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Planetary and atmospheric properties leading to strong super-
rotation in terrestrial atmospheres
Neil Lewis and Peter Read, Atmospheric, Oceanic and Planetary Physics, University of Oxford

Background Comparison between Ôsemi-greyÕ and Newtonian cooling models 

Next stepsÉ

Super-rotation is a phenomenonwhere the specificaxial
angular momentum of the wind exceedsthat of the
underlying planet at the equator [1]. Non-axisymmetric
disturbances(eddies)are required to acceleratea super-
rotating zonal flow [2]. Super-rotation is a permanent
featureof the atmospheresof Venusand Titan, but not the
Earth and Mars [1]. This raisesa questionasto the origin
and nature of the eddies that induce the required
momentumtransport.

Previous work using idealised dry general circulation
models(GCM) with simplifiedphysics(Newtoniancooling,
linear surfacefriction) hasshown that super-rotation may
emergeÔspontaneouslyÕon planetsthat are small or slowly
rotating [3-5]. This transition to super-rotation may be
relevantto Titan (and potentiallyVenus)[6]. Howeverthe
strengthof super-rotation obtainedin studiesof this typeis
far weaker than that observed in VenusÕor TitanÕs
atmospheres,or in numericalmodelsof eitherplanet.

[1] Readand Lebonnois, 2018, Ann. Rev. EPS; [2] Hide, 1969, J. Atmos. Sci.; [3] Mitchell and Vallis, 2010, J. Geophys. Res.; [4] Potter et al., 2014, J. Atmos. Sci; [5]
Wang et al., 2018, Q. J. R. Meteorol. Soc.; [6] Imamura et al., 2020, SpaceSci. Rev.; [7] Mendon•a and Read,2016, Planet. Space. Sci.; [8] Lebonnoiset al., 2010, J.
Geophys. Res.; [9] Lebonnoiset al., 2012, Icarus; [10] Vallis et al., 2018, Geosci. Model. Dev.; [11] Dias-Pinto andMitchell, 2015, Icarus.

Model

Aim

Our Ôsemi-greyÕmodel is built using Isca[10], which is a
flexibleframeworkfor modellingthe dynamicsof planetary
atmospheresbuilt on theGFDLspectralcore.

We run simulations at T42 (~2.5o)
resolution. Two configurationsareusedfor
the vertical resolution,one ÔhightopÕand
the other ÔlowtopÕ(for comparisonwith
ref. 3). Theseare shown on the right. A
spongeis includedat thetop (red levels).

Radiativetransfer is handledwith a semi-
greycodewith fluxessplit into ÔlongwaveÕ
(thermal)andÔshortwaveÕ(solar)bands.

Boundarylayer turbulenceand the effects
of surfacefriction areparametrisedwith a
diffusiveboundarylayercode.

Our aim is to takea steptowardsÔrealityÕ,by studyingthe
transitionto super-rotation in aGCM with parametrisations
that are more sophisticatedthan those used in previous
idealisedmodelling studies[3-5], but still simplified when
comparedto modelstunedto simulateaspecificplanet(e.g.,
refs. 7 and 8 for Venus,or ref. 9 for Titan). We useour
simulations to investigatehow properties of Venus and
Titan (e.g. slow rotation rate, small radius, large
atmospheric mass, absorption of solar radiation in
atmosphere)may combine to yield strong super-rotation.
The resultsin this posterarea preliminary ÔsneakpeakÕof
our results. More to comesoon!

Effects of surface pressure, rotation rate, and shortwave absorption

Aim: explorethe effectof reducingplanetaryradius
on the transition to super-rotation. Theexperiments
compare the circulation obtained in Newtonian
cooling(NC) vs. semi-grey(SG)models,andmodels
with ahigh top vs. a low top.

The transition occurs in all configurationsof our
model when radius is reduced. However, there are
differencesbetweenthe semi-grey and Newtonian
coolingapproaches,andhigh andlow top models.

For the NC model,super-rotation strengthincreases
monotonically with decreasingradius. For the SG
model,super-rotation is strongestfor

Zonal velocity structure is similar for both low top
configurations(top two rows), but different for the
high top model. In this scenario,the circulation
extendsto fill thestratosphere.

swabs above here

Experiments with ÔswabsÕ in the title have a shortwave 
absorbing substance in the stratosphere that absorbs 4/7 of the 
incoming solar radiation (fraction chosen to match Titan). 
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Aim: explore the effect of rotation rate, ps, and
stratosphericabsorption of shortwaveradiation
on super-rotation.

Super-rotation is weakercomparedwith reduced
radius experiments(note different colour scale).
This is due to the enhancedeffectsof surface
friction and thermal forcing whenrotation rate is
reduced[11].

Increasedps appearsto weakensuper-rotation.
This is not yet understood,and the simulation
maynot befully equilibrated.

When a stratospheric shortwave absorber is
included, super-rotation is enhancedthere. The
combination of increasedps , reduced rotation
rate,and a shortwaveabsorberyieldsa Titan-like
super-rotation structure.

Analysesimilaritiesanddifferencesbetween
wavesacceleratingsuper-rotation in reduced
radius experimentsacrossdifferent model
configurations.

Understandtheroleof modeltop locationin
setting the lower stratospheric and
troposphericcirculation.

Extend the rotation rate, surfacepressure
and shortwaveabsorption study to a full
parametersurveyto seehow super-rotation
scaleswith eachof these.

Investigate the role of diurnal tides in
accelerating super-rotation for different
parametercombinations,and the relation
betweenplanetswith a long solar day and
tidally lockedplanets.
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