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ABSTRACT

The dynamics of Titan’s stratosphere is discussed in this study, based on a comparison between
observations by the CIRS instrument on board the Cassini spacecraft, and results of the 2-dimensional
circulation model developed at the Institute Pierre-Simon Laplace, available at http://www.Imd.jussieu.fr/
titanDbase [Rannou, P, Lebonnois, S., Hourdin, F, Luz, D., 2005. Adv. Space Res. 36, 2194-2198].
The comparison aims at both evaluating the model’s capabilities and interpreting the observations
concerning: (1) dynamical and thermal structure using temperature retrievals from Cassini/CIRS and the
vertical profile of zonal wind at the Huygens landing site obtained by Huygens/DWE; and (2) vertical
and latitudinal profiles of stratospheric gases deduced from Cassini/CIRS data. The modeled thermal
structure is similar to that inferred from observations (Cassini/CIRS and Earth-based observations).
However, the upper stratosphere (above 0.05 mbar) is systematically too hot in the 2D-CM, and therefore
the stratopause region is not well represented. This bias may be related to the haze structure and to
misrepresented radiative effects in this region, such as the cooling effect of hydrogen cyanide (HCN).
The 2D-CM produces a strong atmospheric superrotation, with zonal winds reaching 200 ms~! at high
winter latitudes between 200 and 300 km altitude (0.1-1 mbar). The modeled zonal winds are in good
agreement with retrieved wind fields from occultation observations, Cassini/CIRS and Huygens/DWE.
Changes to the thermal structure are coupled to changes in the meridional circulation and polar vortex
extension, and therefore affect chemical distributions, especially in winter polar regions. When a higher
altitude haze production source is used, the resulting modeled meridional circulation is weaker and the
vertical and horizontal mixing due to the polar vortex is less extended in latitude. There is an overall
good agreement between modeled chemical distributions and observations in equatorial regions. The
difference in observed vertical gradients of C;H, and HCN may be an indicator of the relative strength of
circulation and chemical loss of HCN. The negative vertical gradient of ethylene in the low stratosphere
at 15° S, cannot be modeled with simple 1-dimensional models, where a strong photochemical sink in
the middle stratosphere would be necessary. It is explained here by dynamical advection from the winter
pole towards the equator in the low stratosphere and by the fact that ethylene does not condense. Near
the winter pole (80° N), some compounds (C4H3, C3Hy) exhibit an (interior) minimum in the observed
abundance vertical profiles, whereas 2D-CM profiles are well mixed all along the atmospheric column.
This minimum can be a diagnostic of the strength of the meridional circulation, and of the spatial
extension of the winter polar vortex where strong descending motions are present. In the summer
hemisphere, observed stratospheric abundances are uniform in latitude, whereas the model maintains
a residual enrichment over the summer pole from the spring cell due to a secondary meridional
overturning between 1 and 50 mbar, at latitudes south of 40-50° S. The strength, as well as spatial and
temporal extensions of this structure are a difficulty, that may be linked to possible misrepresentation of
horizontally mixing processes, due to the restricted 2-dimensional nature of the model. This restriction
should also be kept in mind as a possible source of other discrepancies.
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1. Introduction

Because of its size, density and relatively low atmospheric tem-
perature (surface temperature of 94 K), Titan has kept a dense
atmosphere of nitrogen and methane (around 1.4% in the strato-
sphere; Niemann et al., 2005; Flasar et al., 2005), extending from
the surface to roughly 1400 km in exobase altitude (Waite et al.,
2005)—in contrast with the 400-500 km thickness of the Earth’s
atmosphere. Observations have revealed the presence of numerous
hydrocarbons and nitriles in Titan’s atmosphere. These compounds
are produced in the upper atmosphere from the dissociation of
methane and nitrogen by solar UV radiation, Saturn magneto-
spheric electrons, and cosmic rays, followed by an active photo-
chemistry. The compounds are then transported downward to the
lower atmosphere by dynamical processes, where most of them
condense. Polymerization also occurs in the atmosphere, produc-
ing a thick haze layer, which covers the whole planet, masking its
surface in the visible, except in small spectral windows in the in-
frared. The origin of this polymerization is still unknown and is the
object of numerous experimental (e.g. Coll et al., 1999) and theo-
retical (Lebonnois et al., 2002; Wilson and Atreya, 2003) works;
the difficulty is in understanding the production pathways leading
to the formation of macromolecules, precursors of haze material.

In 1980, the Voyager 1 mission brought the first detailed ob-
servations of Titan’s complex atmospheric system. Data remained
limited until the Cassini-Huygens mission, which arrived at Saturn
in July 2004. Both Huygens and Cassini have obtained the first in
situ data from Titan and information about Titan's surface, atmo-
spheric composition, aerosols, dynamics and clouds and their vari-
ability. Observations such as the presence of liquid hydrocarbons
on the surface (Marouf et al., 2006)—signs of possible methane
rainfall (Tomasko et al., 2005; Tokano et al., 2006) and likely the
presence of lakes (Stofan et al., 2006)—suggest a methane cy-
cle with similarities to the water cycle on Earth. Although the
photochemical lifetime of methane in Titan’s atmosphere is only
around ten million years, it has been hypothesized that its re-
plenishment into the atmosphere could be due to cryovolcanism
induced by Saturn’s gravitational tides, and may have been lim-
ited to three episodes during Titan’s history (Tobie et al., 2006;
Sotin et al., 2005). But, the exact methane source is not yet known.
Cassini has also revealed variations in the altitude of the detached
haze layer, observing it at around 500 km during northern winter
(Porco et al., 2005), while Voyager 1 had observed it much lower,
at around 350 km altitude after the northern spring equinox.
Whether this variation is related to season or to variations of other
parameters (e.g. the solar cycle or Saturn’s magnetosphere) is still
an open question.

Before the Cassini-Huygens mission, information about tem-
perature and abundance of molecules in Titan’s stratosphere was
limited. Analysis of data from the infrared spectrometer Voyager 1/
IRIS taken during a single flyby of Titan in 1980, allowed scien-
tists to retrieve abundances of CyH,, Co;H4, CoHg, CH3CoH, C3Hg,
C4H;, C3N3, HCN and HC3N between 53° S and 70° N (Coustenis
et al., 1991; Coustenis and Bézard, 1995). Enrichment of some of
these molecules was observed at high northern latitudes. Today,
the contribution of the Cassini mission to the knowledge of Ti-
tan’s atmosphere is considerable. In particular, the Composite In-
frared Spectrometer (CIRS), which records spectra between 10 and
1500 cm™!, is dedicated to the study of stratospheric temperatures
and molecular abundances below 500 km. This spectral range dis-
plays emission features of numerous hydrocarbons (such as CHy,
CoHy, CGoHy, CoHg, C3Hg, CH3CyH, C4Hy, CgHg) and nitriles (HCN,
HC3N, C3N3), as well as oxygen compounds (CO2, CO, H,0). CIRS
data has been used to retrieve temperature and gas abundance
maps, as well as vertical temperature and mixing ratio profiles
with a vertical resolution of about 30 km (comparable to the pres-

sure scale height in Titan's stratosphere). A crucial point is that
CIRS acquires spectra during most Titan flybys (roughly one each
month) and gives reasonable coverage at most latitudes. There-
fore, throughout the Cassini mission (now extended until 2010),
a systematic study of the stratosphere can be undertaken and CIRS
should allow the characterisation of seasonal variations in Titan’s
stratosphere. Cassini/CIRS provide important information on verti-
cal and latitudinal contrasts and enrichments of chemical species
in the winter polar region, and together with theory/modeling pro-
vide additional information on the dynamics of the atmosphere
at different seasons. Together with recent ground-based observa-
tions, they also provide information on the seasonal evolution of
the stratospheric composition.

