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Abstract

We present a 2D general circulation model of Titan’s atmosphere, coupling axisymmetric dynamics with haze microphysics, a s
photochemistry and eddy mixing. We develop a parameterization of latitudinal eddy mixing by barotropic waves based on a shall
longitude–latitude model. The parameterization acts locally and in real time both on passive tracers and momentum. The mixing
varies exponentially with a measure of the barotropic instability of the mean zonal flow. The coupled GCM approximately reprod
Voyager temperature measurements and the latitudinal contrasts in the distributions of HCN and C2H2, as well as the main features of th
zonal wind retrieved from the 1989 stellar occultation. Wind velocities are consistent with the observed reversal time of the Nor
albedo asymmetry of 5 terrestrial years. Model results support the hypothesis of a non-uniform distribution of infrared opacity as
of the Voyager temperature asymmetry. Transport by the mean meridional circulation, combined with polar vortex isolation may
origin of the latitudinal contrasts of trace species, with eddy mixing remaining restricted to low latitudes most of the Titan year. We
the contrasts as a signature of non-axisymmetric motions.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Titan’s atmospheric circulation is dominated by an
isymmetric regime, with superrotating zonal winds and h
izontal distributions of temperature, albedo and chem
compounds showing important latitudinal contrasts but v
little longitudinal variations (Flasar et al., 1981; Sromovs
et al., 1981; Coustenis and Bézard, 1995). Barotropic pl
tary waves, which are thought to be crucial in the angu
momentum cycle of superrotating atmospheres (Giera
1975; Rossow and Williams, 1979), are probably an
portant component of the circulation that departs from
ial symmetry. Planetary waves associated with equatorw
upgradient transport of angular momentum were identi
in 3D simulations with modified terrestrial general circu
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E-mail address:luz@despace.obspm.fr (D. Luz).
,

,

tion models (GCMs) (Hourdin et al., 1992; Del Genio et a
1993; Del Genio and Zhou, 1996) and with a GCM dev
oped specifically for Titan (Hourdin et al., 1995, herea
H95). In the numerical experiments the waves are ma
generated by barotropic instability of the mean zonal w
and thus are tightly coupled to the axisymmetric circu
tion.

In a previous paper (Luz and Hourdin, this issue, herea
paper 1), we have used a shallow-water model to investi
the transport properties of barotropic waves in Titan’s
mosphere. In the presence of a barotropically unstable m
zonal wind similar to the one retrieved from the 1989 occ
tation of 28 Sgr by Titan (Hubbard et al., 1993), barotro
waves tend to transport angular momentum from the h
latitude jet into its equatorward flank, thereby reducing
instability. This transport, which is done against the gra
ent of angular momentum, tends to homogenize the pote
vorticity (PV) (paper 1, see also Allison et al., 1994). A
though the largest latitudinal excursions of air parcels oc
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around the latitude of the jet at 50◦, the most important mix
ing takes place at the barotropically unstable region. T
non-uniform mixing affects not only potential vorticity b
also organic haze and chemical species such as HCN
C2H2, which showed significant latitudinal contrasts at
time of the Voyager encounter.

In order to study the latitudinal variations of the
mospheric composition and haze and the possible feed
cycles on atmospheric dynamics, we have been develo
since 1997 a coupled GCM. Given the prohibitive cos
3D modeling in the particular context of Titan (deep
mosphere, very long time constants compared to the dyn
ical time step, need for various sensitivity studies) and s
variability is concentrated on the vertical and meridio
structure in an atmosphere which appears to be close to
symmetry, a 2D approach (latitude–altitude) has been m
as a first approximation. Using a 2D chemistry-transp
model, Lebonnois et al. (2001) first explained the latitud
contrasts in hydrocarbons and nitriles observed by Voy
in Titan’s stratosphere. Rannou et al. (2003) investigated
coupling between haze microphysics and atmospheric
namics. Latitudinal transport by the mean meridional cir
lation has been shown to produce a permanent accumul
of haze in polar regions. This excess in turn increases c
ing to space at high latitudes, enforcing the mean meridi
circulation, zonal wind and latitudinal temperature contra
The absence of coupling with the haze in H95 thus expl
the major deficiencies of their 3D simulations (perform
with a haze varying as a function of altitude only), w
latitudinal variations of chemical species having a wea
impact on dynamics (Lebonnois et al., 2003).

In the 2D model, only the axisymmetric component
the circulation is accounted for explicitly and the latitudin
transport by non-axisymmetric waves must thus be para
terized. In early studies (in particular in that by Lebonnoi
al., 2001) this transport was prescribed as a classical la
eddy diffusion, with a diffusivity estimated from diagnost
of the 3D model and varying as a function of altitude on
In the present study a more physical parameterization is
posed, in which the intensity of the lateral mixing depe
on the strength of the instability of the mean flow. It is ba
on the results of the shallow-water simulations of pape
With the new parameterization (which was already pre
in the studies by Lebonnois et al., 2003, and Rannou e
2003) the 2D GCM is able to reproduce satisfactorily
thermal structure, the dynamical regime and the latitud
distribution of chemical species.

The GCM is briefly described in Section 2, while t
adaptive parameterization of horizontal eddy-mixing is
veloped in Section 3. In Section 4 we analyze the G
results focusing in particular on the impact of the parame
ized mixing on the general circulation and on the latitudi
contrasts of trace species. Section 5 discusses the ma
sults.
d
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2. The latitude–altitude GCM

2.1. Axially-symmetric dynamics, radiative transfer and
haze

The model is a 2-dimensional, latitude–altitude versio
the 3D Titan GCM of H95. The vertical discretization co
sists of 55 levels, of which the last three serve as a spo
layer to damp down the wind and prevent spurious refl
tions of waves. Level 52 is at approximately 480 km. T
vertical resolution is about 3 km in the troposphere, 5
at the tropopause and 10–15 km in the stratosphere, w
corresponds to one half to one third of a scale height. The
merical formulation is based on the shallow-atmosphere
proximation, neglecting variations in planetary radius exc
when differentiated. Although this is perfectly justifiable f
terrestrial GCMs (on Earth the pressure falls off to∼ 10−3

of the surface value at less than 1% of the Earth’s rad
for Titan the shallow-atmosphere approximation is a m
poorer one (8% of the titanean radius). Ideally, future
velopments of Titan GCMs should take a “deep-atmosp
approach” and include in their formulation the variation
radius with height. The advection of haze and trace spec
modeled with the finite-volume scheme of van Leer (19
(see also Hourdin and Armengaud (1998) for validation
the terrestrial version of the GCM). The radiative transfe
computed with the model of Toon et al. (1989) for the
lar range (UV to near IR) and of McKay et al. (1989) f
the thermal IR part of the spectrum. The coupling with
haze is described in detail in Rannou et al. (2003). The f
tal particles model of Cabane et al. (1992) is assumed fo
haze. Ten size categories are considered for haze part
with a mass ratio of 16 between adjacent sizes. This allo
correct representation of the geometric albedo, while k
ing the computational load under control. The haze opt
properties are based on the mean field theory of scatte
by fractal aggregates of Botet et al. (1997) and applied
Rannou et al. (1997). Since the haze is carried by the w
its visible and IR properties are computed in each grid c

2.2. Idealized photochemistry

Lebonnois et al. (2001) used a chemistry-transport m
to simulate the latitudinal contrasts of trace species retrie
by Voyager 1 (Coustenis and Bézard, 1995). They for
a photochemical module (Toublanc et al., 1995) with a
latitude–altitude advection code in which the 2D circulat
was prescribed according to GCM results. Their results
proximately reproduced the retrieved composition at 2 m
which pointed to an important influence of stratospheric
namics on the particular latitudinal contrasts of chem
species. This was demonstrated by reducing all the ph
chemistry to a simple model in which the chemical sour
and sinks of a given compound were represented by a r
ation of the mixing ratio towards the mean vertical pro
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extracted from the full 1D photochemical model. The co
centrations obtained were very similar to those compu
with the full model. Their main conclusion is that latit
dinal contrasts arise from differential vertical transport
the atmosphere since, the photochemically-active layer
ing located in the upper mesosphere, concentrations of
species increase strongly with height. Hence subsiding
enriches the stratosphere, whereas ascending air deple
We have included in the GCM the six species, N2, CH4, H2,
HCN, C2H2, and C2H6 of their “idealized tracers” mode
The real photochemical balance between the sources
sinks of a given speciesi is represented by a relaxation
its concentrationqi(φ, z, t) towards a vertical compositiona
profileq0

i (z). The source termSqi = (q0
i (z)− qi(φ, z, t))/τi

represents the rate of change of the concentration of an
alized tracer (φ, z, andt are, respectively, the latitude, heig
and time). Both the relaxation profilesq0

i and the time con
stantsτi are prescribed according to Fig. 13 of Lebonnois
al. (2001).

