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Abstract. We present the first results of a 3-D General Circu- satellite belongs to the group of slowly rotating bodies with
lation Model of Titan's atmosphere which differs from tradi- a dense atmosphere. Under such conditions, the circulation
tional models in that the hydrostatic equation is not used andf the atmosphere is not close to the geostrophic balance, as
all three components of the neutral gas velocity are obtaine@n Earth or Mars, where pressure gradients are balanced by
from the numerical solution of the Navier—Stokes equation.Coriolis forces, but by the centrifugal forces of an almost lat-
The current version of our GCM is, however, a simplified itudinal circulation. In Titan's case the atmosphere is in a
version, as it uses a predescribed temperature field in theyclostrophic balance (Flasar, 1998; Grieger, 2004).

model region thereby avoiding the complex simulation of ra-  Titan’s atmosphere has been subject to several studies with
diative transfer based on the energy equation. We present thg|opal Circulation Models (GCMSs), providing results that
first simulation results and compare them to the results of exyjiffer considerable depending on the models applied (e.g.
isting GCMs and direct wind observations. The wind Speedﬂ\/IUIler-Wodarg at el., 2000: Tokano et al., 1999: Hourdin
obtained from our GCM correspond well with data obtained gt g, 1995). This may be due to the fact that the tempo-
during the Huygens probe descent through Titan's atmoyg| evolution of the temperature, which is used to derive the
sphere. We interpret the most unexpected feature of thesgorizontal and vertical wind dynamics in a GCM, is mainly
data which consist of the presence of a non-monotonicity ofyoverned by advective and diffusive heat transports and the
the altitude profile of the zonal wind speed between 60 andadiative heating term. The latter one is strongly influenced
75km. by both the aerosol absorption properties and their spatial

Keywords. Atmospheric composition and structure (Pres- distribution, which, however (up to now), are not very well
sure, density and temperature) — Meteorology and atmogonstrained. In turn, the aerosol distribution may also be in-
spheric dynamics (Middle atmosphere dynamics; Radiativeluenced by the atmospheric circulation (e.g. Cabane et al,,
processes) 1992) which implies a coupled system.

Nowadays, the widely used GCMs for the Earth’s atmo-
sphere, as well as the GCMs developed for other planetary
1 Introducti atmospheres, are mainly based on the hydrostatic equation

ntroduction (e.g. Roble at el., 1988; Wilson and Hamilton, 1996; For-
get at el., 1999; Mller-Wodarg at el., 2000). In our study

Saturn’s largest satellite Titan is the only moon in the solar® " ". . . .
; . we introduce a new mathematical model, which provides the
system that possesses a considerable atmosphere with a syr- : . A )
ree-dimensional global distributions of the zonal, merid-

face pressure about 1.5 times that of the Earth (e.g. Tayloronal and vertical wind components without any restrictions
and Coustenis, 1998). Titan's synchronous rotation perioof ’ P y

of barely 16 days implies that, like Venus, Saturn’s IargestOn the vertical transp'ort of the neutral gas. .

In the current version of our model we do not implement
Correspondence ta4. K. Biernat a radiative transfer model to derive the atmospheric tempera-
(helfried.biernat@oeaw.ac.at) ture profile and its diurnal changes, but assume a predefined
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2116 I. V. Mingalev et al.: Titan’s atmosphere dynamics

and stationary temperature profile. This was adapted fron‘andvﬁ, respectively. Positive directions for the wind compo-
the currently available Titan atmosphere model based oments are defined as upward, eastward, and northward. The
Voyager 2 ultraviolet, infrared, and radio occultation mea- three-dimensional global distributions of the gas density, as
surements (Yelle et al., 1997). This assumption clearly re-well as the vertical, zonal, and meridional wind components,
duces the complexity of the GCM, as it avoids the necessityare obtained from the numerical solution of a system of equa-
to model the planet’s aerosol properties and distribution, andions comprising the continuity equation