After the development of the first models of Titan’s atmo-
sphere, the importance of including couplings between the dy-
namics, photochemistry and microphysics has emerged. Analysis
concerning dynamics (Hourdin et al., 1995), chemical composi-
tion (Bézard et al., 1995; Coustenis and Bézard, 1995), haze (Ran-
nou et al,, 1995, 1997), and thermal structure (Flasar et al., 1981;
Coustenis and Bézard, 1995) have indicated the existence of a
strong interaction between these processes. Using a 2-dimensional
version of the general circulation model developed by Hourdin
et al. (1995), further studies have been conducted to include micro-
physical and photochemical models coupled to radiative transfer
and dynamics, and important interactions were studied between
1996 and 2004 (Lebonnois et al., 2001; Rannou et al., 2002, 2004;
Hourdin et al., 2004). The most recent development of this coupled
model has been the implementation of a cloud scheme (Rannou
et al,, 2006), yielding significant progress in understanding the
tropospheric methane cycle (also studied in Tokano et al., 2001;
Mitchell et al., 2006). This model has helped in interpreting much
of the Voyager 1 data, taken just after spring equinox conditions on
Titan, in particular for latitudinal distributions of trace compounds.
The observed enrichment of most chemical species in the winter
polar region was attributed to downward advection of chemical
species in the descending branch of the meridional circulation
(Lebonnois et al., 2001). Latitudinal thermal contrasts and zonal
winds are also in good agreement with available pre-Cassini ob-
servations (Rannou et al., 2004; Hourdin et al., 2004), showing the
strong interdependence of dynamics, haze, and radiative transfer
processes.

The goal of this paper is to interpret new Cassini and ground-
based observations with the support of the IPSL atmospheric circu-
lation model (2D-CM), using in particular the chemical compound
distributions as tracers of dynamical processes. Minor species such
as CHy, CoHy, CGoHg, CsHg and HCN have lifetimes greater than
roughly 10 s, at 300 km (Wilson and Atreya, 2004), which is
longer than typical dynamical time scales in Titan’s stratosphere
(roughly 7.0 x 10° s, at 300 km; Hourdin et al., 2004). One must
keep in mind that the 2D-CM involves all components of the
coupled model, including the aerosol structure, which strongly in-
fluences dynamics (Rannou et al., 2004). We focus on the com-
parison with recent Cassini/CIRS observations of temperature and
composition. For dynamical validation studies we also use obser-
vations from the Huygens probe experiments (e.g. vertical zonal
wind profile at 10° S). Other Earth-based measurements are used
to complement this study, including Keck Observatory Long Wave-
length Spectrometer data (Roe et al., 2004); Institute of Millimetric
Radio Astronomy (IRAM) and Pico Veleta millimeter observations
(Tanguy et al., 1990; Hidayat et al., 1997; Marten et al., 2002); and
sub-millimeter array observations (Gurwell, 2004). We also use
data from Earth-bound measurements, such as the Infrared Space
Observatory data reported by Coustenis et al. (2003). These ob-
servations complement the space missions, especially in terms of
temporal coverage over one Titan’s year. At present, the available
observational dataset covers almost one complete Titan year, from
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the Voyager 1 flyby in 1980 (northern spring equinox, Ls ~ 9°) to
Cassini (northern winter, Ls ~ 300°). With such a complete 2D-CM,
the purpose of this paper is to understand how the processes in-
cluded in the model can explain some of the observed features.
The model reproduces several characteristics of aerosols’ distribu-
tions and thermal structure. We use the model to test how chem-
ical distributions behave under such dynamical forcings.

We first present the two-dimensional (latitude-altitude) circu-
lation model of Titan’s atmosphere, which extends up to approxi-
mately 500 km, in the lower mesosphere, and its most recent up-
dates (Section 2). Then the CIRS observations used to validate the
model are described in Section 3. Section 4 is dedicated to tem-
perature structure and zonal winds. Results related to the strato-
spheric composition are detailed in Section 5, with emphasis on
the circulation characteristics that may be deduced from the ob-
served distributions.

2. The IPSL 2-dimensional circulation model

The Laboratoire de Météorologie Dynamique and the Service
d’Aéronomie have been collaborating for many years within Insti-
tute Pierre-Simon Laplace to develop a general circulation model
of Titan’s atmosphere. This model is currently 2-dimensional, ex-
tending from the surface up to roughly 500 km altitude (50 levels),
and from pole to pole (3.75° resolution).

The earliest simulations of the Titan’s atmospheric dynamics
(Hourdin et al, 1995) were performed at LMD with a full 3-
dimensional model, based on the dynamical core of the LMD gen-
eral circulation model used for climate studies on both Earth (see
e.g. Hourdin et al,, 2006) and Mars (Forget et al., 1999). In these
early simulations, in which composition did not vary with latitude,
a strong superrotation was obtained by the Gierash-Rossow mech-
anism: upward zonal momentum transport by the mean merid-
ional circulation, and equatorward zonal momentum transport by
planetary waves, which were shown to be related to barotropic in-
stability of mid-latitude jets.

However, when developing the coupling between atmospheric
dynamics, chemistry and haze microphysics, the choice was made
to instead use a 2-dimensional model, obtained by removing the
longitudinal variations from the 3-dimensional core. In this 2-
dimensional model, the non axisymmetric component of the flow
is not represented explicitely. Because (nonaxisymmetric) plane-
tary waves play a major role in building and maintaining the
superrotation, and because they also transport trace species in lat-
itude, a specific study was devoted to the characterization of the
transport by those waves (Luz and Hourdin, 2003), which led to
a parameterization of the wave transport for the 2-dimensional
model (Luz et al., 2003). This parameterization acts as a diffusion
in latitude of both vorticity and trace species, with the intensity
of the diffusion related to the intensity of barotropic instability
of the mean zonal flow. For the vorticity (and angular momen-
tum), when the criterium for barotropic instability is met in the
2D-CM, latitudinal dissipation is applied with a time constant di-
rectly related to the diagnosed degree of instability. The relation
between these two variables has been initially evaluated using a
one-layer 2-dimensional longitude-latitude model of the shallow
water equations in a quasi-steady state regime with fully devel-
oped planetary waves forced by barotropic instability details are in
(Luz et al., 2003). The parametrization was also validated a poste-
riori by comparing the effect of the parametrization in the 2D-CM
with the effect of the fully developed planetary waves in the 3D
simulations. For trace species, the diffusion coefficient is parame-
terized similarly (Luz et al., 2003), while the explicit transport of
trace species by the axisymmetric flow is computed based on fi-
nite volume advection schemes introduced in the GCM by Hourdin
and Armengaud (1999).

In the uppermost layers of the 2D-CM, a sponge layer is in-
cluded, with Rayleigh friction dumping horizontal winds to zero.
For vertical dissipation, the 2D-CM includes a boundary-layer
scheme that induces some vertical turbulent mixing close to the
surface (see Hourdin et al., 1995). No other vertical turbulent dif-
fusion is taken into account.

A microphysical model describing the photochemical haze is
also included (Cabane et al., 1992; Rannou et al., 1995). Coupling
between the haze layer, radiation field and dynamics is taken into
account. The source function of the aerosols is fixed, located at
roughly 400 km altitude at all latitudes. The modeled haze dis-
tribution is able to reproduce many observations, such as Titan’s
albedo, its seasonal North-South asymmetry, and the structure of
the main and detached haze layers (Rannou et al., 2002, 2004).

The 2D-CM we use here is the same as in Rannou et al. (2004),
with active photochemistry included. The photochemistry module
is based on the initial photochemical model by Toublanc et al.
(1995), adapted for the 2D-CM, and updated to take into account
new photochemical data (Wilson and Atreya, 2004; Vuitton et al.,
2006; Hébrard et al., 2006), benzene photochemistry (Lebonnois,
2005), and heterogeneous recombination of atomic hydrogen on
the aerosols (Lebonnois et al.,, 2003a; Sekine et al., 2008). A pa-
rameterization for photochemical production of aerosols devel-
oped by Lebonnois et al. (2002) has also been included and acts.
This parametrization is taken into account as a sink for atmo-
spheric compounds. However, the obtained aerosol production rate
it yields does not peak at the right altitudes to reproduce the
distributions observed on Titan. Therefore, this coupling is not acti-
vated in the simulations presented here. The photochemical model
currently includes 44 species with 343 reactions, and is computed
once per Titan day, with diurnal means used for photodissociation
rates (no diurnal variations of the composition have yet been ob-
served, and they are considered for the moment as negligible).