3. Parameterizing barotropic waves in the GCM

Here we develop a parameterization of the transpor
trace species, haze, temperature and angular momentu
barotropic waves in Titan’s stratosphere. For the trans
of trace species a mixing-length approach is retained a
Lebonnois et al. (2001), but the diffusivity is allowed
vary both vertically and latitudinally. For momentum, t
formulation is based on a heuristic approach to the mix
of vorticity. Since the waves arise from barotropic instabi
of the mean flow, their effect is modeled as a function of
strength of the instability, with the function parameters
ing derived from a set of experiments with the shallow-wa
model (SWM) described in paper 1. As pointed out in t
article, the SWM represents mid-latitude eddies but not
low latitude eddies that, in principle, should help to cre
equatorial superrotation. In that sense our parameteriz
for the mixing of trace species is in fact a generalization to
latitudes of mixing by the mid-latitude eddies actually rep
sented in the SWM. This incompleteness will have to rem
unsolved until a realistic 3D GCM explicitly representing
kinds of non-axisymmetric motions becomes available.

3.1. General formulation

In order to properly decompose the flow into an a
isymmetric component plus eddies, one must use an
mass-weighted zonal averageq̃ = [ρq]/[ρ] (where[x] is the
zonal average[x] = ∫ π

−π x dλ/2π , andλ is the longitude). If
v = (u, v,w) is the wind velocity, then the continuity equ
tion

(1)
∂ρ

∂t
+ div(ρv)= 0

remains unchanged when zonally averaged with[ρ] and ṽ
replacingρ and v. The non-axisymmetric component of
it.

-

y

given quantityq is defined asq∗ = q − q̃ , with the property
[ρq∗] = [ρq]−[ρ]q̃ = 0. Then, considering the equation f
a conserved quantityq :

(2)
∂(ρq)

∂t
+ div(ρvq)= 0,

the zonally-averaged flux can be decomposed as[ρvq] =
[ρ]ṽq̃ + [ρv∗q∗], so that the zonal average of Eq. (2) rea

(3)
∂[ρ]q̃
∂t

+ div
([ρ]ṽq̃) + div[ρv∗q∗] = 0.

Our purpose is to parameterize the term div[ρv∗q∗], i.e., to
write it as a function of zonally-averaged flow without kno
ing the details of the actual perturbative 3D field. Noting t
the zonal component of the divergence is zero then, con
ering only the latitudinal transport by eddies (vertical ed
transport was shown to be negligible in H95), the conse
tion equation of the 2D GCM can be written:

∂(ρq)

∂t
+ 1

a cosφ

∂

∂φ
(cosφ ρvq)+ ∂(ρwq)

∂z

(4)= [Sq ] − 1

a cosφ

∂

∂φ

(
cosφ[ρv∗q∗]),

wherea is Titan’s radius and the notation[ ] and˜ has been
dropped since[ρ], ṽ and q̃ are the explicit variables of th
2D GCM. The equation is valid for zonal angular mome
tum, potential temperature, chemical compounds and
with different source termsSq . For all these variablesSq in-
cludes a term corresponding to vertical turbulent mixing p
a specific source term for potential temperature, chemica
actions and haze microphysics.

3.2. Mixing-length approach to the transport of trace
species

Mixing-length theory, which is used extensively for p
rameterizing turbulent transport in the planetary bound
layer, is a classical approach to down-gradient transport
trace species the rationale is that waves mix tracers by tr
porting air across latitude circles. In an atmosphere enric
at the north pole with a tracer southward winds (v∗ < 0) ad-
vect enriched air (q∗ > 0). Conversely, northward winds a
associated with tracer-depleted air so that, in both cases
associated transport term is southward (ρv∗q∗ < 0), down
the concentration gradient. Given the mixing lengthl, a fluid
element is assumed to be representative of conditions a
tancel upstream, andq∗ = ∓(l/a)∂q/∂φ, with the minus
(plus) sign being associated to a positive (negative) fl
tuation of the meridional wind field. Then the northwa
eddy-flux of tracerq can be written

(5)[ρv∗q∗] = −ρK
a

∂q

∂φ
,

whereK(φ, t)= lveddy is the mixing coefficient or diffusiv-
ity, andveddy is the typical intensity of the meridional edd
wind componentv∗.
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3.2.1. Computation of the mixing coefficient
We have used the tracer and wind fields of the SWM

paper 1 to derive the mixing coefficient. Sincev∗ andq∗ are
explicitly represented in the model, Eq. (5) has been use
computeK from the averaged northward eddy fluxes. F
ure 1 shows the results for the three tracersq1, q2, andq3

shown in Fig. 7 of paper 1. The mixing coefficient diffe
only very slightly for the different tracers. This indicat
that the form chosen for the parameterization is satisfac
since it depends on the flow but not on the particular tra
profile. The shape ofK can be approximated by a Cauc
function, or resonance

(6)K(φ)≡A (Γ/2)2

(φ− φ0)2 + (Γ /2)2 ,

where A is the amplitude,Γ is the full width at half-
maximum (FWHM) andφ0 is the center of the peak. Th
form yields a better fit than a gaussian (which has been
as a first trial), because it falls off less steeply withφ and
therefore represents better the wings of the curve far f
the center. Since the mixing coefficients obtained from
three independent tracers are approximately equal, a m
K̃ = (K1 + K2 + K3)/3 is used. Figure 2 shows an e
ample of K̃ and the resulting fit with a Cauchy functio
Its peak amplitudẽKmax � 3 × 105 m2 s−1 approximately
equalslveddy = a(δφ/2)|v∗|, which can be estimated from
the horizontal wind field of the reference simulation of p
per 1 withδφ ∼ 30◦ and|v∗| ∼ 0.5 m s−1.

3.2.2. Closure relation
The last step is to relate the parametersA, Γ , andφ0

to the mean zonal flow. For the amplitude this can be d
through a parameter measuring the degree of barotrop
stability of the flow and which can be explicitly comput
in the model. We define this parameter as the integral o
PV gradient,SB , in the region where it takes negative valu

Fig. 1. The normalized mixing coefficientsK1,K2, andK3, computed from
Eq. (5) for the three continuous tracersq1 (solid line),q2 (dashes), andq3
(dots) introduced in paper 1.
n

-

(the barotropically unstable region):

(7)SB =
φ2∫
φ1

∂[Z]
∂φ

dφ

(8)= [Z](φ2)− [Z](φ1),

with ∂[Z]/∂φ < 0 betweenφ1 and φ2. In practiceSB is
always negative for unstable flow. As to the remaining
rameters, the width and center of the unstable region ca
writtenWB = φ2 −φ1 andCB = (φ2 +φ1)/2. They can also
be related toΓ andφ0 to characterize the instability.

