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Observed superrotating atmospheres

Jupiter Saturn

Table 1 Basic information on the superrotation of the atmospheres of the solar system planets and a hot
Jupiter (modified from Read and Lebonnois 2018)

Planet Radius Rotation Equatorial rotation Equatorial wind Superrotation index,
(km) period (days) speed (m/s) speed (m/s) s, on the equator

Venus 6,052 243 1.81 100-120 55-66

Titan 2,576 16.0 11.7 100-180 8.5-15

Jupiter 69,911 0.41 12,300 60-140 0.005-0.011

Saturn 58,232 0.44 9,540 350430 0.037-0.045

HD 189733b 79,500 2.2 2600 2400 0.92




Hide’s theorem (1969)

Non-axisymmetric eddies (waves) are needed to maintain
the jets aloft the surface and that the required momentum
convergence should be provided by upgradient angular
momentum transport.

ABIEEE DMK
SP EQ , NP
z=H <
<
ac= /Mg
n
zT _
e
5
s
s
z=0

Vallis (2005)



Superrotation on Venus and Titan
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Cyclostrophic balance

In Venus’s atmosphere
planetary rotation: 1.8 m/s on the equator

zonal wind: 100 m/s at the cloud top

Momentum equations

d t 19
& =(2Qsin¢+ - an¢)v —ﬂ—29wcos¢———p
dt a a 0 0x
d t 19
& —(ZQsin¢+ utang u_ﬂ___p

dt a a pay

d P4y’ 1

Y - —2Qucos ——a—p—g

dt a P 0z

Atmospheric rotation takes the place of planetary rotation.



Meridional force balance of zonal flow

geostrophic flow cyclostrophic flow
(planetary rotation >> wind) (planetary rotation << wind)

Earth-like Venus-like



Superrotation of Venus’ atmosphere
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Gierasch-Rossow-Williams mechanism
(Gierasch, 1974; Rossow & Williams, 1979)
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2D simulation in a slowly-
rotating system

( Rossow & Williams 1979)

S ECALEERE
BRETOTY M DB

SIEERLE (KFELT—IZLDTR
E) CRALEM. FERESHEE S

LETBES

R IEOENE A

stream function

mean zonal

velocity

2.8 days

11.5 days

17.2 days



Numerical models

Zonal winds

Garate-Lopez and Lebonnois (2018)
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Numerical models

Transport of angular momentum

Merid. transport of ang. mom. [¥10?* kg m’ s ?]

Meridional transport,

positive is northward
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(Fels & Lindzen 1974; Takagi & Matsuda, 2006, 2008, ..)
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Superrotation of Titan” atmosphere

Horst et al. 2017
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Titan Composite Nadir + Limb Temperatures

T
M

Infrared observation by
CIRS on NASA Cassini 001

(northern winter)
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Fig. 9. Zonal mean temperatures from all limb and nadir maps. Retrieved temperatures were averaged in 5° latitude bins, then smoothed with a 10° boxcar function
applied three times. Contours are labeled in K.

Gradient Wind (ms™) u,(10 mb) = 4 * Titan Rotation

10_3£ : : : [ ' ; | p ' | : E

001 E 4 Zonal winds calculated
3 | | from the temperature
E E 3 . .
s uf 4 using thermal wind
§ | 1 relation

B a
0E E

Latitude

Fig. 10. Zonal winds calculated from the temperatures in Fig. 9 from the gradient wind equation, assuming solid-body rotation at the 10 mbar level at four times
Titan’s rotation rate. Wind speed contours (black lines) are labeled in m s~ 1. The gray lines indicate cylindrical surfaces parallel to the rotation axis along which
the gradient wind equation is integrated. Equatorward and above the gray line tangent to the equator at 10 mbar, the winds are unconstrained by the gradient wind
equation, and have been linearly interpolated on constant pressure surfaces.