the coupling of haze formation with atmospheric dynamics, 9

as presented by Rannou et al. (2002). It should be noted? »- T 1 9ty T

that the approach of a GCM with a predescribed relaxation 9 ¢ r? ar

temperature field was successfully demonstrated for Titan's 1 9 (p vg COSP) 3 (0 vy)
tropospheric circulation by Grieger (2004). » Cosp o B T 0, (1)
In Sect.2 we outline the mathematical formulation of our
GCM, it's computational implementation, and the assump-the vertical wind component
tions used in the simulations. In Se8twe briefly review s
the current knowledge of Titan's atmospheric dynamics that | 3 v- e d vy " Yp dvr v dvu Yt }
was derived from the currently available ground and space-| 9¢ "ar r 9B r cosf dg r
based observations. In Sedtwe describe our simulation 3 ) 7o\ 2
results and compare them to the currently available obse® ~— 7~ + # [Q r coSp + 2v, Q c0sp — g, (7) ]
vational data. In Sect we summarize the current status 1 8, ) (.. + M,y)
of the model, identify shortcomings and physical inconsis+ — """~ — —# %
tencies arising from simplifying assumptions, and provide " 1 2% d(M,gcosB) 9T,
an outlook on the possibilities for future applications of ourt cosp < Y P ) ’
model.
We note that the successful application of our model to 2

the Earth’s atmosphere was presented in Mingalev and Min- )

galev (2001, 2005). In particular, the model was applied toth€ zonal wind component

investigate mechanisms responsible for the formation of ther 54, 4, 3(rv,) 1 < 9 (v, COSB) 3 v, >]
T B

circumpolar vortices at levels of the stratosphere and mesdt &5, " 5, r cosp 3B Ky
sphere in the Northern and Southern Hemispheres. The vor-

tices, obtained from our model, were found to be consisterg 1 37p+2p Q (v, sinf—v, cosp)

with the global circulation of the atmosphere, obtained from r cosp d¢ B !

observations.
1 9(M,rd 1 3(Myp cosB) 1 9T,
B ar +rco§,3 3B rcosp g

2 Mathematical formulation 3)

2.1 Coordinate system, model region, and grid spacing and finally, the meridional wind component

We use a Titan centered rotating Eulerian spherical coordi-( dvs v, 9 (rvg) vy 9y v, OJvg tang uj
n_ate system with the radia_l _(vertical) coordinatbeing the P\ 5, " " 5, REY T cosp d¢ -
distance of the current position to the planet’s center, and the 3

' . ) j . ap _ 1 8(Mprd
azimuthal and poloidal coordinates designated as the longi— — 25" Qsing (Qr cosp+2v, ) +— —,
tudey and the latitudes, respectively. Our model covers a rop r g
250-km thick spherical layer above the planet’s surface. Thel fang My, + 1 0 (Igs COSP) ALY
longitudinal and latitudinal grids are uniform, with a step size r #" r cosp ap o |-

of Ap=ApB=1°. The radial grid above 72 km has a constant
step size of 2km. Below 72km the radial grid is nonuni- (4)
form, with a step size that slowly decreases from 2 km down

t0 0.255 km at Titan's surface. Equations (2)—(4) are the components of the dynamical equa-

tion (Batchelor, 1970). Furthermore, we take into account the

2.2 Fundamental equations ideal gas law, given by

R
The version of our model presented enables us to calculaté = £ 7~ T. (5)

the 3-D global distributions of the gas densityas well as
the vertical, zonal, and meridional wind componenis,v,
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In Egs. (2)—(5)p denotes the gas pressuiethe temper-  where u,=pu+p K,, po=pu+pK,, and mg=i+p Kg.
ature (with a defined distribution} the universal gas con- Here; . =1x10-5kgm1s1 is the molecular viscosity coef-
stant, and/ the mean molecular weight, which was adapted ficient taken from Miller-Wodarg et al. (2000) an&,, K,
from the Y97 recommended Titan atmosphere model (Yelleand k4 are the turbulent viscosity coefficients in the vertical,
etal,, 1997)Q=4.6x10"°s ' is the angular velocity of Ti-  ;onal. and meridional directions, respectively. In our model

on the planet’s surfacey=2575km is Titan’s radius, and

My, Mgy, Mgy, Mpy, Tig, Typ are the physical com- K, = C(0.1L, 3, K,=C(01L,)"?,
ponents of the viscous stress tensor. The last tensor is deflnq@i/S = C(0.1Lp)*3,
by
~ -~ o~ whereC=0. s+ (Richardson, and,, L,
~ 1 hereC=0.37 n?/3s~1 (Richardson, 1926) and,, L. Lg
MN=D-— 3 I Tr(D) , (6) are the vertical, zonal, and meridional scales of turbulence.