3.2.3. Parameter fitting
In the SWM the zonal flow is relaxed towards a barotr

ically unstable profile (see Fig. 2 of paper 1), with a ti
constantτrel. The circulation at latitudes up to the jets
characterized by low vorticity and a rather homogeneous
and at high latitudes it is close to solid-body rotation. T
relation between(A,Γ,φ0) and(SB,WB,CB) has been de
termined from a set of experiments with varyingτrel. This is
equivalent to varying the degree of barotropic instability
the mean flow, with the shorter values ofτrel leading to more
unstable mean profiles. The process can be summariz
the following steps:

(1) a simulation is run for each relaxation time consta
τrel, until a steady state is reached. The stop criterion
negligible variation (∼ 1%) of the peak zonal wind, requi
ing an integration time typically 4–6 timesτrel;

(2) the coefficientsKi (i = 1,2,3) are computed from
Eq. (5) for the three zonally-averaged tracersq1,2,3, andK̃ is
obtained. Parameters(A,Γ,φ0) are subsequently compute
from K̃, by fitting it with a Cauchy function (Eq. (6));

(3) the parameters(SB,WB,CB) are computed from[Z],
φ1 andφ2;

(4) a correlation is sought between the(A,Γ,φ0) and
(SB,WB,CB) obtained from the set of experiments.

Fig. 2. The mixing coefficient retrieved from the profiles ofq andv∗q∗ in
Fig. 7 of paper 1 (solid line, for (τrel = 5 d)) and the corresponding fit by
Cauchy function in each hemisphere (dashed).
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Fig. 3. The latitudinal profiles of the mixing coefficient for a set of expe
ments with varying relaxation time constants of the zonal wind:τrel = 0.2,
1, 2, 5, 10, 20, and 100 Titan days (a) and 3 examples of the potentia
ticity gradient (b). The results are for the reference model introduce
paper 1.

Based on the tests presented in paper 1, a resolutio
64× 48 points has been used. Figure 3a shows results
seven experiments withτrel varying from 0.2 d to 100 d
Figure 3b shows the gradient of PV for three of the
periments (other curves are very similar). There is a c
spatial correlation between the center and width of the pe
and the barotropically unstable region. From the figure
take Γ � (φ2 − φ1)/2 and, since the peak is centered
the poleward zero of the PV gradient,φ0 � φ2 as approx-
imations. Figure 4 shows the amplitudeA plotted agains
the strength of the instability,SB . Each triangle-circle pai
represents one simulation, with each cross representin
mean of the pair. The straight line is a least-squares lin
fit of the mean points. Although the north–south differen
increases with decreasingτrel, the means are well correlate
by the straight line. The fit yields an exponential relation

(9)log10A= a − 1011bSB

with a = 1.781 andb = 0.5928. The narrow range of va
ues ofSB in Fig. 4, ranging from−8 × 10−11 to −5 ×
f

Fig. 4. The amplitude of the mixing coefficient versus the strength of
barotropic instability, obtained from the set of experiments in Fig. 3a.
cles and triangles connected with dotted lines respectively represent
in the southern and northern hemispheres obtained with the same va
τrel. For each experiment a single point can be defined as the arithm
mean of the amplitudes in the two hemispheres (crosses). The straigh
is a least-squares fit to the set of mean points.

10−11 m−2 s, whilst τrel varies by some 3 orders of ma
nitude, is noteworthy. This behavior in which the mean fl
is little sensitive to the forcing indicates that eddies keep
flow close to marginal stability, as discussed in paper 1.

3.3. Modeling the transport of angular momentum

Eddy fluxes of angular momentum have an important
gradient component (paper 1) and thus cannot be repres
by a diffusion of angular momentum. On the other ha
these fluxes amount to a mixing of potential vorticity lea
ing to a decrease of the instability towards a neutrally-sta
state (paper 1, Allison et al., 1994; Del Genio et al., 199
To be consistent with these constraints, our parameteriz
for the transport of angular momentum is based on an
proximate mixing of vorticity (we use vorticity rather tha
potential vorticity since the parameterization aims to r
resent barotropic mixing). Applied to relative vorticity (th
result is the same for absolute vorticity)

(10)η= − 1

a cosφ

∂

∂φ
(cosφ u)

a mixing-length approach gives

(11)
∂η

∂t
= 1

a2 cosφ

∂

∂φ

(
cosφ K

∂η

∂φ

)
,

where∂/∂t is the acceleration due to eddy transport. T
ing the time derivative of Eq. (10) and combining with (1
yields

(12)
∂u

∂t
= −K/a ∂η

∂φ
,

which gives a parameterization for the transport of zo
momentum based on the mixing of vorticity, with a for
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similar to Eq. (5). A natural idea would be to apply this op
ator directly, using aK coefficient varying with both latitud
and altitude, depending on the instability of the flow, as
tracers. Despite important efforts in that direction, we ne
succeeded in obtaining a stable model with such a para
terization. We initially tried to tuneK in Eq. (12) in much
the same way we did for the passive tracers in Section
but this approach was unsuccessful and plagued by num
cal instabilities when implemented in the GCM.

Instead, we adopted a more robust parameterization
ing a restriction to the axisymmetric model of the opera
classically used to handle the interaction between reso
and subgrid-scale motions (H95, paper 1, Lebonnois e
2001):

(13)

(
∂vH
∂t

)
diss

= (−1)ndiss+1 1

τdiss
(δy)2ndiss∆ndissvH ,

where∆ represents the vector laplacian andvH = (u, v).
In the absence of forcing, the operator applied to the w
leads to a solid rotation wind profile, which is ana priori
requirement for a parameterization of vorticity mixing
eddies. Another heuristic argument for using this oper
is that with the simple laplacian (ndiss = 1), Eq. (12) with
K = δy2/τdissand Eq. (13) are equivalent for relative vort
ity. For absolute vorticity, which is the fundamental quan
being mixed towards a uniform profile in latitude, the equ
alence is only approximate, to a term of the order ofΩK/a.
As is traditionally done in such parameterizations, we re
force the operator’s action on the smaller scales by itera
it. ndiss= 2 gives satisfactory results compared to obse
tions and to the 3D GCM.

Our approach to the transport of angular momentum
based on a tuning ofτdiss in order to match the effect o
vorticity mixing by eddies. The procedure is the following

(1) the SWM is run with a givenτrel until balance is
reached between the explicitly-resolved horizontal dyn
ics and the forcing by the relaxation terms. The mean flo
the result of the full horizontal dynamics. LetSdyn

B (τrel) be
the degree of instability of this flow;

(2) a set of simulations are performed with the advec
terms in the momentum equations (see Eqs. (3) and (4
Sadourny, 1975) replaced by dissipation (Eq. (13)). Th
simulations correspond to axisymmetric flow because
vection is absent and only the dissipation operator (13
acting on the mean zonal wind. The time constant for
sipation is varied between simulations, until the mean fl
matchesSdyn

B (τrel). Let τdyn
diss(τrel) be the corresponding dis

sipation time constant;
(3) the preceding steps are repeated for different valu

τrel, until a relation is obtained betweenτdyn
diss andSdyn

B .
We have conducted seven sets of experiments, four

the reference and three with the case B wind profiles of
per 1. Figure 5 shows the results for the reference case
heavy solid line has been obtained by a least-squares
-

,
-

-

f

f

Fig. 5. The dissipation time constantτdiss plotted against the degree
barotropic instability,SB , for the set of experiments using the referen
wind of paper 1. The value ofS0

B (signaled by the arrow), correspondin
to the relaxation profile, is the asymptote for the limit of no dissipa
(τdiss→ ∞). Each set of open symbols (circles, squares, triangles and
monds) corresponds to experiments using the same relaxation time co
τrel. The vertical lines on the right representSdyn

B obtained with the ex-
plicitly-resolved 2D dynamics (including eddies), for the simulations fr
step 1. Each point represents an experiment in which dissipation (Eq.
replaces the advective terms (step 2).SB is computed from the stead
state, zonally-averaged potential vorticity profile. The intersection (⊗) of
the curve for each set of points with the respective vertical line gives
value ofτdiss for which dissipation matches the effect of the full dyna

ics, τdyn
diss. To find the intersections the last three points of each set w

fitted with a least squares-line (oblique lines). The heavy solid line

least-squares fit to the intersections, giving the variation ofτ
dyn
diss with SB .