Numerical models Lebonnois et al. (2012)

Mean zonal wind and meridional stream function
(c) Ls=179.3 (d) Ls=253.3

\ m/s , m/s
10 500 10 - 500
— =7
:10:—’_,_20'=_¢—_——-£W§—;;-205.<TE|0
10° 400 10° " 400
1 300 . 300
5 10 > 5 10 >
g 10° 00 Q o 10? 200 S
@ @ b o®
&) 10° 100 3 E 10° 100 3
10* 10*
5 5
10 0 10 0

Seasonal variations of the vertically-integrated latitudinal transport of angular momentum

mean meridional circulation transient waves

60N

30N ‘

308

60S

60S |
. ]

Lenevdn

A N
T T T T T
30 60 90 120 150 180 210 240 270 300 330 30 60 90 120 150 180 210 240 270 300 330

Solar longitude Solar longitude



BE-XA X VR

¢« XAXVDESICEFHZEZAHABEETCHEFEYTIIEE M- L
DR TFFEBIREBEEHE/NNT VRITH D
« Y IIEE TIENERWINAR A XY TIEEETH L

B2 XA X VOIEBEBLSE LT, BEHOKEN KT P THRIN X

NTHEICIFIFEAEEI RV & BVBMAKRE CHUINFE
ﬁ@gu:t\ﬁéﬁbﬂ% (ETIX30FE, X4 X Tl
100



Circulation regimes



Parameter study of the
atmospheric circulation

of Earth-like planets with

general circulation
models (GCMs)

Williams (1988)

Zonal velocity
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shade : westward
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Fig. 2. Meridional distribution of the mean zonal wind for the MOIST model with Q* =0-8. Units: m s '
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Parameter dependence in an Earth-like GCM
(Dias Pinto & Mitchell 2014)

Zonal velocity Meridional circulation
Temperature
Q+=a+= 1| Ro= 0.04 Ek= 0.08 ta= 500
a - Earth’ condition R, =0.04
I . mem‘
"°m= 1/20 | Ro= 0.8 Ek= 1.6 Ta= 25 C ) _ i )
Rot. rate x 1/20 R,=0.8
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Wave structures (EOF 1, 2)

Rot. rate x 1/20, Relaxation time x 20
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Rossby-Kelvi

n instability

(Sakai 1989; Iga and Matsuda 2005; Wang & Mitchell 2014)
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wave momentum transport sustaining Earth’s jets

baroclinic instability

—> generation of Rossby waves

—>Rossby waves take away retrograde (westward) angular momentum from
the md-latitude

- maintenance of (eastward) mid-latitude jets

Rossby waves
break & dissipate ~ Momentum
divergence

Momentum
convergence

Stirring —

Rossby waves
break & dissipate

Momentum
divergence

(Vallis, 2005)



Rossby radius of deformation

/g[—] g : gravitational acceleration
LR = — H : depth of the system
f f=2C cos @: Coriolis parameter
I— T
The characteristic scale at which the velocity M :-*"“-»..
field and the pressure field adjust with each J e
other to maintain geostrophic flow 2L . constant

Initial disturbance

Faster planetary rotation leads to large f, and
then shorter L

p = constant

Final adjusted state

©UCAR
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Zonal wind b Meridional wind
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Superrotation on the gas giants
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Modeling Jupiter and Saturn's zonal flows

* Shallow models

* The dynamics are shallow, such as on a terrestrial planet

* The strong east-west flows can result from 2D geostrophic
turbulence and/or baroclinic instability

* Deep models

* the observed jets are the surface manifestation of
convective columns originating from the hot interiors



Two-dimensional turbulence

* Small eddies tend to organize large eddies as time passes
* Turbulent energy cascade toward large scales (smaller wavenumber k)

me = 1 mme =754
time=10.87  time r,75 4 Energy spectrum
. ! -‘!\.;. 7 ‘,% f/ i “ i ‘I‘
1 F A g A
stream
function
T L 4
) *+, Energy cascade
AR O R RTINS T4 S Ertvar g eSS I RS URRP R N 67 - v .
aa
en
o)
] ..
vorticity Enstrophy (£2) &
¢ cascade
Ei005 Y U= Olidp, i8hd B i TP A éq’?ﬂmu‘; i
SR s, SRt 1T T AR, COUTEAREER, L >
large scale log k small scale

Lilly (1969)



Rhines scale

* Vorticity equation

J _
(awg V)(z;g +£)=0

@ : geopotential

o¢ ~0¢ 0¢
—++u +Vv + Dby = 0 .