At the upper boundary, the exchange flux between the upper
atmosphere and the upper layer of the model is taken into account
for all chemical species. These exchange fluxes are computed using
an updated version of the two-dimensional model of Titan’s atmo-
sphere used by Lebonnois et al. (2001), which computes the atmo-
spheric composition up to 1200 km altitude. The photochemistry
in this model is the same as the one used in our 2D-CM photo-
chemistry module. The fluxes obtained around 500 km altitude de-
pend upon both season and latitude. For most compounds, the flux
is maximum over the summer pole, minimum (several orders of
magnitude lower) over the winter pole, and almost constant with
time over the equator. The upper boundary fluxes have a strong
influence on the mean stratospheric abundance of most com-
pounds. Unfortunately, the photochemical model used to compute
them is not completely satisfying in the upper atmosphere, espe-
cially when compared to new observations by Cassini/INMS. Mod-
eled composition is consistent with observations by Cassini/UVIS
(Shemansky et al., 2005), and the reanalysis of Voyager 1/UVS
data (Vervack et al., 2004). However, the photochemical model still
suffers from approximations made for the photochemistry of the
upper atmosphere above 500 km, where most of these species
are produced. For example, ion-neutral chemistry is not taken into
account, though it may be important for high altitude chemistry
(Wilson and Atreya, 2004). Therefore, it is not surprising that in
order to fit observed stratospheric abundances, these fluxes have
to be adjusted for some molecules. These adjustments have been
made for C;Hy, C;Hg, C3Hg and HCN. Some of these upper bound-
ary fluxes used in the model are tabulated in Table 1.

At the lower boundary, the methane mole fraction is fixed at
the surface (5%). It follows saturation up to the tropopause, yield-
ing a mole fraction of 1.5% at higher levels. These values approx-
imate the Huygens/GCMS measurements (Niemann et al., 2005).
For all other compounds, surface fluxes (exchanges between sur-
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Table 1

Some of the upper boundary fluxes (top of the model) used as upper boundary
condition (units of molecules cm=2s~, referred to 500 km altitude, positive values
are downward)

Molecule Summer pole Equator Winter pole
CoHy? 2.0 x 1010 1.5 x 1010 2.6 x 107
CyHy 3.2 x 108 4.5 x 108 —2.5 x 10°
CyHeg? 5.0 x 1010 4.3 x 1010 2.9 x 108
CH3CoH 4.8 x 107 4.1 x 107 —3.7 x 10°
C3Hg? 1.1 x 10° 6.9 x 108 —3.9 x 108
C4H, 7.9 x 10° 4.9 x 108 3.3 x 10°
CeHs 3.9 x 107 2.7 x 107 1.0 x 10*
HCN? 1.4 x 10° 1.4 x 10° 6.6 x 107
CH3CN 1.8 x 108 1.1 x 108 5.1 x 10°
HC3N 4.7 x 107 2.4 x 107 1.9 x 10*

@ Values tuned to fit stratospheric observations.

face and the first atmospheric layer) are fixed to zero as described
in the photochemical scheme by Toublanc et al. (1995).

The reference simulation discussed in this paper has been run
for ten Titan years, yielding a stabilized seasonal cycle for all vari-
ables. This reference simulation is made available through a pub-
lic database, accessible on the web at http://www.Imd.jussieu.fr/
titanDbase (Rannou et al., 2005).

3. CIRS observations

Most of the temperature and abundance observations that we
use here are deduced from the Cassini/CIRS instrument.

Two types of observations are recorded by CIRS. Some data are
acquired in a nadir viewing geometry, where the line-of-sight in-
tercepts Titan’s surface, and other observations are recorded at the
limb, where the line-of-sight is horizontal and intercepts only the
atmosphere.

The CIRS nadir spectra characterize various regions on Titan
from the North pole to the South pole with a variety of emis-
sion angles. For comparison with the 2D-CM, we use here the
results obtained by Teanby et al. (2006, 2008) and Coustenis et al.
(2007a, 2007b). These authors have used 0.5 and 2.5 cm~! spec-
tral resolutions, recorded between the Tb and T20 flybys of Titan to
retrieve the abundances of CHg, CH3D, C3Hy, CoHg, CoHg, CH3CH,
C3Hg, C4H3, CgHg, HCN, HC3N, C3N, and CO, between 80° S and
80° N. Using these data, temperature and composition can be re-
trieved, with sensitivity generally focused at pressures between 0.1
to 10 mbar. Vertical composition profiles cannot be retrieved from
the nadir observations, but vertical profiles derived from limb data
analysis are tested and scaled to give the best fit. Therefore the
nadir data generally yield meridional variations and maps of the
chemical and thermal structure focused in a given part of the mid-
dle stratosphere.

The upper stratosphere, stratopause and lower mesosphere, can
be sounded using limb viewing observations. These observations
generally probe levels between 1 pbar (500 km) and 5 mbar
(~120 km) and allow retrieval of both temperature and abun-
dance vertical profiles. The inversion method for vertical tempera-
ture and composition profiles is described in Teanby et al. (2007)
and Vinatier et al. (2007). For comparisons with the 2D-CM, we
use here temperature profiles retrieved at 58° S, 67° N, 82° N
(Teanby et al., 2007, high spectral resolution dataset: 0.5 cm™1),
15° S (Teanby et al, 2007; Vinatier et al, 2007), and 80° N
(Vinatier et al., 2007), as well as the latitudinal temperature pro-
files derived from the meridional temperature cross-section pub-
lished in Flasar et al. (2005). Meridional temperature cross-sections
(latitude-altitude) (80° S-80° N) retrieved by Teanby et al. (2007)
using a low spectral resolution dataset (13.5 cm~!) are also con-
sidered for comparison, as well as the in situ temperature pro-

file deduced from Huygens/HASI data at 10° S (Fulchignoni et al.,
2005).

As described in Teanby et al. (2007) and Vinatier et al. (2007),
the retrieved temperature profiles have been used to model the
observed emission bands of molecules in order to deduce their
vertical mixing ratio profiles. Through an inversion algorithm, the
vertical abundance profiles of HCN, HCsN and C;H, were derived
at 58° S, 67° N, 82° N (Teanby et al., 2007), and 15° S (Teanby
et al., 2007; Vinatier et al., 2007). We also consider in this study
the mixing ratio vertical profiles of the hydrocarbons CyHg4, CoHg,
C3Hg, C4Hy, and CH3CyH retrieved at 15° S and 80° N by Vinatier
et al. (2007).

4. Dynamical and thermal structure
4.1. Atmospheric temperatures

Observations of the temperature structure at different seasons
and latitudes are summarized in Table 2. The modeled thermal
structure strongly depends on the structure of the haze layers in
the model. In order to reproduce haze structure observed at the
Voyager 1 epoch, the altitude of the haze production was fixed at
the 0.01 mbar pressure level (roughly 400 km altitude). In these
conditions, the haze structure and the stratospheric thermal struc-
ture observed by Voyager 1 are well reproduced (Rannou et al.,
2002, 2004). Cassini observations have shown a detached haze
layer at approximately 500 km altitude (Porco et al., 2005), much
higher than was observed during the Voyager 1 flyby (around 300-
350 km altitude). The origin of this change is not understood and
cannot be reproduced by the model, since the position of the de-
tached haze layer currently occurs close to the top of our model
domain. The impact of a test simulation with an elevated aerosol
production source on the modeled thermal structure, and therefore
on dynamics, is described in Section 4.3. The discrepancy between
observed and modeled haze distributions has significant conse-
quences on the temperature distributions, as shown in Fig. 1.