Fig. 6. The variation ofτdyn
diss as a function ofSB for the reference and case

wind profiles.

the pairs(Sdyn
B , τ

dyn
diss), with

(14)log10τ
dyn
diss = c+ 1011dS

dyn
B .

Figure 6 compares the results for both sets of experimen
the reference case and case B. The derived coefficient
c= 13.59 andd = 1.562 for the reference case, andc= 5.81
andd = 0.4207 for case B.
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3.4. Numerical aspects

The parameterization has been implemented in the G
with the following procedure:

(1) negative latitudinal gradients of PV are searched
at each altitude level;

(2) the mixing coefficient and the time constant for ho
zontal dissipation are subsequently computed from Eqs
and (14). While the mixing coefficient is computed for ea
level z as a function ofφ, the time constant for the param
terized eddy-mixing of momentum depends onz only. If the
instability of the mean flow becomes large, Eqs. (9) and (
may lead to too large a mixing coefficient or too strong a d
sipation, which may cause numerical instabilities if the ti
step is kept constant. For this reason the amplitude ofK for
tracers is limited in the model toA = 3 × 106 m2 s−1 and
a lower boundτdiss= 5 × 103 s is imposed onτdiss for the
wind. These bounds can be safely used with a dissipa
time step of∼ 700 s;

(3) The valuesK(φ, z) andτdiss(z) obtained from step
(1) and (2) are used to compute the parameterized tran
by barotropic waves of trace species, aerosols and tem
ature (Eqs. (4) and (5)), and momentum (Eq. (13)). T
implementation of the procedure in the 2D GCM allo
for multiple (i = 1, . . . ,N) regions of barotropic instabil
ity to occur, in which case oneKi(φ) is computed for each
of them. TheKi are then added and finally∂(ρq)/∂t is
computed withK =K1 + · · · +KN . The mixing is not con-
strained to only one region, but occurs in different regi
with different intensities.

Figures 7a–7c compare results from the SWM (incl
ing the full dynamics), with results from the parameteriz
GCM. The GCM (dashed lines) approximately reprodu
the full 2D dynamics (solid lines). The agreement is be
for the larger relaxation time constantτrel = 100 d (right).
Although the parameterized GCM does not exactly ma
the profiles obtained with the full 2D dynamics, it gives t
same value forSB , as expected.

4. Results of the 2D GCM

Our run represents a simulation of Titan’s atmosphere
a period of 13 Titan years. For the atmospheric dynam
a time step of about 140 s has been used in each itera
Due to the longer time constants involved in dissipation,
diative balance/aerosol microphysics, and chemistry, th
processes were performed only each 5, 1000, and 1
iterations, respectively. The aerosols are coupled to the
namics and are radiatively active. The artificial chemi
tracers described in Section 2.2 are also advected, bu
not active, i.e., the radiative balance is computed with a c
stant and uniform gas composition taken from McKay et
(1989). This is not important, since Lebonnois et al. (20
have shown that the coupling with chemistry has only a s
ondary impact on dynamics. Eddy mixing is computed w
t
-

.

Fig. 7. A comparison of results from the shallow-water model with the
2D dynamics (SW), and from the parameterized GCM. (a) Zonal w
(b) vorticity; and (c) tracer 3 mixing ratio. The curves in the southern
northern hemispheres correspond to experiments with relaxation time
stantsτrel = 10 d andτrel = 100 d, respectively. The reference wind profi
has been used for the forcing. The relaxation profile is also shown for c
parison.

the adaptive parameterization of Section 3. The model
started from a state already in prograde superrotation w
resulted from previous simulations. Note that although th
retical arguments (Flasar and Conrath, 1992), observat
data (Kostiuk et al., 2001) and modeling results (Del G
nio et al., 1993; Hourdin et al., 1995) strongly suggest
is the case, there is as yet no definite confirmation tha
atmospheric spin is prograde.

4.1. General circulation

Figure 8 shows the averaged meridional mass stre
function for northern winter solstice and spring equin
A negative mass flux (grey areas) corresponds to a m
meridional flow with upwelling in the northern branch a
subsidence in the southern. The circulation changes sea
ally following the point of maximum insolation. The glob
circulation in the upper stratosphere and mesosphere is
inated by two large, thermally direct cells at equinoxes
by one large cell extending from pole to pole at solstic
At northern winter solstice air rises in the southern he
sphere and descends in the northern one, while at equ
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Fig. 8. The mass streamfunction of the mean meridional circula
(×109 kg s−1) obtained from the control experiment for northern win
solstice (a) and spring equinox (b). The difference between contours e
the total mass flux. Negative contours, corresponding to southward m
in the upper branch, are shaded in grey. The panels show seasonal av
centered at solstice and equinox.

upwelling sets in at the equatorial region and downwel
occurs at both poles. The solstitial circulation covers m
of the year, with the equinox corresponding to a short tra
tion between two opposing pole-to-pole circulations. Th
is also a clear distinction between the circulation above
below the 30 mbar level, where the streamlines close. Ab
this level the solstitial circulation consists of one cell e
tending from the summer to the winter pole. The mass
exhibits a series of vertical oscillations at equatorial l
tudes, extending some 15◦ into the winter hemisphere. Th
layered structure has a physical basis that correspon
es

inertial instability at the tropics caused by the strong w
ter jet. Similar structures associated with inertial instabi
have been observed in the Earth’s atmosphere and in te
trial 3D-GCM results (Hitchman et al., 1987; Hunt, 198
and were also present in the 3D GCM of H95, althou
not apparent from their figures. The criterion for the in
tial instability is that(f + 2[u] tanφ/a)[η] < 0, wheref
is the Coriolis parameter,η = f − ∂[u]/∂y + [u] tanφ/a is
the absolute vorticity and∂[u]/∂y is the latitudinal shear o
the mean zonal wind. We computed this for model win
(not shown), which revealed inertially unstable flow at w
ter in the northern hemisphere, coincident with the laye
structure. This is expected, since at low latitudes and for
ficiently strong winds the shear term dominates. The fact
the model lacks one dimension is, in principle, no imp
iment, since inertially unstable modes may develop un
axisymmetric conditions (e.g., Andrews et al., 1987, p. 3
If the wind shear is comparable to that in the model, stat
ary layered flow will be a feature to look for at low latitud
in Titan’s atmosphere. However, we also acknowledge
inertial instability is known to occur spuriously in 2D mo
els. This is a question that merits further investigation.

Figure 9 shows the latitude–altitude charts of zonal w
(contours) and temperature anomaly (shaded, defined a
difference between the temperature and its latitudinal a
age). The winter zonal circulation consists of a strong
centered at approximately 60◦ and 1 mbar, where the pea
wind speed exceeds 140 m s−1, with a much slower wind in
the summer hemisphere. At equinox the hemisphere c
ing out of winter still has its jet almost unaltered, whilst t
jet in the southern hemisphere has began to grow, fe
the larger supply of angular momentum by the augme
southern cell. The temperature anomaly is largest (∼ 30 K)
at the winter pole at solstice and at both poles at equi
The model reproduces the H95 inversion of the latitu
nal temperature gradient above 1 mbar, which they poi
out is produced by the explicitly resolved dynamics sinc
was not present in purely radiative-convective simulatio
Our results confirm that it is also independent of the ha
dynamics coupling.

Figure 10 shows the annually-averaged vertical pro
of the three wind components. The wind increases stro
with altitude, particularly above 30 mbar. Seasonal va
tions (not shown) correspond to an increase of the orde
a factor 3 from equinox to solstice. Over the lowest sc
heightv ∼ 10−3 m s−1, andw is a factor 10 smaller, with
both components being about 30 times larger at 1 m
In the upper stratospherev ∼ 0.1 m s−1. These values ar
somewhat higher than early estimates by Flasar et al. (1
and Flasar and Conrath (1990) (v ∼ 4 × 10−4 m s−1 and
0.05 m s−1 respectively in the lower and upper stratosphe
based on the assumption of equilibrium between the equ
to-pole heat transport by the mean meridional circula
(MMC) and the forcing by solar radiation. This is due to o
enhanced circulation, which arises from the coupling w
the haze (Rannou et al., 2003).
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Fig. 9. The mean wind (contours, in m s−1) and temperature anoma
(shades of grey, in kelvins, defined as the difference between the tem
ature and its latitudinal average) for the seasons centered at northern
solstice (a) and spring equinox (b).