. . ~. We define these scales as follows:
and takes into account the turbulent friction. Héres the

identity tensor and TD) is the trace of the tensdd, which 1 _ 02AK, L, =02r cosBAg. Ls=02rAB,

is defined as

D=7ven+@EEVew =7(Vev+vew!s,(7) WhereAr, Ag, andAp are, respectively, the radial, longi-
tude, and latitude grid step sizes. Our simulation results sug-
gest an insignificant sensitivity to variations of the turbulence
scales up to 50% in either direction.

wherev is the wind velocity vectory ®v is the tensor of gra-
dientv, (Vev)T is the transposed tensor of gradienty is

the symmetric tensor of the viscosity coefficients, which can
be expressed in the given model coordinate system by

uw 0 0
,T’\: OM(pO
0 Ouﬂ

: (8)

Substituting Egs. (8) and (7) into Eq. (6), one obtains the components of the viscous stress tensor:

4 Jv, 2 v Mg Vg 1 dv
Il,==un - |:(,LL(/;+,U.5) T+_ﬂ b +_(p <— ¢ —tan,B Uﬂ>i|

3" ar 3 r B r \cosg d¢
4 1 9 vg 2 vy My 1 duy
Mag = — —F R — — —tan ,
=37 (8,8 +”’> 3[“’ ar T (cosﬂ 3¢ ﬁvfﬁv’)]
4,l,L 1 8v(p 2 0 vy Mﬁ avﬁ
I = 5 — tan r)] — & r —\ 5 r ,
ve 3r<cos,3 3¢ ﬁ”ﬂ+”) 3[”‘ ar T \ap TV
ov " 1 odv,
M, = L4 e (= _
o STt <cosﬁ de v“’)’
dv 12 v
B i r
M5 = LA - ,
B “’ar+r<aﬂ vﬁ)
Mg 9 1 v
My = L2 4 Ko —F 4 tangu,) .
r 908 r CcosB d¢

Because of Titan’s negligible magnetic environment (Rishbeth et al., 2000), no ion—neutral coupling was taken into account in
Egs. (2)—(4).
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2.3 Numerical method provided (among other authors) by Bird et al. (2005) and
Flasar (1998). Strong zonal winds fL00 m/s are implied
The numerical solution of Egs. (1)—(5) is obtained from apy the latitudinal temperature gradient deduced from the
special version of an implicit splitting difference scheme, \ioyager 1 infrared observations (Flasar et al., 1981; Flasar
which was adopted for each equation of the system. To bet al.,, 1992). Assuming a hydrostatic, gradient-balanced
able to control the relaxation of the numerical solution to theflow, the zonal wind velocity can be related to the latitudi-

stationary solution, each of Egs. (1)—(4) is implemented innal temperature gradient by the “thermal wind equation”. If

the form one neglects the winds near ground level, this equation may
du be solved for the zonal wind height profile, provided one
Y Z Ai, has knowledge of the temperature with height and latitude.

Under these conditions, however, the thermal wind equation

whereA; are the terms of the equation. Furthermore, we cal-does not constrain the wind direction, i.e. whether the winds
culate for each of Egs. (1)-(4) the nonstationarity parametefre prograde or retrograde. Voyager 1 provided the follow-

¢, (at each point of grid), which is defined as ing equator-to-pole temperature gradients observed at three
levels: AT~16 K at the 0.5 mbar pressure level-a230 km
from observations in the 1304 cth channel (Flasar et al.,
&= Xl: A; / Xl: |Ail - 1981; Coustenis, 1990 7~1K at p=100 mbar {40 km)

from observations at 200 cmh; and AT~2K at the surface
It is assumed that the numerical solution sufficiently approx-from the thermal channel at 530ch Toon et al. (1988)
imates the stationary solution, if the maximum value o@in have cautioned, however, that these observations may in-

the grid for all Egs. (1)—(4) does not exceed 0.03. clude a significant contribution from stratospheric aerosols.
If the IR-observations are stretched to the maximum possible
2.4 Testof the model equator-to-pole gradients, corresponding to double the best-

) . fit values (Lunine et al., 1991; Flasar et al., 1997), a zonal
To check our model we consider the class of exact solutionginq height profile can be derived with zonal velocities a fac-

of the system (1)~(5), WhiCh_ is given if the temperat.ure de'tor of the order of/2 larger than the best estimate. Figure 1
pends or!Iy on the potential (|..e. the sum O,f th‘_:" centrifugal (a reprint of Fig. 1 of Bird et al., 2002) shows a summary of
and graw_tatlonal force). In this case the wind is zero and the, 1,4t the observations and previous GCM simulations imply
gas density depends only 6h about Titan’s zonal winds. The zonal wind height profile is

U plotted at latitude of 19N. The latitude-adjusted profile de-
o (U) T (Up) M dUu rived from the Voyager 1 observations by Flasar et al. (1997)
pU) = T A B /m ’ ©)  is shown by the short-dashed curve in Fig. 1. The solid line
Uo is the corresponding “maximum” envelope for the given lati-