o T B : df/dy |
nonlinear term beta effect U : typical velocity
= origin of = origin of
turbulence Rossby wave

kU2 > BU : turbulence
kU2 < BU : Rossbywave

* Rhines scale

)54
k.= |2
\u

Upward cascade of turbulence energy stops at smaller scales (k < kp)



Shallow-water turbulence on the sphere of the giant planets

* Forcing are given to the vorticity field as a small-scale, random process, or
eddies are generated by baroclinic instability

* Inverse energy cascade generates multiple jets on the order of the Rhines scale

* The simulated equatorial flow is mostly retrograde

' Scott & Polvani (2007
Zonal velocity co olvani (2007)

Jupiter Saturn Uranus/Neptune
® . B N Vorticity field

Jupiter (Ro=0.002) Saturn (Ro=0.013)

-100 100 -400 400 -400 400
u [m/s] u [m/s| u [m/s|



Taylor—Proudman theorem

* In a fluid that is steadily rotated, the fluid velocity will be uniform along any

N

7

line parallel to the axis of rotation.

b
< >
(e o
Ayt & AN
i <5 O\
4 N= )
N
—)
—
0 &
NN

Busse (1994)

Momentum equation in rotational frame
d—v+2§2><\7+le+VCI> =0

dt 1o,

Assuming non-compressivity and d/dt=0,

the curl is applied to give

—_—

Q- Vi =0
Taking z-axis along the planet’s rotational
axis,

N
— =0
oz



Observation Model Zonal velocity
a Rossby number (x10-3) b Rossby number (x10-%) c
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Quasi-geostrophic vorticity equation

dC,
8—=_V V(C, +f)+fo
0 0 ‘P’
C = Vs _ = Ve : geostrophic vorticity
to0x dy Jo

Vorticity changes with time through
- advection of absolute vorticity ( $g + /) by geostrophic wind (7 )
- vertical divergence (horizontal divergence)

/ ‘ ¢

D 8

x Holton (2004)
9

Fig. 4.7 A cylindrical column of air moving adiabatically, conserving potential vorticity.

0 + 36




Thermal Rossby wave

Wa
P

"0p agaﬁOn

FIG. 2. The mechanism of propagation of a Rossby wave visualized in the
equatorial plane of the rotating annulus: Fluid columns originally resting at
the mid-surface acquire anticyclonic vorticity relative to the rotating system
when they are displaced outwards towards the shallow region. Cyclonic

.-‘~

o ; vorticity is acquired by the displaced columns inwards. The action of the
: columnar motion on the neighboring fluid columns is such that an initial
\\ B sinusoidal displacement propagates in the prograde direction.
:\ '
D 2D

The columns are tilted because the thermal Rossby wave has the
tendency to propagate faster on the outside than on the inside.
A prograde differential rotation on the outside with a retrograde
one near the inner cylinder must thus be expected.

Busse (2002)
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Doppler tracking of Juno spacecraft
Less et al. (2018)

* The spacecraft acts as a test particle falling in the gravity field of the planet. Jupiter’s

gravity is inferred from range-rate measurements between a ground antenna and the
spacecraft during perijove passes.

 The ground station transmits carrier signals, and the on-board translator lock the
incoming carrier signals and retransmit them back to the ground. The range-rate
(Doppler) observable is obtained by comparing the transmitted and received frequencies.

* Spherical harmonics representation of planetary gravity fields is determined by the
density distribution inside the body.
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Figure 3 | Gravity disturbances due to
atmospheric dynamics. a, An image of Jupiter
taken by the Hubble Wide Field Camera in 2014
(https://en.wikipedia.org/wiki/Jupiter), showing
the latitudinal dependence of residual gravity
acceleration (in milligals, positive outwards)

and associated 30 uncertainty (shaded area) ata
reference distance of 71,492 km, when the gravity
from the even zonal harmonics /5, J4, Js and Jg

is removed. The residual gravity field, which is
dominated by the dynamics of the flows, shows
marked peaks correlated with the band structure.
b, Latitudinal gradient of the measured wind
profile. The largest (negative) peak of
—3.4+0.4mGal (30) is found at a latitude

of 24° N, where the latitudinal gradient of the
wind speed reaches its largest value. The relation
between the gravity disturbances and wind
gradients is discussed in an accompanying paper®.