Fig. 10. Vertical profiles of the annually-averaged root-mean-square o
three wind components. Note the different units used.
r

The vertical temperature profile is shown in Fig.
(dashed line), forφ = 0◦ at Ls = 9◦ (the solar longitude
corresponding to the Voyager 1 flyby, shortly after nor
ern spring equinox). It is compared with the profile deriv
by Lellouch et al. (1989) (solid line), and with the Voyag
IRIS measurements at 0.4 and 1 mbar. Up to∼ 0.25 mbar
the model temperatures are close to the Lellouch e
(1989) profile, with the model being colder by about 10
in the tropopause and 6 K close to 4 mbar. However,
distribution of ethane in the low stratosphere (Lebonn
et al., 2003) or the height of the haze production la
Rannou et al. (2003) may affect the model temperat
Above 0.4 mbar the model becomes much warmer than
temperature proposed in previous studies (Lellouch et
1983, 1989; Yelle, 1991). The non-LTE model described
Yelle (1991) shows that non-LTE effects should be taken
account above∼ 10−2 mbar. They also point out the stron
effect of aerosol heating on the temperature above 300
Although direct observational constraints are scarce,
misrepresentation of the temperature profile at these he
clearly suggests the need for a better understanding o
radiative budget of the upper stratosphere.

The buoyancy frequency (Fig. 11) is greater than 3×
10−3 s−1 everywhere up to 0.1 mbar, except in the lo
est few kilometers. This high static stability confirms t
assumption made in paper 1 that the flow is mainly horiz
tal. N peaks at 30 mbar (a few km above the tropopau
reaching a value� 9 × 10−3 s−1 there. The vertical pro
file is in good agreement with Flasar (1998b).N is a factor
of 3 to 10 (at the tropopause) smaller than the result of
radiative-convective simulation of H95, which is probab
due to the coupling with the haze and the resulting enhan
circulation in our model, which reduces the vertical poten
temperature gradient.

4.2. Comparison with observations

Figures 12a and 12b show a comparison of model res
with the Voyager 1 temperatures (Coustenis and Béz
1995; Flasar and Conrath, 1990) and with the wind
rived from the stellar occultation (Hubbard et al., 199
The model reasonably represents the observations for
tudes below 30◦, with differences of less than 5 K for mo
points. However, it is some 5 K warmer than the obser
tions above 30◦, underestimating the latitudinal asymm
try. Although the uncertainties in the retrieved temperatu
are high (illustrated by the disparities between the res
of Coustenis and Bézard (1995) and Flasar and Con
(1990), which are larger than the respective error bars
to the use of different procedures), the asymmetry in
IRIS data seems real and its representation by the m
should be improved in the future. The IRIS observati
probed a transition level in the vertical temperature gra
ent. The asymmetry is better represented in the GCM c
to 0.1 and 3 mbar, which probably indicates a misrepre
tation of the opacity due to the uncertainty in the heigh
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Fig. 11. The model vertical temperature profile at the equator at the time of the Voyager 1 flyby. The nominal profile derived by Lellouch et al. (1
the IRIS measurements of Coustenis and Bézard (1995) and Flasar and Conrath (1990) at 0.4 and 1 mbar are shown for comparison. The squa
frequencyN2 is also shown.
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the haze production layer or the fact that the gas opaci
computed with a fixed distribution of ethane and other tr
species.

The model (circles in Fig. 12b) also reproduces app
imately the zonal jet at the epoch of the occultation (wh
occurred when Titan was at a solar longitudeLs = 107◦,
shortly after northern summer solstice), and the wind sp
at −20◦. It also compares well with the results shown
Fig. 9 of H95, albeit a somewhat better contrast is obta
here. The shaded area represents the latitudes which we
cessible during the occultation. Latitudes poleward of±65◦
were not sampled because the north pole was tilted tow
Earth, and latitudes north of−20◦ contributed little becaus
of the larger haze obscuration in the northern hemisp
(Flasar, 1998b). The oscillations in the retrieved wind sp
are due to the use of a small number of Legendre poly
mials in fitting the data to a iso-density height curve. T
Hubbard et al. wind was obtained under the assumptio
constant temperature along the 0.25 mbar isobar. Figu
supports the assumption of smaller temperature variatio
0.25 mbar than at 0.4 and 1 mbar, but this requires fur
investigation, since it is a transition region which may
sensitive to model parameters. On the other hand, the m
wind also suggests that the assumption of symmetry rela
to the equator used in the retrieval process was inadeq
In its region of validity, what can be inferred from the o
cultation profile is that there is a strong equatorial rotat
of ∼ 100 m s−1, and the existence of a high-latitude jet
∼ 180 m s−1, with an intense equator-to-pole wind gra
ent.
c-

t

l

.

4.3. Angular momentum balance

Figure 13a shows the isocontours of angular mom
tum and the streamlines of the meridional circulation in
stratosphere for northern winter solstice. The barotropic
unstable regions, where the absolute potential vorticity
dient is negative (Charney and Stern, 1962), are shad
the background. Figure 13b displays the acceleration o
zonal wind by the MMC (contours) and the parameteri
latitudinal transport of zonal momentum by eddies (v∗u∗,
shaded). Positive values correspond to northward mom
tum transport. Similarly to H95 the flow in the winter j
is barotropically unstable close to 1 mbar (∼ 200 km) and
20◦ latitude. At this altitude the latitudinal profile of ang
lar momentum is rather flat between−10◦ and 50◦, which
favors the generation of the instability. Another unstable
gion occurs in the southern hemisphere above 1 mbar.
generation of the unstable regions can be interpreted in t
of the transport of angular momentum by the MMC. In
superrotating atmosphere momentum increases with alt
and poleward. Under inviscid conditions the streamline
the zonally-averaged circulation are parallel to the conto
of constant angular momentum. Figure 13a shows that
is not the case at solstice. Subsiding momentum-rich a
the winter hemisphere accelerates the zonal wind at
latitudes, increasing the wind shear and feeding the in
bility on the equatorward flank of the jet. Similarly, th
MMC brings air from momentum-poor high latitudes, de
in the southern hemisphere, into the low latitudes, an
significant deceleration is produced there. This decelera
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Fig. 12. A comparison of model results with the observations. (a)
Coustenis and Bézard (1995) temperature data at 0.4 mbar (open c
and 1 mbar (closed circles) and the model temperatures at the sam
els (dashed and solid lines, respectively) and season. The data ret
by Flasar and Conrath (1990) are also shown (squares) for compa
(b) The zonal wind speed retrieved by Hubbard et al. (1993) at app
mately 0.25 mbar (solid line) and the wind from the GCM (circles) at
same epoch, close to northern summer solstice (Ls = 107◦). The points in
the wind profile illustrate the latitudinal discretization of the model.

causes the instability in the summer hemisphere (Fig. 1
The combined effect of the parameterized eddy-momen
transport and the MMC is an enrichment with moment
of the barotropically unstable region, between 15◦ and 30◦
(Fig. 13b). This agrees with the results of paper 1 and o
numerical models (Hourdin et al., 1992, 1995; Del Ge
et al., 1993), and is the principle underlying the Giera
mechanism for the maintenance of superrotation (Giera
1975).
)
-

.

,

Fig. 13. (a) Seasonal average of the normalized angular momentum (
contours) and streamlines of the mean meridional circulation. Region
barotropic instability are shown in grey. (b) Average of the parame
ized latitudinal transport of zonal momentum by eddies,v∗u∗ (in m2 s−2,
shaded), and of the zonal acceleration by the MMC (in m s−2, contours).
Positive (negative) values ofv∗u∗ correspond to northward (southwar
transport.