: : : tude. The dash-dotted curve is a mean of the northern spring
hereU, is the value ofU at the point where the prescribed . . .
W ol val pointw P ! equinox models of Hourdin et al. (1995). Figure 1 also shows

value of the gas density is known. i ; . :
Using this temperature dependent distribution, a zero ini_!mear fits to the results of a Titan dynamical process study us-

tial wind, and an initial density distribution (which does not ing a terrestrial GCM, incorporating various idealizations of

satisfy Eq. 9) the model provides a solution after the relax-the stratification and drag likely to be relevant to the planet’s

ation process, which approximates the exact stationary So§pecmc circulation regime (Del Genio et al., 1993; long-

lution with a satisfactory accuracy. The numerical solution dashed lines T1-T4). . L .
obtained possesses little fluctuation in the vicinity of the im- . '”ffared heterodyne obsgrvaﬂop S of Titan's ethane emis-
mobility. The amplitudes of the fluctuations were less than >N 1N the 12um _band, which originates near _the 1'”_‘baf
10~4m/s. This fact implies that we can calculate the station—leveI (~200-km altitude), have been used to estimate Titan's

ary circulation of Titan’s atmosphere, corresponding to thezzgil Vg”.ﬂ:gg:?ﬁéﬁ?g#g e;r?rilll, Zazls)é;l'eh;ge_s:lts lf)oroy;gi
given temperature field by using our model. gevi ! z W ving prog

(with a 94% probability derived from three separate observa-
tion opportunities at the NASA/IRTF at Mauna Kea). The
3 Titan's atmosphere dynamics from observations wind speeds derived from simple models for the hemispheric
mean measurements are stated astABD ms L.

An observational basis for understanding Titan’s atmosphere The traditional cloud-tracking technique to derive winds
dynamics and meteorology was virtually nonexistent priorwas not very successful from Voyager 1 images. The Titan
to the Voyager 1 flyby on 12 November 1980. In particu- encounter by the Cassini spacecraft on 2 July 2004 provided
lar, valuable information was obtained from infrared (Hanel the first opportunity during this mission to measure cloud-
et al., 1981) and radio science (Tyler et al., 1981) observatracked winds on Titan by using the Visual and Infrared Map-
tions. Current reviews on Titan’s dynamic meteorology is ping Spectrometer (VIMS) (Momary et al., 2004; Griffith

Ann. Geophys., 24, 2112429 2006 www.ann-geophys.net/24/2115/2006/
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Fig. 1. Models of zonal wind height profiles on Titan at a latitude of MXreprinted Fig. 1 from Bird et al. (2002)). The curve given by the
short-dashed line is the integral of the thermal wind equation, using equator-to-pole contrasts at various heights inferred from the Voyager
1 infrared observation (Flasar et al., 1997). The solid curve is a “maximum envelope” (Lunine et al., 1991), assuming upper bounds on
the Voyager temperature gradients. The dash-dotted curve is a prediction from a specifically developed Titan circulation model (Hordin et
al., 1995). The long-dashed curves labeled “T1-T4" are linear fits to four atmospheric simulations for a planet rotating at the Titan period
(16 days) performed by Del Genio et al. (1993) over a more limited range of altitudes: T1: model with global absorbing cloud at altitudes
from 20-40km; T2: same atmospheric simulation, but without an absorbing cloud; T3: T1 without stratospheric drag; T4: T1 with greatly
weakened surface drag.

et al., 2004). Spectral imagery revealed that cloud cover4 Discussion of results and comparison with observa-

age of Titan was sparse, covering less than 1.5% of the ob- tions

served sunlit surface, nevertheless, several clouds were fol-

lowed during the encounter. The most prominent cloud was'We make an attempt to simulate numerically the steady-state

located near the South Pole (roughly circular with a diameterglobal distributions of the horizontal and vertical wind in Ti-

of 600+110 km) and was tracked over 11 images spanning dan’s atmosphere for conditions characteristic for the Huy-

