our model predicts downwelling, and thus compressional heating,
around winter solstice. At 30°S, the predicted maximum downward velocity at 0.5-1 mbar is
0.05 cm s™'. This value is actually close to the downward velocity of 0.06 cm s™ at 1 mbar
required to balance the radiative cooling of 0.06 K day™ derived by Teanby et al. (2017) near
80°S in January 2016. This would imply that, around winter solstice, subsidence is not limited
to winter polar latitudes but extends equatorward to at least ~30°. Conversely, around
equinox, for Ls between approximately 320° and 30°, upwelling occurs over the whole

latitude range 30°S-30°N.

6. Conclusions

We have developed a one-dimensional seasonal radiative-dynamical model of Titan’s
atmosphere to investigate the temporal variations of Titan’s stratospheric temperatures
observed from 2004 to 2016 by Cassini/CIRS. This model calculates the radiative forcing
using gas and haze vertical opacity profiles constrained by Cassini/CIRS and Huygens/DISR
measurements. Adiabatic heating and cooling can occur by introducing a vertical velocity (w)
in the energy equation. Applying this model to low latitudes, we conclude that:

e The heating and cooling rate profiles we obtained at 20°S are in good agreement with
those calculated by Tomasko et al. (2008b). While the heating and cooling rates both
decrease by a factor of ~20 from 0.1 to 5 mbar, the heating rate constantly exceeds the
cooling rate by 20-35% over this range. We find that the net radiative heating minus
cooling rate steadily increase with height from the troposphere up to 250 km, in

contrast with Tomasko et al. (2008b) who suggested a maximum near 120 km.
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The radiative time constant (7z) associated with the damping of a small temperature
perturbation, one-scale height broad, is typically one order of magnitude shorter than
that simply estimated by dividing the temperature by the cooling rate (Strobel et al.
2009). Our radiative time constant is also significantly shorter than that estimated by
Achterberg et al. (2011) using the cooling-to-space approximation and neglecting
aerosol emission. We find that 7z exceeds 10° s (i.e. a Titan year) only in the first half
scale height of Titan’s atmosphere, contrary to previous estimations. Above the 5-
mbar level, 7z is so short, less than 0.02 Titan year, that the solar heating rate and
radiative plus dynamical cooling rate are essentially balanced at any time.

At 6°N around equinox, where seasonal variations should be at minimum, we find that,
as at 20°S, the heating rate exceeds the cooling rate at all altitudes and the radiative
solution profile is thus warmer than the observed one. Adding adiabatic cooling with
an upward velocity of ~ -1 to -1.5 Pa / Titan day (in pressure units) up to 375 km (0.02
mbar), brings the model profile in general agreement with the observed one. The
corresponding velocity w varies thus approximately as the inverse of the atmospheric
density in this range, with w ~ 0.03-0.05 cm s™ at 1 mbar (185 km) and reaching its
maximum, of the order of 1 cm s, around 0.01 mbar (415 km). Our model is however
affected by uncertainties in the haze density profile above ~225 km.

Variations of solar heating due to Saturn’s orbit eccentricity are more than sufficient
to cause the decrease of equatorial temperatures observed from pre-equinox to 2016.
A weak seasonal modulation of w (~35%) is needed to bring the radiative model
variation (~7 K at 1 mbar) near the observed one (~4 K at 1 mbar). This modulation
reduces the adiabatic cooling during northern summer, i.e. when the Sun-Saturn

distance is larger, and enhances it during southern summer.
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e The seasonal variations predicted by the radiative model with constant-with-time
adiabatic cooling are also much larger than observed at 30°S and 30°N. A simple
modulation of the vertical velocity profile as an affine function of sin(Ly) is capable of
correctly reproducing the observed variations. While the required year-averaged
velocity is upward (providing adiabatic cooling) at 0, 30°S and 30°N, subsidence is
predicted to occur around winter solstice at 30°S and marginally at 30°N. At 1 mbar,
w varies in the range 0.035-0.075 cm s™ at the equator, -0.05 —0.16 cm s at 30°S and

-0.01-0.14 cm s™ at 30°N along a Titan year.

These results may serve as a guide to general Circulation Models of Titan, which generally
incorporate a less precise treatment of the radiative forcing. Although our radiative cooling
and heating profiles are constrained by Cassini/Huygens observations, they still suffer from
uncertainties in the haze opacity profile in the upper stratosphere and mesosphere. In
particular, we have not considered variations with season of the haze profile at low latitudes,
such as the evolution of the detached haze layer. We have also neglected the small seasonal
variations of gaseous composition that may occur at 30°N or S. Nevertheless, the information

given here should provide the basic radiative forcing at low latitudes for dynamical models.

We plan to extend this analysis to high latitudes where strong seasonal variations of
composition and temperature are observed (e.g. Teanby et al. 2012, Vinatier et al. 2015,
Coustenis et al. 2016, Teanby et al. 2017). The strong enhancement of photochemical species
that takes place in the stratosphere during winter strongly affects the cooling rate profile and
thus potentially the temperature profile. They clearly must be taken into account to
characterize the adiabatic heating needed to balance the net radiative cooling, especially

during the polar night.
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