Seasonal changes are illustrated in Fig. 14, which sh
the parameterized latitudinal momentum transport by ed
(v∗u∗, contours) and the zonal wind (shaded), at 0.25 m
over one Titan year. The MMC builds the jet efficient
which reaches a maximum shortly after autumn equi
(Ls = −180◦ in the northern hemisphere). Eddy mixing
multaneously sets in between 30 and 60◦, leading to an
equatorward (negative) momentum transport which depl
the jet from northern winter solstice until shortly before t
spring equinox. This corresponds to the wind gap betw
Ls = −90◦ and 0◦. The gap is more pronounced at high
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Fig. 14. Time evolution of the zonal wind (in m s−1, shaded) and latitudi
nal transport of zonal momentum by eddies (v∗u∗, contours) at 0.25 mba
Ls = 0◦ corresponds to northern spring equinox.

altitudes, where mixing is stronger. Concomitantly with
depletion, poleward transport occurs at low latitudes. The
effect is the transport of momentum into the barotropic
unstable region. The rapid construction of the jet in ea
winter is consistent with a short time scale for the forcing
the zonal wind by the MMC, which we assumed in pape
to be of the order of 5 Titan days, based on H95.

4.4. Eddy-mixing time scale from the parameterized
transport

Figure 15 helps to understand how the parameter
mixing is related to the flow. It shows the regions
barotropically unstable flow and the mixing coefficient,K,
from 10 to 10−3 mbar at northern winter solstice (a), spri
equinox (c), and for a 20-day average before equinox
Panel b is a sample of the mixing that determines equi
tial conditions (the state seen by Voyager). The domin
features are a mixing region upward of 3 mbar at 20◦, which
persists from solstice to equinox, and an important mixin
the summer hemisphere (panel a). At equinox mixing oc
mainly in the upper stratosphere. The correlation betweeK
and the gradient of PV is a direct consequence of the
mulation of the parameterization (Section 3): the vert
variation ofK coincides with that of the PV gradient, an
its latitudinal variation is such that it peaks at the polew
flank of the barotropically unstable region (Fig. 3).

Figure 16a shows the averaged vertical profile ofK for
the four northern seasons. Above 3 mbar the strengt
the mixing changes by about one order of magnitude
tween equinox and the following solstice. The increas
due to the generation of barotropically unstable flow on
equatorward flank of the winter jet and in the summer he
sphere. Below 10 mbar the effect is negligible. The typ
time scale for eddy mixing,τeddy∼ (aδφ/2)2/K, can be es
timated fromK by assuming a spatial scale for the edd
Fig. 15. The mixing coefficientK (shaded) at northern winter so
stice (a), spring equinox (c) and for a 20-day average shortly before s
equinox (b). The solid contours enclose regions of barotropically uns
flow (negative gradient of absolute potential vorticity).
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Fig. 16. (a) The latitudinally averaged mixing coefficient for the four nor
ern seasons. The vertical dashed line corresponds to the model of
dissipation (Lebonnois et al., 2001). The transition around 5 mbar is
to the use of different dissipation time constants for the troposphere
stratosphere. (b) The time scale for eddy mixing (τeddy = (aδφ/2)2/K ,
with δφ ∼ 30◦ andK averaged in latitude) and for mixing by the me
meridional circulation (τMMC = a/v) for northern spring equinox and sum
mer solstice. The two vertical lines represent the Titan day and the sea
time scale (= 1 Titan year/2π ).

Figure 16b showsτeddy compared with the dynamical tim
constant for the MMC,τMMC = a/v, in Titan days. Based o
paper 1, a spatial scaleδφ = 30◦ is assumed. The two vert
cal lines represent the Titan day and the seasonal time
(= Titan year/2π ). Over the lowest scale height, typical
a/v ∼ 2000 d. This amounts to a mean meridional w
v ∼ 10−3 m s−1. At the 2 mbar levelτeddy varies from a few
l

e

days at solstice to tens of days at equinox, and increases
depth. It is always smaller than the typical time constant
advection by the MMC, which at this level is close to o
year. The latitudinal average in Fig. 16 hides strong latitu
nal contrasts, which are clearly apparent from Fig. 15. Un
solstitial conditions meridional transport is dominated
non-axisymmetric processes which tend to erase latitud
contrasts in less than a season, with the more intense m
occurring in the summer hemisphere and in the equat
flank of the winter jet (Fig. 15a). At equinoxes, howev
eddy mixing is non-negligible only at the flank of the
(Fig. 15c), and the typical time scale for the MMC is s
longer than the seasonal time scale. The absence of m
mechanisms away from the flank of the jet thus contribu
to the persistence at spring of the latitudinal contrasts de
oped during winter.

4.5. Trace atmospheric components

Figure 17 shows the distributions of the idealized spe
HCN for northern winter solstice and spring equinox. T
shaded contours in the background represent an avera
K for the 20 preceding days. Figure 18 compares mo
results at 2 mbar with the chemical profiles retrieved by V
ager 1 for HCN and C2H2. In both the full photochemica
model and the idealized-tracers model described in Leb
nois et al. (2001), the absolute value of the equatorial m
fraction of each species differs from the abundances
trieved. This is also the case in the present simulation. S
our main interest is to represent the latitudinal contrasts
have multiplied the distributions by normalizing factors
order to fit the equator (mean of the two observational d
at ±7◦). These factors reflect the differences between
absolute baseline profiles and the data. The difference is
to the particular photochemistry of Titan, which is not re
resented in the simple idealized tracers model. Lebon
et al. (2001) identified the MMC, associated to the vert
concentration gradient of the trace species, to be the cau
the latitudinal gradients observed: in the winter hemisph
subsiding air coming from tracer-rich altitudes increases
tracer content in stratospheric levels. The opposite occu
the summer hemisphere, with tracer-poor air coming fr
deeper levels depleting the stratosphere. This can be
in Fig. 18 for the trace species at northern winter sols
(dashed lines). Simultaneously, our results show that
contrast is reinforced by the effect of eddy-mixing: Fig.
shows a striking correspondence between regions wher
tracer is homogeneous and regions that had strong m
shortly before. Particularly at solstice it is clear that the
rameterized eddy-mixing tends to homogenize the trace
the flank of the winter jet, while preserving the contra
at the higher latitudes. This can be compared to the e
of polar vortex isolation observed in the Antarctic, whi
may also occur on Titan (Flasar, 1998a). During winter
intense potential vorticity gradient at high latitudes, in
vicinity of the stratospheric jet, acts as a barrier preven
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Fig. 17. Logarithmic contours of the atmospheric abundances of
species, in ppm (10−6 kg kg−1 of air). The mean mixing coefficientK is
shown in shades of grey for the 20 days preceding solstice and equino

the mixing of air coming from low latitudes with polar a
By mid-spring planetary waves start to erode the vortex
to mix air across the edge (Schoeberl and Hartmann, 19
Our results support this hypothesis. From 200 to∼ 300 km
the PV exhibits a strong gradient close to 70◦ at the winter
solstice, which precludes barotropic instability (and he
eddy-mixing) from occurring at high latitudes. The gradi
is much weaker at lower latitudes and in the summer he
sphere. The time scales in Fig. 16b indicate that it is o
close to summer that eddy mixing becomes effective. T
is also consistent with the indication of a dark circum
lar collar at 70◦ in Voyager 2 images (Smith et al., 1981
which may indicate the edge of the vortex. The same
tern has been reported in the southern hemisphere, five
after spring equinox, from HST and ground-based ima
(Lorenz et al., 2001; Roe et al., 2002). At equinox the mo
tracer concentrations start to increase close to the south
due to the subsiding MMC there, which brings tracers fr
.

s

e

Fig. 18. A comparison of model results at 2 mbar at the time of the V
ager 1 flyby (Ls = 9◦ , solid lines) with the abundances retrieved from IR
measurements (Coustenis and Bézard, 1995) for HCN and C2H2. Dashed
lines represent model results for northern winter solstice. The curves
been normalized by factors such that at the equator the curve for Vo
equals the mean of the data at−7◦ and 7◦ . The normalizing factors ar
0.193 for HCN and 1.36 for C2H2.

aloft. Although the distribution of C2H2 seems to agree wit
this, the discrepancy with the data for HCN suggests o
factors, such as a seasonally-varying photochemistry,
play a role for this particular species.