The modeled thermal structure presents similarities with
Cassini/CIRS observations (Teanby et al., 2007; Achterberg et al,,
2008). From the summer (i.e. southern) polar region to roughly
30° N, only small latitudinal variations are found in the temper-
ature field. On the other hand, in the winter (i.e. northern) polar
region, temperatures increase (respectively, decrease) towards the
pole in the upper (respectively, lower) stratosphere. The temper-
ature increase at the stratopause (at around 0.01 mbar) is due
to adiabatic heating in the descending branch of the meridional
circulation, while the temperature minimum at lower altitudes is
mainly related to the increased radiative cooling due to high in-
frared haze opacity in the region of polar night, not balanced by
direct absorption of solar visible radiation. At the Voyager 1 epoch,
latitudinal temperature profiles observed at 0.4 and 1 mbar were
well reproduced by 2D-CM simulations (see Fig. 14 of Rannou
et al, 2004). But for the Cassini epoch, due to the discrepancy
in the altitude of the haze layers, the resulting modeled dynam-
ical and thermal structures seem to be located at lower altitudes
than the corresponding observed structures. As a consequence, the
modeled latitudinal profile at a given pressure level (1.8 mbar) is
not in agreement with observations, but a similar profile is found
in the 2D-CM slightly lower in the stratosphere, as shown in Fig. 2
for 4 mbar. From these comparisons, the vertical profile of haze
extinction clearly has an impact on the vertical extent of the cir-
culation and further on the thermal structure.

Fig. 3 compares vertical temperature profiles from the 2D-CM
to available observations. The model systematically overestimates
temperatures at pressures less than about 0.05 mbar, and there-
fore does not correctly reproduce the observed stratopause. This
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Table 2

Available observations of Titan’s temperature structure and zonal winds at different seasons and latitudes

Observations Reference Season Latitude Altitude range Pressure range
(Ls, degrees) (degrees) (km) (mbar)
Temperature structure
Voyager1/RSS Lindal et al. (1983) 9 6° N ingress and 8° S egress 0-200
(vertical profile)
Voyager1/IRIS Flasar and Conrath (1990) 9 (high S-high N) 180; 230 1; 0.4
(latitudinal profiles) Coustenis and Bézard (1995) 9 53° S-70° N 180; 230 1; 0.4
Ground-based Tanguy et al. (1990) 130 Disk average 0-550 1400-6.7 x 10~*
(vertical profiles) Hidayat et al. (1997) 180 Disk average 0-600 1400-2.6 x 10~
Huygens/HASI Fulchignoni et al. (2005) 300 10° S 0-1400 1400-10—8
(vertical profile)
Cassini/CIRS Flasar et al. (2005) 300 80° S-60° N 100-250 10-0.2
(meridional maps) Teanby et al. (2007) 300 80° S-85° N 140-500 3-0.002
Achterberg et al. (2008) 300 90° S-85° N 120-450 5-0.005
(vertical profiles) Coustenis et al. (2007b) 300 50° N-70° N nadir ~180-350 1-0.03
Coustenis et al. (2007b) 300 60° S-35° N nadir ~120-320 5-0.06
Vinatier et al. (2007) 300 15° S nadir and limb, 80° N limb 195-490, 170-495 0.8-0.002, 0.9-0.002
Teanby et al. (2007) 300 15° S, 82° N 140-500 3-0.002
Zonal wind structure
Cassini/CIRS Flasar et al. (2005) 300 80° S-60° N 100-250 10-0.2
(meridional maps) Achterberg et al. (2008) 300 90° S-85° N 120-450 5-0.005
(vertical profile) Bird et al. (2005) 300 10° S 0-140 1400-3
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Fig. 1. (a) Temperature meridional map (latitude-altitude) from Teanby et al.
(2007) (K); (b) corresponding temperature meridional map modeled with the 2D-
CM (K). Contours of the stream function are also plotted (units of 10° kgs~!, solid
line is clockwise rotation, dashed line is anti-clockwise). Note that the troposphere
is not shown.

4 mbar). The profiles obtained with the test simulation discussed in Section 4.3 are
also plotted (dash-dotted line: 1.8 mbar; dotted line: 4 mbar).

is probably due to the warming induced by shortwave absorp-
tion of the detached haze, which is actually observed higher than
predicted by the model. The same signature should be present at
about 500 km in the data. This bias may also be related to other
aspects of the model. Several other significant effects are not taken
into account including the coupling between the modeled distribu-
tions of ethane (C;Hg) and acetylene (C;H;) and the thermal struc-
ture, as well as the cooling effect of hydrogen cyanide (HCN). These
effects were discussed by Lebonnois et al. (2003b), who showed
that a small increase in these compounds’ abundance in the upper
region of the 2D-CM, as well as taking the radiative impact of HCN
into account, has a cooling effect at pressures less than 0.1 mbar.
Indeed, a test simulation done in parallel to the main simulation,
but coupling the modeled distributions of CoH;, C;Hg and HCN (as
in Lebonnois et al., 2003b) with the cooling rates computations,
yielded temperatures 20 K cooler than in Fig. 1b at winter high lat-
itudes, above 0.1 mbar, and a clear stratopause around 0.01 mbar
at other latitudes.

At the tropopause, the temperature is slightly underestimated
in the simulations. In this region, the control by the haze struc-
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Fig. 3. Observed vertical T profiles (see legends for references), compared with the 2D-CM. (a) Northern mid- and high latitudes (winter): Cassini/CIRS (80° N, 60° N),
with 2D-CM profiles at Ls = 300°, 80° N (solid line) and 60° N (dashed line); (b) tropics and disk-average: Huygens/HASI (10° S), Cassini/CIRS (15° S) and ground-based
observations, with 2D-CM profiles at Ls = 300°, equator (solid line) and 15° S (dotted line), and Ls = 180°, equator (dashed line); (c) southern mid-latitudes (northern

winter): Cassini/CIRS (60° S), with 2D-CM profiles at Ls =300°, 60° S (solid line).

ture is strong since the haze opacity regulates the amount of solar
flux reaching the ground. On the other hand, the infrared radia-
tive transfer is controlled by pressure induced absorption which is
also difficult to model exactly; we use the model of Courtin (1988)
which would need an upgrading in order to take into account the
collision-induced absorption due to CH4-N, (Borysow and Tang,
1993; Samuelson et al., 1997). However, the impact of the fine
thermal structure in the troposphere is minor on the stratosphere
circulation and latitudinal thermal structure.

The thermal structure variations induced by subsidence in
the winter polar region appears to be overestimated in the 2D-
CM when compared to the observed effects in the mesosphere
(Fig. 3a), although it must be noted that CIRS data do not yield
information below the 10 mbar region at high winter latitudes
(Teanby et al., 2008; Vinatier et al., 2007; Achterberg et al., 2008).
This overestimate may be related to the fact that the 2D-CM sim-
ulations do not reproduce the Cassini/ISS observations in the main
haze layer structure over the northern polar region. Indeed, a
drop in the upper altitude of the main haze layer over this re-
gion, below a hood linked to the detached haze layer, is visible in
some Cassini/ISS images (http://photojournal.jpl.nasa.gov/, images
PIA09007 or PIA08214). It should also be noted that for conden-
sation which occurs above 50 km, the corresponding release of
latent heat and cloud opacity are not accounted for in this sim-
ulation. In the polar region, these two effects may explain a higher
temperature in the observations than in the model in the lower
stratosphere.

4.2. Zonal wind
The 2D-CM produces superrotation of the atmosphere, with

strong zonal winds in the stratosphere, reaching almost 200 ms~!
at high winter latitudes between 200 and 300 km altitude (0.1-

1 mbar), and up to 130 ms~! in the equatorial region. This simu-

lated superrotation is built up through the Gierasch-Rossow mech-
anism (Gierasch, 1975). The annual mean meridional circulation
consists of two equator-to-pole thermal cells, analogous to the
Brewer-Dobson stratospheric circulation on Earth. This circulation
transports angular momentum in the upper stratosphere towards
polar regions, whereas barotropic instabilities developing on the
equatorward flank of the jet induce momentum redistribution to-
wards the equator. In the 2D-CM, this transport is parameterized
(Luz et al.,, 2003), as the model cannot generate explicitely these
waves.