13-h period. Momary et al. (2004) derived a prograde meargens probe descent. It is convenient to present the simula-

wind speed of (5+3.3m/s. tion results in a specific spherical coordinate system. This
The results from the Huygens descent were pubnshed:oordinate system is obte_lined from the T_itan planetographic

by Tomasko et al. (2005). The results from the Huy- coordmate; by the following transformatlon..The.centers qf

gens Doppler Wind Experiment were published by Bird et Poth coordinate systems are assumed to be identical and situ-

al. (2005). The altitude profile of Titan’s zonal wind was ated at the center of_ Titan. The prlnC|p_aI aX|s_of the spherical

derived from Green Bank Telescope (GBT) in West Vir- coordl_ngte system is turned so j[hat it remains in th_e plane

ginia and Parkes Radio Telescope in Australia throughoufOMPrising both the vector of Titan's angular velocity,

the course of the Huygens probe descent through the atmaind radius vector from the center of Titan to the center of

sphere of Titan. The Huygens probe entered Titan’s atmothe Sunyo,. Moreover, it is supposed that the principal axis
sphere at the point with spatial coordinates a3B3-0.17° S of the spherical coordinate system becomes perpendicular to

latitude, 19608+0.25° W longitude, and 158+11.2 km al- the vectoro and i_s directed toward the Northern He_misphere
titude, began to descend, and landed on Titan after approxiQf Titan. It is obvious that the sub-sola_r point on Titan is lo-
mately 150 min. Over the duration of the descent, the Huy_cateq at the equator of the new spherlcal coordinate system,
gens probe drifted eastward following the horizontal wind. thatis, atthe line where the latitude is equal to zero A=0.

The estimated longitude of the Huygens landing site on Ti-_ It iS assumed that the longitude of the sub-solar point on
tan is approximately 1933+0.31° W. Figure 2 (a reprint of Titan did not change during the transformation of the coordi-

Fig. 2 of Bird et al., 2005) shows the variation of the zonal Nat€ system and has a value of 156.85 In new coordinate
wind with altitude and pressure level derived from GBT and SyStém, the point of atmospheric entry of the Huygens probe
Parkes ground—based Doppler data. The most striking fealS Situated at approximately 7.8l latitude and 162E longi-

ture of the measured profile is the region of strong reversedude.

shear between the 65 and 75-km altitude, where the zonal

wind decreases to a minimum of 4 m/s, which then reverts to

a strong prograde shear above 75km. This wind shear layer

was unexpected and is unexplained up to now.

www.ann-geophys.net/24/2115/2006/ Ann. Geophys., 24, 21123-2006
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Fig. 2. Titan zonal wind height profile (reprinted Fig. 2 from Bird et al. (2005)). The zonal wind derived from GBT and Parkes observations

is compared with the prograde Titan engineering wind model and envelopes based on Voyager temperature data (Flasar et al., 1997). The
estimated uncertainties in the zonal wind speed, based on an adaptation of an error analysis for the Huygens-Cassini link, are of the orde
of 80 cm/s at high altitude and drop roughly in proportion to the absolute speed to 15 cm/s just above the surface. These uncertainties are
primarily systematic errors associated with the Huygens trajectory at entry. The estimated statistical (measurement) error is always smaller,
the standard deviation being of the order<d cm/s towards the end of descent. With the possible exception of the region above 100 km,
where the wind fluctuations are greatest, the zonal flow is found to be generally weaker than those of the model. The wind shear layer in the
height range between 60 and beyond 100 km was unexpected and is at present unexplained.

We take into account the fact that the Titan’s angular ve-model and shown in Fig. 3.)p, denotes the longitude of
locity is rather slow (16 times less than that of the Earth).noon meridian (taken as 1%%° W in our calculations),
A period of revolution of Saturn around the Sun is approx- T, (k) describes a vertical temperature profile, which is used
imately 30 times as long as the Earth’s year. Consequentifto adjust the temperature field for latitudinal variations and
it may be expected that the temporal evolution of the globalmakes it consistent with observational data, da¢h) de-
temperature and wind distributions in Titan’s atmosphere arescribes a vertical temperature profile, which is used to adjust
much less than those in the Earth’s atmosphere. Therefordéhe temperature field for longitudinal variations.
in model calculations, we assume that the global temperature |n the 0-45-km altitude region the profild,,(h)
distribution is stationary and conditioned by solar illumina- ijs given in [K] by formula T,;(h)=[1X(2—-X)],
tion, with the spatial structure of the atmospheric tempera-where X=[(h1—h)/h1]®> and hi=45km and in the
ture being invariable relative to the sub-solar point on Titan.45-180-km altitude region is given in [K] by for-
Hence, the global temperature field is symmetric relative themula 7, (h)=[1+15Y (2—Y)], where Y=[(h—h1)/h2]?
equator of the specific spherical coordinate system utilizedand r,=135km. In the 180-250-km altitude region
in the model calculations. It can be noticed that the equa-r,,(h)=16 K. The profileT, (k) is given in [K] by formula
tor of the specific spherical coordinate system coincides withy,, (n)=(h / h,,)? [2— (h/hm)z] ,whereh,,=250 km.
the equator of the planetografic coordinates at the equinox From Fig. 3 and from Eq. (10) one can see that the pole-to-
sharp. Thus, in the model calculations, the spatial structurgquator (more precisely the intersection of the noon merid-
of atmospheric temperature is analogous to the global temian and the equator) temperature differences are 16 K above
perature distribution characteristic for the equinox on Titan. 180 km, and 2K on Titan’s surface, and therefore are con-
sistent with the Voyager 1 equator-to-pole gradients, as men-
tioned in Sect3.