5. Discussion

We have developed a numerical scheme to param
ize latitudinal eddy mixing by barotropic waves in Titan
atmosphere. The scheme has been implemented in a
axially-symmetric GCM. The parameterization is adapt
acting locally and in real time on both the flow and t
passive tracers. Model results for wind speed, stratosp
temperatures and the latitudinal contrasts of trace spe
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agree well with observations. Eddy mixing is triggered
barotropic instability of the mean zonal flow, which in tu
is created by the build-up of the winter jet in the subs
ing branch of the Hadley cell. This occurs mainly on t
equatorward flank of the jet and at midlatitudes in the su
mer hemisphere, at altitudes between 200 and 300 km.
model self-consistently reproduces the predictions of the
GCM (H95), with an augmented superrotation created
the coupling between the accumulation of haze at the p
due to the MMC, cooling and the resulting enhanced MM
In the upper atmosphere, the same large-scale pattern
recovered in the present 2D model, including the wind
version (from northward to southward) between∼ 10 and
30 mbar. Figures 8 and 9 can be compared with Figs. 6 a
of H95 (which extend only up to 0.3 mbar, or∼ 240 km
in altitude). Lorenz et al. (2001) have reported on seas
change of the North–South Asymmetry (NSA) of Titan
albedo. They note that at wavelengths originating deep in
atmosphere the NSA they observed in 2000 had not reve
relative to 1995 (southern spring equinox), but that at hig
altitudes (above∼ 60 km) there was a clear reversal. Th
results suggest an altitude-dependent phase lag of the
sonal cycle. Our wind inversion close to 30 mbar (∼ 70 km)
is consistent with such a variation with altitude, but the ph
lag of the albedo is a question that merits further invest
tion, since we observe no such lag in the circulation at de
levels.

The prevailing models proposed to explain the he
spheric asymmetry of the stratospheric temperatures
based either on the dynamical inertia of the atmosph
(Flasar and Conrath, 1990), which would lead to m
meridional circulation lagging the solar forcing by a time
the order of the seasonal time scale, or on a non-unif
distribution of infrared opacity (Bézard et al., 1995). T
model results privilege the latter hypothesis, since the
sponse of the MMC is in phase with the radiative forc
at the unit optical depth level. The transport of the haze
the MMC into the polar region leads to a cooler winter p
at 1 mbar, and to an enhanced circulation (Rannou et
2003). For the same reason, the meridional wind spee
the upper stratosphere(v ∼ 0.1 m s−1) is higher than ear
lier estimates based on arguments of momentum and
transfer which assumed a uniform haze opacity (Flasar e
1981; Flasar and Conrath, 1990). This implies a fast seas
variation when the wind changes from northward to sou
ward at equinox. The pole-to-pole travel time of the ha
is of the order ofπa/v, or ∼ 2.56 terrestrial years, makin
the turnover time of the haze albedo about 5 years. Th
consistent with the turnover recently observed in the h
altitude albedo (Lorenz et al., 2001; Roe et al., 2002).

The GCM provides important insight into the edd
mixing time scale, and helps explain why latitudinal co
trasts developed during winter tend to persist through spr
Rather than a purely photochemical effect such as the
pointed out by Yung (1987), our results suggest a dyn
ical origin of the contrasts. Firstly, the MMC enriches t
e

-

t

l

winter polar region with trace species coming from the h
stratosphere, while the zonal winds simultaneously build
circumpolar vortex. On the other hand, whereas at so
tial epochs eddy mixing extends over large regions, wit
time constant much less than a season, at equinoxes
ing is important only at the flank of the jet. Hence, duri
winter and spring the vortex isolates the pole from mix
occurring at lower latitudes, and it is only by late spri
that mixing sets in and starts to erase the contrasts. Th
consistent with a circumpolar collar at spring close to 7◦
(Smith et al., 1981; Lorenz et al., 2001; Roe et al., 20
which may indicate the edge of the vortex. Relative to
previous model of Lebonnois et al. (2001), the more re
istic coupling between the waves and the mean flow in
GCM leads to more homogeneous distributions of che
cal species and haze at regions of barotropic instability,
to a better representation of the latitudinal contrasts of t
species. Therefore, our results suggest the observed con
at the winter high latitudes can be interpreted as a signa
of non-axisymmetric motions, which are closely linked
the axisymmetric dynamics. The model also predicts an
portant variation of eddy mixing with altitude, with strong
mixing occurring only above 3 mbar during summer. Cas
should be able to observe both effects after its arrival to
Saturn system in July 2004.

We have presented results from the first GCM of
tan’s atmosphere coupling atmospheric dynamics, haze
crophysics, a simplified photochemistry and the effects
non-axisymmetric eddies. Given the paucity of the availa
data, our results alone do not constitute a proper valida
of the model for future experiments. However, the agreem
with observations (also analyzed in the companion pa
by Rannou et al., 2002, 2003, and Lebonnois et al., 20
is encouraging. At its present state the model reconc
observations of stratospheric temperature, wind speed
chemical composition and gives a unified view of the
terplay between different processes. The expected retr
of more data by Cassini-Huygens in the years to come
allow to constrain the model parameters and improve pre
tions even more.

Acknowledgments

D.L. acknowledges financial support fromFundação
para a Ciência e a Tecnologia, through fellowships PRAXIS
XXI/BD/9429/96, SFRH/BPD/3630/2000, and ESO/PR
40157/2000, and thanks the LMD, where part of this w
has been done, for its warm welcome and working
mosphere. The authors thank two anonymous referee
their constructive criticism on both our papers. Part of
simulations presented here were performed on the NEC
chine of the IDRIS/CNRS computer center. Most graph
in both papers were made with the public domain pack
GrADS (COLA,http://grads.iges.org/grads/head.html).

http://grads.iges.org/grads/head.html


n-
eres.

Dy-

per-

Mie

f pho-

ts is

ared
tion.

wly
20,

n in
01,

olog-

pace

cas

sium
89–

here:

f the

si-
wer

s for
tions
37.
ay,

re of
an

ay,
at-

itan.

pper
lation

J.J.,
itan.

l vari-

pact
ld of

at-

ère,
sis of
28–

ol-
. Res.

in
low-

f Ti-

inter-
hys.

aze

ics-
rus.

.E.,
ring

ope.

nus

tmos.

heric
Sci-

ker,
.J.,
In-
.M.,
.E.,
Sci-

.S.,
an’s

apid
n in-
s. 94,

.P.,
–26.
eme.
. 23,

tro-

72,
References

Allison, M., Del Genio, A.D., Zhou, W., 1994. Zero potential vorticity e
velopes for the zonal-mean velocity of the Venus/Titan atmosph
J. Atmos. Sci. 51 (5), 694–702.

Andrews, D.G., Holton, J.R., Leovy, C.B., 1987. Middle Atmosphere
namics. Academic Press, San Diego, CA.

Bézard, B., Coustenis, A., McKay, C.P., 1995. Titan’s stratospheric tem
ature asymmetry: a radiative origin. Icarus 113, 267–276.

Botet, R., Rannou, P., Cabane, M., 1997. Mean-field approximation of
scattering by fractal aggregates. Appl. Optics 36, 8791–8797.

Cabane, M., Chassefière, E., Israel, G., 1992. Formation and growth o
tochemical aerosols in Titan’s atmosphere. Icarus 96, 176–189.

Charney, J.G., Stern, M., 1962. On the stability of internal baroclinic je
a rotating atmosphere. J. Atmos. Sci. 19, 159–172.