The modeled meridional circulation is strongly influenced by
seasons. During a long season around the solstices, the meridional
circulation is dominated by one cell which extends from sum-
mer to winter polar regions, where a strong zonal jet is produced.
The ascending branch is located at summer latitudes. Around the
equinoxes, the ascending branch moves from one hemisphere to
the other, forming two cells (Hourdin et al., 1995, 2004; Rannou
et al., 2004). The mean meridional circulation is qualitatively the
same in the 2-dimensional simulations presented here and in that
obtained initially with the 3-dimensional general circulation model
of Hourdin et al. (1995). The main difference consists in a phase
shift in seasons, due to the coupling between haze and dynam-
ics (Rannou et al., 2004), not accounted for in the 3-dimensional
version, which makes the winter circulation regime persists some-
what longer after spring equinox.

The same Gierasch-Rossow mechanism, with upward trans-
port of angular momentum by the mean meridional circulation,
thus explains the superrotation both in the 2-dimensional and 3-
dimensional versions. The transport towards the equator by plan-
etary waves is also qualitatively similar in the two versions. It
is done by and occurs via explicitely resolved planetary waves
in the 3-dimensional model while it is parameterized in the 2-
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Fig. 4. Zonal wind meridional maps (latitude-altitude). (a) Cassini/CIRS data and
the thermal wind equation (Achterberg et al., 2008), and (b) 2D-CM output for the
Cassini epoch (Ls = 300°) (units of ms~").

dimensional version (as explained in Section 2). In 3-dimensional
simulations, these waves take their energy from the barotropic in-
stability of the mid-latitude stratospheric jets. It must however be
kept in mind that the parameterization used in the 2-dimensional
version is only an approximate representation of the effect of a
particular subset of the planetary waves present in the real Titan’s
atmosphere.

The modeled zonal winds agree quite well with winds recon-
structed from stellar occultation observations, corresponding to
southern (Ls ~ 128°; Hubbard et al., 1993) and northern winter
(Ls =290°; Sicardy et al., 2006), as shown by Rannou et al. (2002).
In Fig. 4, the modeled zonal wind field is shown at the Cassini
epoch (Ls ~ 300°), together with the zonal wind field retrieved
using temperatures obtained from CIRS spectra, based on the ther-
mal wind equation (Flasar et al., 2005; Achterberg et al., 2008).
The lower boundary value for the calculation of the thermal wind
was imposed at 10 mbar (roughly 55 ms~!) to correspond to Huy-
gens/DWE measurements. For an atmosphere in cyclostrophic bal-
ance, the zonal wind and temperature fields are coupled through
the thermal wind equation. Therefore, what we discussed for the
latitudinal temperature gradient at 1.8 mbar at the winter mid-
latitudes (Fig. 2) is consistent with the fact that the vertical gra-
dient of the zonal wind between 10 mbar and the core of the
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Fig. 5. Vertical profile of the zonal wind measured with the Huygens/DWE exper-
iment at 10° S (bold line; Bird et al., 2005), compared with the corresponding
2D-CM zonal wind profile (solid line) (ms—).

winter jet is well rendered by the model. The location and the
intensity of the jet are also relatively well reproduced. Improving
remaining discrepancies between the modeled and observed dy-
namical structure (e.g. vertical gradient of the zonal wind in the
lower stratosphere in equatorial regions) will probably require a
realistic 3-dimensional model, explicitly representing all kinds of
nonaxisymmetric motions.

Fig. 5 shows a comparison of the zonal wind vertical profile de-
duced from the Huygens/DWE experiment (Bird et al., 2005) with
the corresponding 2D-CM profile. Although the modeled wind is
stronger than observations at pressures less than ~15 mbar, the
strong vertical gradient in the stratosphere is well reproduced be-
cause the model has good representation of the latitudinal tem-
perature gradient, which is linked to the vertical wind gradient via
the thermal wind equation. A minimum in the zonal wind is seen
in the 2D-CM at an altitude similar to the layer “with surprisingly
slow wind” (Bird et al., 2005) detected by DWE during the Huy-
gens descent, though it does not decrease to near zero as in the
observations, but to ~30 ms~!, which may be due to the coarse
vertical resolution of the 2D-CM. Radiative forcing in this region
is very weak, and dynamic time scales are very long in the lower
stratosphere and troposphere. In this transition layer, the equator
is colder than the poles in the 2D-CM inducing a strong decrease
in the zonal wind with height, according to cyclostrophic balance,
whereas at other altitudes, the poles are generally colder than the
equator. This is represented in the 2D-CM meridional cross-section
(latitude-altitude) of equator-pole temperature contrasts (Fig. 6).
An explanation for this inversion of the latitudinal temperature
gradient would require further investigations which is beyond the
scope of this paper. It may be related to the presence of a small
cell in the lower stratosphere (60-1 mbar), between the summer
pole and the ascending motion of the dominant pole-to-pole cell
(see Fig. 1b). This ascending branch goes from 30-40° at 6 mbar to
the summer pole at roughly 1 mbar. This secondary cell is there-
fore a remnant of the previous season’s cell, and the implications
of its presence in the simulations will be more extensively dis-
cussed in Section 5.3.

This secondary cell is forced by the latitudinal distribution of
aerosols. Fig. 7 shows the net temperature tendencies due to both
solar heating and infrared cooling at the Cassini epoch (Ls ~ 300).
A net cooling is visible between approximately 10 and 1 mbar at
southern latitudes. Except in this region, the summer stratosphere
is globally warming, whereas the winter stratosphere is cooling, in-
ducing the dominant pole-to-pole circulation. The presence of this
cooling region over the summer pole explains the small secondary
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Fig. 7. Net radiative temperature tendencies during the Cassini epoch (Ls ~ 300°)
(Ks~1). The stream function is also shown with contours (units of 10° kgs~!, solid
line is clockwise rotation, dashed line is anti-clockwise).

cell. In this region, the abundance of haze is still enriched com-
pared to mid-latitudes. Therefore, both solar heating and infrared
cooling are enhanced, but above the pole, the net effect is domi-
nated by cooling.

At pressures greater than 100 mbar, the modeled zonal wind
is too strong in the troposphere, compared to the DWE measure-
ments. The discrepancy between observations and the 2D-CM in
the troposphere suggests that decoupling is too strong between
the ground and the tropospheric circulation, which may be due
either to an underestimation of the vertical turbulent or convec-
tive mixing in the model, or to three-dimensional processes not
captured in this 2D-CM. A specific study focused on lower strato-
spheric and tropospheric dynamics is needed to better understand
what controls these discrepancies.

4.3. Influence of the altitude of the detached haze layer

In order to try to reconcile the modeled thermal structure with
CIRS observations, we ran a sensitivity experiment with a source
function for the aerosol fixed at 1 pbar, instead of 10 pbar in the
reference simulation. This places the haze production altitude in
the uppermost layer of the model. In this region, wind speeds
are affected by the sponge layer, and the build up of haze may
also be affected by the upper boundary. Therefore, this simulation
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Fig. 8. Meridional maps (latitude-altitude) of a proxy for aerosol opacity distri-
bution: (a) reference simulation, with haze source function at 0.01 mbar; (b) test
simulation with haze source function elevated to 1 pbar. The proxy is defined as
the sum of each fractal aerosol bin abundance (bins 5 to 10), multiplied by the
number of monomers in the bin (1 to 10°). The opacity from the spherical bins
(bins 1 to 4) is neglected. The stream function is also shown with contours (units
of 10° kgs~!, solid line is clockwise rotation, dashed line is anti-clockwise).

must be taken with caution, as a simple test, because of the verti-
cal limitation of the model. The change in the aerosol production
height induces a rise of the detached haze layer, as shown in Fig. 8.
This rise then has a significant influence on the thermal structure,
which is presented in Fig. 9, to be compared with Fig. 1. The lat-
itudinal temperature profile at 1.8 mbar for the test simulation is
also shown in Fig. 2 for comparison. At this altitude, improving the
haze distribution compared to Cassini observations yields signifi-
cant improvement in the latitudinal temperature gradient in the
summer hemisphere. Another consequence of the elevation of the
haze production layer is to reduce the temperature at the top of
the model, due to a slightly stronger net cooling in the uppermost
layers (Fig. 9).