Equation (10) furthermore implies that the constructed
We approximate Titan’s troposphere, stratosphere, and mesdemperature distribution is characterized by a difference be-

sphere experimental temperature field for equinox conditiondWeen the noon meridian — equator intersection and the mid-

by the distributior (1, ¢, 8), which is given by the formula night meridian — equator intersection temperature of 0K on
Titan’s surface and of only 1 K at an altitude of 250 km.

4.1 Utilized temperature distribution in Titan’s atmosphere
for equinox

1
T(h,¢,B) =T, (h) + Taa(h) - cOS2B)+ . _— .
2 4.2 Boundary conditions and initial conditions for the

T.(h) % cog(B) cosp — ,) . (10) model calculations

In Eq. (10),~ denotes the altitudeT;, (k) denotes the verti- As was noted in Sect. 3, different experimental data manifest
cal temperature profile (taken from the Y97 recommendedhat, in Titan’s atmosphere at heights near 200-km altitude,

Ann. Geophys., 24, 2112429 2006 www.ann-geophys.net/24/2115/2006/



I. V. Mingalev et al.: Titan’s atmosphere dynamics 2121

250

225}
200}
175+
150

126+

Altitude [km]

100
75¢
50+

25¢

L 1 I

160 180

0 L I L
60 80 100 120 140
Temperature [K]

Fig. 3. Vertical temperature profil&, (7).

a strong superrotation does exist, that is, the zonal windeqg. (10) and the initial conditions as described in the previ-
speed is faster than the solid surface beneath it. The winaus section.
speed can achieve values of more than 200m/s. In accor- Figures 4a—c and 5a—c show the distribution of the hori-
dance with these experimental data, for the model calculazontal wind component for the respective altitudes of 1, 40,
tions, we set the upper boundary conditions which is sup-80, 120, 160, and 200 km. The color code provides the wind
posed to be stationary. At the upper boundary of the modebkpeeds in [m/s].
region we assume zero for the meridional wind component Figures 6a—c show the corresponding plots for the vertical
and that the zonal wind component is given in [m/s] by wind component for the respective altitudes of 40, 120, and
formula v, (8)=260 cos8. This condition implies a strong 200 km.
super-rotation at the upper boundary of the model region The zonal, meridional and vertical wind components
and corresponds with the experimental results of Kostiuk etdistributions for the longitude of 164 are depicted in
al. (2001). On Titan’s surface, all components of the wind Figs. 7a—c, respectively.
speed vector are assumed to be zero. These boundary con-It is doubtless that the calculated circulation of Titan’s at-
ditions ensure the conservation of mass for the entire modemosphere is conditioned by the horizontal nonuniformity of
region. the temperature and strong superrotation at the upper bound-
Our assumption is zero initial meridional and vertical Y- This circulation possesses the following features. The
wind components in the model region and a horizontally low of Titan's atmosphere is symmetric relative to the equa-
homogeneous initial gas density, as given by the Y97 rec_tor. ThrOUghOUt the wide helght range attached to the upper
ommended model. Furthermore, we adapted the Y97 recboundary, the horizontal wind VelOCity is primarily zonal and
ommended model is (spatially homogeneous) chemical atastward. In the lower atmosphere, a significant meridional
mosphere composition. The initial zonal wind compo- component of the wind velocity arises at middle Iatltudeg.
nent in the model region is given in [m/s] by formula Near the equator, from Skm down to the surface, the hori-
vy (h, B)=260(h/ ho) COSB , Whereho=250 km and: is the zontal wind velocity is predominantly directed to the equa-
altitude in km. tor and can have a west zonal component. This feature is
in accordance with data obtained during the Huygens probe
descent through the atmosphere of Titan. This west zonal
component of the wind velocity can achieve a magnitude of
a few m/s.
For the simulation of the stationary circulation of Titan’s  The results of the simulation indicate that the horizontal
atmosphere we used the global temperature field given byand vertical components of the wind velocity are changeable