Coustenis, A., Bézard, B., 1995. Titan’s atmosphere from Voyager infr
observations. IV. Latitudinal variations of temperature and composi
Icarus 115, 126–140.

Del Genio, A.D., Zhou, W., 1996. Simulations of superrotation on slo
rotating planets: sensitivity to rotation and initial condition. Icarus 1
332–343.

Del Genio, A.D., Zhou, W., Eichler, T.P., 1993. Equatorial superrotatio
a slowly rotating GCM—implications for Titan and Venus. Icarus 1
1–17.

Flasar, F.M., 1998a. The composition of Titan’s atmosphere: a meteor
ical perspective. Planet. Space Sci. 46, 1109–1124.

Flasar, F.M., 1998b. The dynamic meteorology of Titan. Planet. S
Sci. 46, 1125–1147.

Flasar, F.M., Conrath, B.J., 1990. Titan’s stratospheric temperatures: a
for dynamical inertia. Icarus 85, 346–354.

Flasar, F.M., Conrath, B.J., 1992. The meteorology of Titan. In: Sympo
on Titan. In: ESA SP, Vol. 338. ESA, European Space Agency, pp.
99.

Flasar, F.M., Samuelson, R.E., Conrath, B.J., 1981. Titan’s atmosp
temperature and dynamics. Nature 292, 693–698.

Gierasch, P.J., 1975. Meridional circulation and the maintenance o
Venus atmospheric rotation. J. Atmos. Sci. 32, 1038–1044.

Hitchman, M.H., Leovy, C.B., Gille, J.C., Bailey, P.L., 1987. Qua
stationary zonally-asymmetric circulations in the equatorial lo
mesosphere. J. Atmos. Sci. 44, 2219–2236.

Hourdin, F., Armengaud, A., 1998. On the use of finite volume method
atmospheric advection of trace species. I. Test of various formula
in a General Circulation Model. Mon. Weather Rev. 127 (5), 822–8

Hourdin, F., Le Van, P., Talagrand, O., Courtin, R., Gautier, D., McK
C.P., 1992. Numerical simulation of the circulation of the atmosphe
Titan. In: Symposium on Titan. In: ESA SP, Vol. 338. ESA, Europe
Space Agency, pp. 101–106.

Hourdin, F., Talagrand, O., Sadourny, R., Courtin, R., Gautier, D., McK
C.P., 1995. Numerical simulation of the general circulation of the
mosphere of Titan. Icarus 117, 358–374.

Hubbard, W.B., 45 colleagues, 1993. The occultation of 28 Sgr by T
Astron. Astrophys. 269, 541–563.

Hunt, B.G., 1981. The maintenance of the zonal mean state of the u
atmosphere as represented in a three-dimensional general circu
model extending to 100 km. J. Atmos. Sci. 38, 2172–2186.

Kostiuk, T., Fast, K.E., Livengood, T.A., Hewagama, T., Goldstein,
Espenak, F., Buhl, D., 2001. Direct measurement of winds on T
Geophys. Res. Lett. 28, 2361–2364.

Lebonnois, S., Toublanc, D., Hourdin, F., Rannou, P., 2001. Seasona
ations of Titan’s atmospheric composition. Icarus 152, 384–406.
e

Lebonnois, S., Hourdin, F., Rannou, P., Luz, D., Toublanc, D., 2003. Im
of the seasonal variations of composition on the temperature fie
Titan’s stratosphere. Icarus 163, 164–174.

Lellouch, E., Hunten, D.M., Kockarts, G., Coustenis, A., 1983. Titan’s
mosphere profile. Icarus 83, 308–324.

Lellouch, E., Coustenis, A., Gautier, D., Raulin, F., Dubouloz, N., Fr
C., 1989. Titan’s atmosphere and hypothesised ocean: a reanaly
the Voyager 1 radio-occultation and IRIS 7.7 µm data. Icarus 79, 3
349.

Lorenz, R.D., Young, E.F., Lemmon, M.T., 2001. Titan’s smile and c
lar: Hst observations of seasonal change 1994–2000. Geophys
Lett. 28 (23), 4453–4456.

Luz, D., Hourdin, F., 2003. Latitudinal transport by barotropic waves
Titan’s stratosphere. I. General properties from a horizontal shal
water model. Icarus 166, 328–342.

McKay, C.P., Pollack, J.B., Courtin, R., 1989. The thermal structure o
tan’s atmosphere. Icarus 80, 23–53.

Rannou, P., Cabane, M., Chassefière, E., Botet, R., 1997. A new
pretation of scattered light measurements at Titan’s limb. J. Geop
Res. 102, 10997–11013.

Rannou, P., Hourdin, F., McKay, C.P., 2002. A wind origin for Titan’s h
structure. Nature 418, 853–856.

Rannou, P., Hourdin, F., McKay, C.P., Luz, D., 2003. A coupled dynam
microphysics general circulation model of Titan’s atmosphere. Ica
Submitted for publication.

Roe, H.G., de Pater, I., Macintosh, B.A., Gibbard, S.G., Max, C
McKay, C.P., 2002. Note: Titan’s atmosphere in late southern sp
observed with adaptive optics on the W.M. Keck II 10-meter telesc
Icarus 157, 254–258.

Rossow, W.B., Williams, G.P., 1979. Large-scale motion in the Ve
stratosphere. J. Atmos. Sci. 36 (3), 377–389.

Sadourny, R., 1975. Compressible model flows on the sphere. J. A
Sci. 32, 2103–2110.

Schoeberl, M.R., Hartmann, D.L., 1991. The dynamics of the stratosp
polar vortex and its relation to springtime ozone depletions.
ence 251, 46–52.

Smith, B.A., Soderblom, L., Beebe, R.F., Boyce, J.M., Briggs, G., Bun
A., Collins, S.A., Hansen, C., Johnson, T.V., Mitchell, J.L., Terrile, R
Carr, M.H., Cook, A.F., Cuzzi, J.N., Pollack, J.B., Danielson, G.E.,
gersoll, A.P., Davies, M.E., Hunt, G.E., Masursky, H., Shoemaker, E
Morrison, D., Owen, T., Sagan, C., Veverka, J., Strom, R., Suomi, V
1981. Encounter with Saturn—Voyager 1 imaging science results.
ence 212, 163–191.

Sromovsky, L.A., Suomi, V.E., Pollack, J.B., Krauss, R.J., Limaye, S
Owen, T., Revercomb, H.E., Sagan, C., 1981. Implications of Tit
north–south brightness asymmetry. Nature 292, 698–702.

Toon, O.B., McKay, C.P., Ackerman, T.P., Santhanam, K., 1989. R
calculation of radiative heating rates and photodissociation rates i
homogeneous multiple scattering atmospheres. J. Geophys. Re
16287–16301.

Toublanc, D., Parisot, J.P., Brillet, J., Gautier, D., Raulin, F., McKay, C
1995. Photochemical modeling of Titan’s atmosphere. Icarus 113, 2

van Leer, B., 1977. Towards the ultimate conservative difference sch
V. A second-order sequel to Godunov’s method. J. Comput. Phys
276–299.

Yelle, R.V., 1991. Non-LTE models of Titan’s upper atmosphere. As
phys. J. 383, 380–400.

Yung, Y.L., 1987. An update of nitrile photochemistry on Titan. Icarus
468–472.


	Latitudinal transport by barotropic waves in Titan's stratosphere.  II. Results from a coupled dynamics-microphysics-photochemistry GCM
	Introduction
	The latitude-altitude GCM
	Axially-symmetric dynamics, radiative transfer and haze
	Idealized photochemistry

	Parameterizing barotropic waves in the GCM
	General formulation
	Mixing-length approach to the transport of trace species
	Computation of the mixing coefficient
	Closure relation
	Parameter fitting

	Modeling the transport of angular momentum
	Numerical aspects

	Results of the 2D GCM
	General circulation
	Comparison with observations
	Angular momentum balance
	Eddy-mixing time scale from the parameterized transport
	Trace atmospheric components

	Discussion
	Acknowledgments
	References