The modification of the thermal structure is coupled to mod-
ifications of the meridional circulation, and therefore affects the
distribution of species (discussed in Section 5). The intensity of the
meridional circulation is slightly weaker when the haze production
source is elevated, as seen in Fig. 8 (essentially above 0.05 mbar).
This weaker meridional circulation reduces the adiabatic heating in
the winter polar mesosphere. Therefore, temperature in this region
(above 0.01 mbar) is in better agreement with observations, but
the thermal structure is still too warm at latitudes below 60° N.
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Table 3

Available observations of the distribution of Titan’s trace compounds at different seasons and latitudes

Observations Reference Season Latitude Altitude range Pressure range
(Ls, degrees) (degrees) (km) (mbar)
Voyager1/IRIS Coustenis et al. (1991) 9 70° N ~175-275 ~1.5 and 0.1
(latitudinal profiles) Coustenis and Bézard (1995) 9 53° S-70° N Contribution functions
(see reference)
Ground-based Tanguy et al. (1990) 130 Disk average 90-450 13-0.004 (HCN)
(vertical profiles) Hidayat et al. (1997) 180 Disk average 100-345 9.5-0.035 (HCN)
Marten et al. (2002) 180 Disk average 90-445 13-0.0045 (HCN)
70-490 26-0.0017 (HC3N)
100-500 9.6-0.0012 (CH3CN)
Coustenis et al. (2003) 190 Disk average 80-250 20-0.3 (CoHy)
Gurwell (2004) 300 Disk average 100-365 9.6-0.022 (HCN)
Cassini/CIRS Vinatier et al. (2007) 300 15° S (Tb) 115-450 ~6.5-0.004
(vertical profiles) Vinatier et al. (2007) 300 80° N (T3) 155-490 ~2-0.0018
180-520 ~1-0.0009 (HC3N)
Vinatier (2007) 300 54° S (T15) 110-500 8-0.001
Teanby et al. (2007) 300 15° S (Tb) 120-350(450) 6-0.03(0.004) HCN(C,Hy)
Teanby et al. (2007) 300 15° S (Tb) 300-450 0.1-0.004 (HC3N)
Teanby et al. (2007) 300 82° N (T4) 150-310 1.5-0.04 (HCN, C;H3)
Teanby et al. (2007) 300 82° N (T4) 200-310 0.4-0.04 (HC3N)
(latitudinal profiles) Coustenis et al. (2007b) 300 (high S-high N) Contribution functions
Coustenis et al. (2007a) (see references)
Teanby et al. (2006, 2008) 300 80° S-80° N 140; 290 3 (HCN, CzH3); 0.1 (HC3N)
(meridional maps) Teanby et al. (2007) 300 80° S-80° N 140-500 3-0.002
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Fig. 9. Same figure as Fig. 1b, but for the test simulation with haze source function
elevated to 1 pbar.

This discrepancy suggests that the dominant problem in this region
may come from the shortcomings in the radiative cooling scheme,
as discussed previously. At 80° N, the model is still too cold in the
lower stratosphere (between the tropopause and 0.5 mbar), which
may be related to the fact that the mean haze layer is not influ-
enced by variations in the altitude of the haze production region,
or to the latitudinal extension of the polar vortex, as it is dis-
cussed for the composition (see Section 5). The zonal wind is also
slightly modified in this test simulation, especially in the meso-
sphere, due to a stronger impact of the opacity modifications on
the mesospheric temperature field. The stratospheric jet is slightly
more confined, both in latitude and altitude.

5. Distribution of trace compounds and implications for
circulation

As discussed in Lebonnois et al. (2001) and Hourdin et al
(2004), dynamics also has an impact on atmospheric composition.
Chemical species included in the 2D-CM and observed in Titan’s
atmosphere, act as tracers of atmospheric circulation because their
photochemical lifetimes are often larger than typical dynamical

timescales. These compounds are mostly well mixed in the strato-
spheric cell, between 10 and 0.01 mbar, except for the descending
branch over the polar regions, which brings enriched air from the
upper atmosphere (above ~400 km) where most of these com-
pounds are mainly produced, into the lower stratosphere. Most
species condense at the cold tropopause (~70 K), which consti-
tutes a cold trap. Therefore, air rising from the tropopause in the
summer ascending branch at the tropics contains significantly less
abundances of chemical species than the ambient stratospheric
air. The mechanisms that control the vertical concentration gradi-
ents are essentially chemistry and dynamics. The chemistry in the
upper atmosphere controls the production of many species, and
therefore their stratospheric abundances. The chemical fluxes at
the top of the model (around 500 km) are thus very important for
a good representation of the mean abundances in the stratosphere.
For latitudinal gradients, vertical advection by dynamics (Brewer-
Dobson cell) and condensation tend to strengthen contrasts, while
latitudinal mixing by barotropic waves tends to reduce them. These
latitudinal gradients are also affected by the vertical distance be-
tween the level at which they are observed and their condensation
level: increased distance between observation and condensation
levels means a larger effect of horizontal dissipation, and a reduced
observed latitudinal contrasts.

5.1. Equatorial regions

Observations of Titan’s stratospheric composition at different
seasons and latitudes are summarized in Table 3. Plots of ob-
served equatorial profiles compared to the 2D-CM simulation for
many hydrocarbons and nitriles are shown in Fig. 10. The agree-
ment between 2D-CM chemical distributions and observations is
generally good, though it must be kept in mind that some up-
per boundary fluxes have been adjusted to improve the modeled
abundances of some compounds (see Section 2). The available
observational dataset covers more than one season: from disk-
averaged ground-based observations during northern fall equinox
(Hidayat et al., 1997) to Cassini mission observations in northern
winter at 15° S (Teanby et al., 2006, 2007; Coustenis et al., 2007b;
Vinatier et al., 2007). These observations are compared to the 2D-
CM in Fig. 10. Only very small seasonal variations are seen at these
low latitudes, both in the observations and in the model.
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Fig. 10. Vertical profiles variations of chemical compounds in Titan’s equatorial region: comparison between available observations (see legends for references) and the 2D-
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and ground-based observations.

The modeled hydrogen cyanide (HCN) vertical profile is in
good agreement with disk-averaged ground-based observations by
Hidayat et al. (1997) and Marten et al. (2002) during northern fall
(Fig. 10d). ISO measurements in the same period (Coustenis et al.,
2003) are slightly lower than other observations, and the 2D-CM.

However, the vertical gradient of HCN derived from Cassini/CIRS
observations at 15° S is stronger than for C;H, or CoHg (Fig. 10a
and Fig. 10c, respectively). This is not the case in the 2D-CM re-
sults, where the vertical gradients of HCN, C;H, and CyHg are
mutually very similar. The observed difference in vertical gradi-
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ent may be a diagnostic of chemical loss for HCN in the lower
stratosphere with a timescale shorter than the meridional dynam-
ical timescale, as proposed by Vinatier et al. (2007). Indeed, in
simulations performed with the updated version of the Lebonnois
et al. (2001) model, that were used to compute upper boundary
fluxes (see Section 2), the parameterization of polymer formation
does affect the HCN vertical profile, yielding a HCN concentra-
tion gradient different from that of C;H, or C;Hg, as observed.
This model has the same photochemistry as the 2D-CM but uses
a forced, analytical representation of the dynamics. The different
behaviors between both models must be due to their different dy-
namics. In the 2D-CM, the dynamical mixing may be slightly too
strong, masking the influence of the parameterized loss of HCN to
polymer formation.