Less et al. (2018)
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u(r, 0) = ucy(s)Q(r) (12)

where uy(s) is the cloud-level azimuthal wind projected downward along the
direction of the axis of rotation, and s = rcos() is the distance from the axis of
rotation. Q(r) is the radial decay function we optimize, given by

a—H@®)—r

Q(r)=(1— a)exp[ r—a ] + (13)

H(0 HO)

(0) tanh( N ) +1
where a is the planetary radius, «v is the contribution ratio between an exponential
and a normalized hyperbolic tangent function and AH is the width of the hyper-
bolic tangent. We take a hierarchal approach using this profile at several levels of

Kaspi et al. (2018)
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The observed jet streams, as they
appear at the cloud level, extend
down to depths of thousands of
. kilometres beneath the cloud level,
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Exoplanets
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Substellar Point
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Polar view of the atmospheric circulation and temperature
distribution at 20 km altitude on a synchronously rotating terrestrial
planet (Joshi et al., 1997)



Implications for exoplanets’ environments

Tidally-locked planets are mostly slow rotators like Venus. Super-
rotation can redistributes thermal energy along the local time on such
planets.

Slow rotation Fast circulation
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.-

=

Moderate climate?

Hot dayside
Cold nightside




Lammer et al. (2013)



Day-night temperature contrast of an extrasolar planet
(Knutson et al. 2007)

A minimum brightness temperature of 973 +/- 33 K and a maximum brightness
temperature of 1212 +/- 11 K at a wavelength of 8 microns, indicating that energy from
the irradiated dayside is efficiently redistributed throughout the atmosphere

Observed phase variation for HD 189733b, with

transit and secondary eclipse visible.
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Doppler measurements at the planetary limb during transit
(Louden & Wheatley 2015)

* Doppler measurements on opposite sides of the hot Jupiter HD 189733b
using sodium absorption in high-resolution transmission spectra

A redshift of 2.3 km s~ on the leading limb of the planet and a blueshift of
5.3 km s71 on the trailing limb

* These velocities can be understood as a combination of tidally locked
planetary rotation and an eastward equatorial jet
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Numerical models of hot Jupiters

Showman et al. (2020)
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Linear, analytic solution for parameters relevant to hot, tidally
locked exoplanets
(Showman & Polvani 2011)

a

radiative-equilibrium height field
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Matsuno-Gill pattern (Matsuno 1966; Gill 1980)

Heat-induced tropical circulation composed of Rossby wave and Kelvin wave

Known to plays crucial roles in Earth’s troposphere

Figure 1. Solution for heating
symmetric about the equator in the
region |x| < 2 for decay factor
e=01.

(a) Contours of vertical velocity w
(solid contours are 0, 0-3, 0-6,
broken contour is —0-1) super-
imposed on the velocity field for the
lower layer. The field is dominated
by the upward motion in the heating
region where it has approximately
the same shape as the heating
function. Elsewhere there is
subsidence with the same pattern
as the pressure field.
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(b) Contours of perturbation
pressure p (contour interval 0-3)
which is everywhere negative. There
is a trough at the equator in the
easterly régime to the east of the
forcing region. On the other hand,
the pressure in the westerlies to the
west of the forcing region, though
depressed, is high relative to its
value off the equator.

Two cyclones are found on the
north-west and south-west flanks of
the forcing region.
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(c) The meridionally integrated
flow showing (i) stream function
contours, and (ii) perturbation
pressure. Note the rising moticn
in the heating region (where there
is a trough) and subsidence
elsewhere. The circulation in the
10 15 right-hand (Walker) cell is five

X times that in each of the Hadley
cells shown in (c).
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External irradiation (W/m?)

Hot Jupiters N EXI=N Mayne et al. (2017)
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Interior heat flux (W/m?)

Showman et al. (2020)
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Table 2 Classification of the planets according to angular momentum-transporting eddies

Rotation type Traveling waves generated Solar-locked waves
by instabilities

Slow rotator Venus Venus
Titan Hot Jupiters

Tidally-locked terrestrial
exoplanets

Fast rotator Jupiter

Saturn




