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Introduction:  On both Venus  and  Titan,  which 
rotation  rates  are  much smaller  than on Mars  or  the 
Earth, a specific feature has been observed in the zonal 
wind, the superrotation. The bulk of these atmospheres 
rotates much faster than the solid body of the planet, 
and the total angular  momentum contained in the at-
mosphere is much larger than what would be contained 
if the atmosphere was rotating in average as the solid 
surface (which is the case for the Earth and Mars).

This feature has been investigated for many years, 
but it is not yet fully understood, though the role of the 
slow  rotation  rate  seems  to  be  clearly  established, 
through its impact on the mean meridional circulation. 
A possible  mechanism has been discussed in [1] and 
[2],  further  noted  GRW mechanism.  It  describes  the 
transport of angular momentum by the mean meridion-
al circulation, and emphasizes the role of waves in the 
equatorward  transport  of  angular  momentum.  Other 
mechanisms  have been suggested,  especially  the role 
that the thermal tides may play [3,4]. 

Venus and Titan,  with their own specificities, can 
help understand  the superrotation mechanism:  the re-
spective role of rotation rate, thermal tides, other types 
of waves,  the impact  of seasonal  variations on Titan, 
the role of the opacity layer located in altitude. But this 
has been a difficult problem to tackle with models, the 
best  tools  being  General  Circulation  Models  (GCM) 
that have been  difficult to develop.

In this presentation, we investigate some aspects of 
this question with the most recent GCM of Venus and 
Titan developed in our team.

Venus GCM:  We have developed a Venus GCM 
that  takes  into  account  a  realistic  radiative  transfer 
scheme  and  allows  a  consistent  computation  of  the 
temperature field [5]. Taking into account the diurnal 
cycle  gives  the opportunity  to test  the impact  of the 
thermal tides. In our  most recent simulations, we are 
using  an  improved  boundary  layer  scheme  that  im-
proves the superrotation in the deep atmosphere  (be-
low the clouds), though its amplitude is still below ob-
servations. When initializing the simulation with an at-
mosphere already in superrotation, the circulation also 
stabilizes but with deep-atmosphere winds close to ob-
servations  and superrotation  in and above the clouds 
stronger  than  observed.  This  latter  simulation  is  the 
most realistic and the modeled temperature structure in 
and  above  the  clouds  compares  well  with 
VIRTIS/Venus  Express  observations,  where  thermal 
tides are visible [6].

Figure 1: Vertical transport of angular momentum in Venus simula-

tions. The relative angular momentum vertical transport is integrated 

for latitudes between 30°S and 30°N. Negative values are for up-

ward transport,  positive values are for  downward transport.  Black 

line:  mean meridional  circulation; red line:  total  waves and tides; 

blue and cyan lines: barotropic waves (mid- and high frequencies re-

spectively);  green  line:  thermal  tides.  (a)  Diurnal  cycle  included. 

(b) No diurnal cycle. The contribution of thermal tides appears clear-

ly in the 102-104 Pa pressure range.

The mechanism maintaining this zonal wind struc-
ture appears to be somewhat different from the GRW 
mechanism.  The  transport  by  meridional  circulation 
does  play a major  role,  but  the role  of thermal  tides 
(inducing  vertical  transport  of  angular  momentum) 
dominates the role of other waves (inducing an equa-
torward transport in the GRW mechanism).

Titan GCM: We have recently developed a Titan 
GCM [7], with the same dynamical core as the Venus 
GCM and the same physics as we have been using for 
our Titan 2-dimensional Climate Model [8]. This mod-
el can take into account diurnal variations,  but in the 
case of Titan, the dominant timescale affecting the cir-
culation in Titan's stratosphere is the seasonal oscilla-
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tion (Titan experiences seasons with an orbital inclina-
tion similar to the Earth). 

Figure 2: Seasonal variations of the latitudinal transport of angular 

momentum  by  (a)  mean  meridional  circulation  and  (b)  transient 

waves. Unit is 103 m3/s2, positive values are northward.

In our simulations,  the superrotation is maintained 
similarly as in the 2D-CM, through the GRW mecha-
nism.  Transport  by  the  mean  meridional  circulation 
from summer  to  winter  hemispheres  is  compensated 
by horizontal transport by barotropic eddies mostly oc-
curing in the winter hemisphere (Fig. 2). As first men-
tioned for simulations done with the TitanWRF GCM 
[9],  this  eddy transport  occurs  in  the  models  mostly 
through transient episodes when the eddy strength in-
creases.  We  also  note  a  significant  contribution  of 
baroclinic waves occuring at high latitudes close to the 
surface, and transporting some momentum poleward.

Conclusion:  We have now versions of Venus and 
Titan  GCM  that  help  us  investigate  in  details  the 
mechanism of superrotation, and to discuss the respec-
tive role of meridional circulation, waves, and thermal 
tides  in  the  angular  momentum  budget.  Our  studies 
confirm that superrotation arises from the balance be-

tween  mean meridional circulation and waves (GRW 
mechanism)  but with a major  role played by thermal 
tides (vertical transport) in the case of Venus.
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