For ethylene (CyHg, Fig. 10b), at 15° S, we obtain a vertical mix-
ing ratio profile that decreases with altitude in the stratosphere,
which is in agreement with the Vinatier et al. (2007) observations,
though the amplitude of the modeled effect is much less than ob-
served. This negative vertical gradient in the lower stratosphere is
interpreted as being due to photochemistry and dynamical trans-
port, as illustrated in the meridional distribution of ethylene at the
Cassini epoch, shown in Fig. 11. The enriched winter polar region
induces enrichment in the equatorial lower stratosphere due to
transport by the meridional circulation, at pressure levels around
5-10 mbar. The fact that this compound does not condense at
Titan’s tropopause may also play a role, allowing for larger abun-
dances in the troposphere. This equatorial (vertical) enrichment in
the lower stratosphere cannot be produced in 1-dimensional mod-
els, because of the sink due to photodissociation of C;H4 which
peaks higher, near 0.1-0.01 mbar.

Though the modeled mean stratospheric abundance of diacety-
lene (C4Hy, Fig. 10b) is in good agreement with observations at
these low latitudes, it is sensitive to many model parameters such
as: the abundances of other compound abundances; stratospheric
photochemistry; and upper boundary flux (Hébrard et al., 2007).
Therefore, it is difficult to derive any firm conclusions for this com-
pound.

The case of HC3N is unique: this compound is extremely sensi-
tive to the parameterization of polymerization, as seen in Fig. 10d,
which shows the difference in the profiles obtained with active
parameterization (yielding a strong sink for HCsN between 1 and
0.1 mbar), or without (homogeneous vertical profile). CH3CN and
CyN; are also slightly sensitive to this process, as shown in Fig. 10e
and Fig. 10f, respectively. This is not the case for other compounds.

However, since this parameterization of polymerization processes
may not be completely realistic, it is probable that the very steep
profile observed for HC3N compared to other compounds is di-
agnostic of a specific chemical sink in the lower stratosphere, as
discussed above for the case of HCN.

5.2. Winter polar enrichment

Latitudinal distributions of trace compounds obtained in the
2D-CM during the Cassini (Ls ~ 300°) and Voyager (Ls ~ 9°)
epochs are presented in Fig. 12, in comparison with profiles ob-
tained from Cassini/CIRS (Coustenis et al., 2007a, 2007b) and
Voyager1/IRIS (Coustenis and Bézard, 1995) observations. Such
a comparison has also been performed in a recent analysis of
Cassini/CIRS data by Teanby et al. (2008). As discussed in Coustenis
et al. (2007b), the enrichment observed at high northern latitudes
is slightly stronger after northern spring equinox than at northern
mid-winter. Such an effect is visible in the 2D-CM, with a slightly
deeper latitudinal gradient close to 50-60° N at the Voyager 1
epoch, compared to the Cassini epoch. This can be explained by
the continuous increase of contrasts produced by the meridional
circulation, until it reverses after northern spring equinox.

Teanby et al. (2007) have obtained meridional distributions for
HCN and HC3N from CIRS data, which are compared to the dis-
tributions obtained in the 2D-CM in Fig. 13. Enrichment at the
high-northern latitudes, due to the descending circulation, is visi-
ble in the observations, though it seems to be confined closer to
the pole, especially in the 0.1-0.01 mbar region. The HC3N destruc-
tion due to the parameterization of the polymerization, seen in the
modeled distribution, appears to be largely overestimated, but as
previously discussed, the HC3N abundance in the mid-stratosphere
is extremely sensitive to this process.

Vertical profiles at 80° N (T3 flyby; Vinatier et al., 2007) and
82° N (T4 flyby; Teanby et al., 2007) have been retrieved from
CIRS limb observations. At these high latitudes in the winter hemi-
sphere, the modeled profiles of some compounds are, at a first
glance, clearly different from the observations (Fig. 14).

For CoHy, CoHg and CsHg (Figs. 14a, 14c, and 14d, respec-
tively), the observed vertical profiles are similar to those observed
in the equatorial regions. These compounds have small vertical,
latitudinal and temporal variations, and appear to be well mixed
by the overall meridional circulation. The modeled enrichment in
high northern latitudes is higher than observed. This is related to
the strong vertical gradient between the uppermost levels of the
2D-CM where the upper boundary flux is implemented, and the
levels below where large-scale mixing is efficient. This is model-
dependent, and vertical extension of the model into the meso-
sphere is needed to test the impact of the mesospheric dynamics
(which is still largely unknown) on the vertical profiles in this tran-
sition region.

For HCN (Fig. 14e), the enrichment observed in nadir data in
the lower stratosphere is also seen in limb observations, and the
2D-CM vyields a vertical profile approximately consistent with the
observations, although there is a noticeable difference between the
retrievals by Vinatier et al. (2007) (T3, 80° N) and Teanby et al.
(2007) (T4, 82° N) due to differences in the projected sizes of the
CIRS field-of-views between flybys.

The behavior of the C;H4, CH3CoH and C4H, vertical profiles
(Figs. 14b, 14a, and 14d, respectively) at 80° N is different: the en-
richment observed in nadir data in the lower stratosphere is seen
in limb observations, but only at pressures greater than 0.1 mbar.
In the upper stratosphere, an abundance minimum is seen in the
observed profiles at around 0.07 mbar, whereas the 2D-CM abun-
dance profiles are well mixed all along the atmospheric column.
Abundance minima are predicted by the model at lower latitudes,
as shown for 50° N in Fig. 14, indicative of a region outside the



Diagnostics of Titan's stratospheric dynamics 567

Fraction

Mole

LY
=

U
o

-50 0
Latitude

0)

ton

Frac

Mole

107" L

|

y
[}
C
w
[=}

Cassini/CIRS (Ls~300°)
A Coustenis et al. 2007b

@ Teanby et al. 2007b
Voyager 1/IRIS (Ls~9°)
*  Coustenis and Bezard 1995

Fig. 12. Composition latitudinal profiles: comparison between modeled composition and observations at Voyager 1 and Cassini epochs (see legends for references). Observa-
tions: Cassini/CIRS during northern winter (Ls ~ 300°); Voyager1/IRIS during northern early spring (Ls ~ 9°). Simulation: Voyager 1 epoch (dashed line) profiles, at altitude
corresponding to the maximum of the weighting functions for the corresponding observations (Coustenis and Bézard, 1995); Cassini epoch profiles, taken at the maximum
of the weighting functions (dotted line for Teanby et al., 2007; solid line for Coustenis et al., 2007b in three different latitude regions, i.e. polar regions down to 50°, and
in between). The light-gray region shows the range of modeled 2D-CM values within the half-width altitude range of the weighting functions (taken from Coustenis et al.,

2007b).

main descent of air located within the polar vortex, as it is also
visible in Figs. 11 and 13. Moreover, stratospheric minima have
been clearly observed at 54° N for C;H;, C4Hy and HCN, and to
a lesser extent, for C;Hg and HC3N (Vinatier, 2007). Such profiles
observed at 80° N may therefore be a diagnostic of the latitudi-
nal extent of the polar vortex (as discussed above for Fig. 13), and
of the intensity of the meridional circulation. As discussed in Sec-
tion 4.3, the test simulation run with the haze production region
moved up to the top level of the 2D-CM (1 pbar), shows variations
in the meridional circulation, and therefore modifications in the
distribution of chemical compounds. In the test simulation, the lat-
itudinal extent of the polar region where the descending air is well
mixed is modified when the meridional circulation is weakened.
The high-stratospheric minima of chemical distributions are then
obtained slightly closer to the pole than in the nominal simula-
tion. The discrepancy between the modeled and observed thermal
structure above the stratopause may also affect the strength and
structure of the meridional circulation, thus affecting the latitudi-
nal shape of the polar vortex. Also, the latitudinal resolution of
the 2D-CM could affect the vortex latitudinal extension. Again, the
2-dimensional nature of this model is a potential source of dis-
crepancy. Finally, another way to interpret the Cassini observations
is that the polar vortex 3-dimensional structure may be highly dis-
torted by waves, and that the T3 observations, though located at
80° N, have been sounding a region outside the heart of the po-
lar vortex. Analysis of other flybys at high northern latitudes will
be able to test this hypothesis. It may also be tested in a model-
ing context with a future 3-dimensional version of the circulation
model.