4.3 Discussion of the simulation results
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Fig. 4. Vector field of horizontal wind component at different altitudés: 1 km, (b) 40 km, andc) 80 km (wind speeds are given in [m/s]).

functions not only of latitude but also of longitude. The de- The altitude profiles of the zonal wind velocity at the
pendence of the calculated functions on longitude is morepoints near the equator ought to possess the following fea-
pronounced at higher altitudes. tures. Above 30 km the calculated value of zonal wind ve-
locity rises up to an altitude of 60 km, where it achieves a
It can be seen from Fig. 7a, in particular, that a large-scalemaximum, then decreases up to 75km, where it achieves a
irregularity of zonal wind distribution exists at the vertical minimum, and then rises monotonically as far as the upper
plane lain along the meridian, containing the point of atmo-poundary. Figure 8 shows the zonal wind height profile de-

spheric entry of the Huygens probe, over the latitude ranggived from our GCM (solid line) at a latitude of3 N and a
from 20° S to 20 N at altitudes below 100 km.
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Fig. 5. Vector fields of horizontal wind component at different altitud@g: 120 km,(b) 160 km, andc) 200 km (wind speeds are given in
[m/s]).

longitude of 164 E which correspond to the point of atmo- is directed from the poles towards the equator and in the
spheric entry coordinates of Huygens probe. It can be noticediltitude ranges from 15 to 30km and from 70 to 250 km

that the altitude profile, derived from our GCM (solid line is directed from the equator towards the poles. Figure 7b
in Fig. 8), differs from the profiles obtained throughout the also shows that the meridional wind attains a speed of about
course of the previous GCM simulation and shown in Fig. 1.20 m/s at the altitudes of 100-150 km, about 8 m/s at the al-
titudes of 50-60 km and 20-35km, and about 12 m/s in the

Figure 7b shows that, at the longitude of 1®&in the altitude range of 0.5-4 k.

45° S—45 N latitude region, the meridional wind component
in the altitude ranges from 0 to 12 km and from 35 to 65 km
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Figures 6 and 7c show that the vertical wind attains a speedjions. Figure 4b also shows that, at the altitude of 40 km in
of about —1.5m/s and a speed of about 0.7 m/s. Figures 6the 10 S—10 N latitude region, values of zonal wind compo-
and 7c also show that, in the polar regions, vertical wind isnent are less than 5 m/s. Figures 4c-5c show that, at altitudes
directed upward in the altitude range of 0-55 km. of 80, 120, 160, and 200 km, the zonal wind component is

Figures 4, 5, 7a, and 7b show that in the polar regionsdirected eastward and attains maximal values at the equator
meridional and zonal wind components are small. Figures 4an the 60 E-90 E latitude region. The maximal values of
and 7a show that there is no superrotation at altitudes of 0the zonal wind component at the altitudes of 80, 120, 160,
4 km. Figure 4b shows that zonal wind component at the alti-and 200 km are more than 85, 140, 170, and 200 m/s, respec-
tude of 40 km is directed eastward and attains values of mordvely.
than 40 m/s in the 355-20 S and 20 N-35° N latitude re-
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4.4 Comparison with observations The upward vertical mass transport in the pole regions at

levels of the middle and upper troposphere in our simula-
The 200m/s zonal wind speeds in the 200-250-km am_tion results fit well together with the reported observations of
tude region correspond very well with the observed uppercloud formationsin Titan’s upper atmosphere’s south pole re-
atmospheric prograde wind measurements from Kostiuk efion (See SecB). This flow could produce cloud formations
al. (2001) in the 0.1-0.7-mbar pressure range. near the poles due to condensation ofCH
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Fig. 8. The dashed line shows the zonal wind height profile derived from the Huygens Doppler Wind Experiment. The solid line depicts
the zonal wind height profile derived from our GCM at a latitude &N and a longitude of 164E which corresponds to the point of
atmospheric entry of the Huygens probe.