It must also be noted that C4H, and CH3C,H are very photo-
chemically active in the upper stratosphere, which could affect our
interpretation of dynamical transport discussed above. In the case
of diacetylene (C4H,), this is illustrated by the peculiar behavior
obtained in the simulations above 0.1 mbar, in the upper levels of
the 2D-CM, where a strong minimum is seen very close to the pole
(Fig. 14b). This minimum is related to the upper boundary flux
reaching zero in this region during winter, associated with weak
spatial mixing and strong photochemical destruction.

5.3. Summer pole

In extending the latitudinal coverage towards the southern
summer polar regions, the CIRS observations (Flasar et al., 2005;
Coustenis et al., 2007a, 2007b; Teanby et al., 2006, 2008) have
revealed a strong disagreement with the modeled stratospheric
distributions of minor compounds. In the summer hemisphere, the
observed stratospheric abundances are globally uniform in latitude,
whereas, in the model, the signature of a secondary meridional
cell is obvious (Fig. 12). This cell is located in the 2D-CM merid-
ional circulation between the ascending region around 30-40° S
at the tropopause and the summer pole, and extends vertically in
the lower stratosphere from roughly 60 to 1 mbar (see Fig. 1b).
In this altitude region, the consequences of this cell on latitudinal
profiles are a residual enrichment over the pole (from the previ-
ous winter season), and a decrease in abundance for condensing
species around 30° S, in the ascending branch of the stratospheric
cell, which brings tropospheric air into the stratosphere. This effect
is stronger for compounds that are observed deeper in the strato-
sphere.
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The existence of this secondary cell has some observational
support: Roe et al. (2004) observed an accumulation of ethylene
at the south pole (above 60° S) during late southern spring (Ls ~
240), in agreement with the 2D-CM. In the current season, the re-
versal of the meridional circulation is complete, and the build-up
of winter enrichment already well started. The secondary cell lim-
its the erasing of the previous season enrichment by the ascending
motions.

There are several hypotheses to reconcile the modeled distribu-
tions with the observations. Considering that the meridional circu-
lation derived from the 2D-CM has successfully explained many of
Titan’s atmospheric features, there must be an ascending branch in
the lower stratosphere. Since the CIRS observations do not see the
corresponding depleted region, we propose three possible explana-
tions: (1) this secondary cell is not present on the real Titan, and
is a diagnostic of a structural problem of the 2D-CM; (2) due to
weaker meridional circulation, this secondary cell is less extended
vertically and less active, and the depleted region is located closer
to the tropopause on Titan than in the model; (3) there is an ad-
ditional horizontal mixing process that may be missing from the
2D-CM, which would limit the vertical extension of the depleted
region. The extension of the model to 3 dimensions will help in-
vestigate hypothesis (1) and (3). This extension is currently under
development. In the test simulation discussed previously, although
the meridional circulation is slightly weakened, the impact on the
southern latitudinal profiles is weak, with only a slightly smaller
depletion at mid-latitudes.

The vertical profiles around 54° S deduced from CIRS obser-
vations during the T15 flyby (Vinatier, 2007) (not shown in this
paper) may also be compared to the corresponding 2D-CM pro-
files. Both observed and modeled profiles in this region are very
similar to equatorial observations. As seen in Fig. 13, latitudi-
nal variations are much less significant in the summer hemi-
sphere, compared to the winter hemisphere. Modeled vertical pro-

files are in good agreement with observations, because the effects
due to the summer secondary meridional cell are visible only in
the deepest region retrieved in observed vertical profiles (below
roughly 1.3 mbar). For ethylene (C;Hy4), the vertical observed pro-
file (Vinatier, 2007) is qualitatively reproduced, with a sink in the
upper stratosphere (related to photodissociation). The gradient of
hydrogen cyanide (HCN) is also well represented by the model.

6. Conclusion

The comparison between results of the 2-dimensional Titan cir-
culation model developed at IPSL and available observations with
a focus on recent Cassini/CIRS results, has been detailed in this
work. The purpose of this paper is not to solve all the differences
between the model and observations, but to draw a picture of the
different processes present in the 2D-CM that can account for the
main observed features. Given that observed chemical species are
tracers of dynamics, a correct representation of chemical distri-
butions, together with the aerosol and cloud descriptions, allows
us first to validate the 2D-CM, and then to determine some di-
agnostics of Titan’s stratospheric dynamics. The thermal structure,
dynamics and composition are a coupled system. Modifications in
thermal structure induce modifications of the meridional circula-
tion, and therefore affects the chemical distributions.

The main results of this work are the following:

(1) Many characteristics of the observed thermal structure are
reproduced in the 2D-CM, including increased temperatures
in the upper stratosphere of the winter polar region due
to adiabatic heating in the descending branch of the merid-
ional circulation. The strong coupling between haze distribu-
tion, meridional circulation and thermal structure is shown to
be realistically modeled. Some discrepancies between model
and observations may be explained by the haze structure, its
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source being tuned to reproduce Voyager observations, and by
the misrepresentation of mesospheric radiative effects, point-
ing to current limitations of the model at the upper bound-
ary.

(2) Superrotation, with strong prograde zonal winds, is produced
by the 2D-CM in good agreement with Cassini/CIRS, Huy-

gens/DWE and stellar occultation observations (Hubbard et al.,
1993; Sicardy et al., 2006). A Hadley-type meridional cir-
culation, transporting angular momentum towards the win-
ter pole, can account for the strong winter zonal jet pro-
duced in high latitudes. This jet becomes barotropically un-
stable on its equatorward flank, producing waves (parameter-
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ized in the 2-dimensional model), which redistribute angu-

lar momentum towards the equator (Gierasch-Rossow mecha-

nism).

(3) (a) Overall, chemical distributions are well reproduced in
equatorial regions, though it must be kept in mind that
some upper boundary fluxes have been adjusted to im-
prove the modeled abundances of some compounds. The
enrichment of ethylene in the lower stratosphere at 15° S
is explained by dynamical transport from the winter polar
region.

(b) Near the winter pole (80° N), the observed enrich-
ment at high northern latitudes, slightly stronger af-
ter spring equinox than for mid-winter, is captured by
the 2D-CM. However, there is still a strong disagree-
ment between observed and modeled profiles: some
compounds (C4H,, CH3C;H) have an abundance min-
imum near 0.05 mbar in the observed vertical pro-
files, whereas 2D-CM profiles are well mixed all along
the atmospheric column. The modeled profiles exhibit
a small minimum in chemical distributions for lower
latitudes, in regions outside the influence of the po-
lar vortex. When the altitude of the haze production
is increased, latitudinal extension of the polar vortex
is reduced and high-stratospheric minima in the verti-
cal profiles of mixing ratios are obtained slightly closer
to the pole. It might also be possible that large scale
waves are present on the polar vortex sides, producing
important longitudinal features. However, the observed
profiles are difficult to reconcile with dynamical fea-
tures.

(c) In the summer hemisphere, the model produces a sec-
ondary cell in the lower stratosphere, which maintains
an enrichment over the summer pole and a depleted
region around 30° S. This cell is coupled to the po-
lar enrichment of the haze—still present during summer.
The signature of this cell is not present in Cassini/CIRS
data, whereas some previous observations support the ex-
istence of an accumulation of ethylene over the south
pole during late southern spring (Roe et al., 2004). It
is possible that some horizontal mixing processes are
missing due to the 2-dimensional nature of the model.
Outside the secondary cell region, vertical profiles are
in good agreement with Cassini/CIRS observations at
54° S.

The IPSL 2-dimensional circulation model of Titan’s atmosphere
reproduces the main observed features of the global atmospheric
behavior, at two different seasons: the Voyager 1 season, northern
spring equinox, as well as the Cassini season, northern mid-winter.
This is a significant confirmation that the dominant processes
present in this complex atmosphere are correctly modeled, includ-
ing many couplings between winds, thermal structure, haze and
composition. However, the remaining discrepancies point to limi-
tations of the model (2 dimensions, restricted vertical extension),
and to possible missing processes (planetary waves not param-
eterized, gravitational tides, role of topography, and so on). The
restricted 2-dimensional nature of the model is in particular a po-
tential source of uncertainties, and investigations need to be done
using a future 3-dimensional version of the circulation model.
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