Comparing the GCM results in Fig. 8 to the results from the large-scale irregularity of zonal wind distribution exists,
the Huygens Doppler Wind Experiment, one can see that thevhich produces the non-monotonicity of the altitude profile
solid line in Fig. 8 is qualitatively close to the Huygens pro- of the zonal wind velocity between 60 and 75 km.
file. Both profiles possess the following features. The re-
gions of strong reversed shear between 60 and 75-km alti-
tude are present, where the zonal wind speed decreases tda Concluding remarks and future simulations
minimum, which then reverts to strong prograde shear above
75km. Over the height range from 45 to 125km, the dif- 5.1 Present status of the model and simulation results

ference between the observed and calculated values of zonal ) o _
wind speed does not exceed 20 m/s. The main characteristics of the current version of the GCM

. . _ can be summarized as follows:
Thus, model calculations have permitted us to simulate

the most unexpected feature of the zonal wind speed pro-
file, measured during the Huygens probe descent (see Le-
breton et al., 2005) through the atmosphere of Titan, which

Titan’s atmosphere, characterized by the presence of large-

scale, three-dimensional vortices. The meridional motion, — A strong super-rotation at the upper boundary of the
as well as vertical mass transport, taken into account by  model region, which corresponds with experimental re-
the global non-hydrostatic circulation model utilized, plays sults.

a significant role in the formation of these vortices. The cal-

culated three-dimensional circulation of Titan’s atmosphere — A very high horizontal and vertical resolution.

is affected by the strong superrotation at the upper boundary

and is analogous to the flow between two concentric spheres The main features of the simulation results of Titan’s at-
revolved with different angular velocities. In Titan's atmo- mospheric dynamics can be summarized as follows:
sphere, in addition, this flow is influenced by the presence of

the horizontal nonuniformity of the temperature. As a con- — In the polar regions, meridional and zonal winds are
sequence, near the equator, the narrow band arises, where weak.

— The use of full Navier Stokes equations, allowing for
non-hydrostatic flows.
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— In the 45 S—-45 N latitude region, the horizontal mass 1K/km (g/C,=1.3 K/km on Titan, so that an isothermal ver-
transport changes direction in the altitudes range of O-tical temperature profile corresponds to a vertical gradient of
100km. The meridional wind component in the alti- potential temperature of 1.3 K/km) will produce heating rates
tude ranges from 0 to 12km and from 35 to 65 km is of the order of several K per hour. This heating or cooling can
directed from the poles towards the equator and in theonly be balanced by radiation, on average, in the real atmo-
altitude ranges from 15 to 30 km and from 70 to 250 km sphere. The problem is that the expected radiative heating
is directed from the equator towards the poles. Also,by solar and thermal infrared radiation is by order of magni-
the meridional wind attains a speed of about 20 m/s attude smaller than this, except maybe at the top of the model
altitudes of 100-150 km, about 8 m/s at altitudes of 50—(Flasar et al., 1981). As a consequence, there is no term in
60 km and 20-35km, and about 12 m/s in the altitudethe real Titan atmosphere which can balance the huge cool-
range of 0.5-4 km. ing associated with the vertical ascent predicted by the model

at the equator. If the model would include an energy conser-

— Values of the vertical winds lie in the range of —1.5 to vation equation rather than imposed temperature, the equa-
0.7m/s and may be higher than in reality (see furthertorial temperature would rapidly decrease at the equator and
discussion in the subsequent section). increase at the pole with such a meridional circulation.

This work clearly shows that one of the main necessary up-

Above 100 km, the zonal wind velocity is eastward and dates of our model is the implementation of the energy equa-

rises with the altitude to 150—200 m/s near the equator. Betion by a proper radiation transfer model which incorporates
low 100 km, the zonal wind velocity is eastward, too, and, microphysical processes as haze condensation and sublima-
over the latitude range from 2@ to 20 N, possess the non- tion.

monotonicity of the altitude profile between 60 and 75km.  The peculiar dynamics of the atmospheres of slowly rotat-
This feature corresponds very well with data obtained duringing planetary bodies, characterized by a coherent zonal mo-
the Huygens probe descent through the atmosphere of Tition and super-rotation in low latitudes, has been subject to
tan. The non-monotonicity of the altitude profile of the zonal theoretical studies with GCMs for a long time. It is now
wind speed between 60 and 75 km is undoubtedly caused bgenerally accepted that the main driver for super-rotation is
the meridional, as well as vertical mass transport, creatinghe thermal tide, the energy of which is converted into regu-
the specific large—scale, 3-D vortices over the wide heightlar zonal motion due to weak Coriolis forces and hence the
range near the equator, where from 5km down to the surfow amplitude of Rossby waves. As thermal tides are sub-
face, the horizontal wind velocity has the west zonal compo-stantially non-balanced modes of atmospheric motion, we
nent which is consistent with the measurements carried ougxpect that our non-hydrostatic model will more adequately
with the help of the Huygens probe. describe the related phenomena than the traditional GCMs.

It may be recalled that the cloud coverage of Titan was
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