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* Observations
* Models and mechanisms
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Key features of Titan |
» Complicated radiative budget °1 1
and T profile § o Stratosphere loo §
* Greenhouse-like troposphere £ °
* Heated via surface 2 o0 g
* Anti-greenhouse stratosphere g " _ <
 Heated directly via hazes PP
. . 10°E L - e - - — = | ——150 | 150
* Complicated chemistry and -\ h e
thermodynamics el \CPosRnerE
* Optically thick photochemical 60 9 120 150 180
hazes in stratosphere Temperature (K)

* Condensible constituents (CH,)
with clouds, rain, lakes....

e Strong seasonal variability




How do we know Titan's atmosphere
S u p e r_ rOta te S ? [Sharkey et al. 2021]

e Observations oo 2008

e BUT very few cloud/haze features to
track 4
IR remote sensing [Voyager, Cassini] E

e T via gradient thermal wind equation

llllllll

* Not valid close to the equator! i
Stellar occultations

* Central flash senses p(¢, z = 0.25 hPa) ey s
Doppler spectroscopy in IR, visible | «f§° +
and microwaves

* Sensesp ~0.1-1 hPa R - S I

Huygens descent probe




How do we know Titan’s atmosphere
super-rotates?

e Observations

e BUT very few cloud/haze features to

track

IR remote sensing [Voyager, Cassini]
* Tvia gradient thermal wind equation
* Not valid close to the equator!

Stellar occultations

* Central flash senses p(@,z = 0.25 hPa)
Doppler spectroscopy in IR, visible and

microwaves
* Sensesp ~0.1-1 hPa

Huygens descent probe
¢ ¢ ~10°S

* >100 m s prograde winds above 100 km
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How do we know Titan’s atmosphere

super-rotates?

* Observational coverage is sparse
and incomplete

* Need to rely significantly on
models and simulations

* Simple GCMs

e Cases where R = 10 are relevant to
time-mean climatology

* Comprehensive GCMs

* Realistic parameterizations of radiative
transfer, sub-grid dynamics, clouds,
hazes and even chemistry

* Variable success in capturing super-
rotation....?

* Though see Hourdin et al. [1995] for
early sucess
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FIG. 3. Timeevolution of the planetary average of the dimensionless
angular momentum .

[Here u = m/ (gﬂaz)]



How do we know Titan’s atmosphere

(Hourdin et al. 1995)

super-rotates? ¢ _ : v

« Comprehensive o
GCMs R
E
* Variable success in .
capturing super- !
rotation....”?
» Seasonal variations
inT, uand V¥
Spring
&

latitude latitude

latitude



How do we know Titan’s atmosphere
S u p e r— rOta te S ? (Hourdin et al. 1995)
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* Comprehensive
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* Variable success in s-o simulation 1 1 CTES -2 Occultation ;-
capturing super- 10° 200 s a
. B 4 : 0‘3\
rotation....? _ t S L A R
. 5 100[- ¥ “, : -
* Seasonal variations E "F T 100 *J{.\"...
) _ - ; ]
inT, 7 and ¥ =t : r RS
_ T+ Woagees,
T, U compare o T2 7 ooy
reasonably well - 25 g o
With (Sparse!) 10° . S I I A A B A |': 0 — | ' — X
b i 100 150 20 -50 0 50
opservations.... Temperature (K) LATITUDE

FIG. 9. Latitudinal zonal wind profile deduced by Hubbard et al.
(1993) from the 28-Sgr occultation which corresponds to a pressure level
near 0.25 mbar (squares). The other three curves show the zonally aver-
aged zonal wind as produced by the GCM for the same season (Lg =
128) and for three pressure ranges.



How do we know Titan’s atmosphere

SU per- rOtateS? TitanWRF IPSL
, [N tal. 2011] [Leb is et al. 2012]
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How do we know Titan’s atmosphere

super-rotates?

 Comprehensive GCMs

* Most successful for
super-rotation from 3
main groups?

* |PSL [France]

* TitanWRF [US/UK]

« TAM [US]

* [Though see also
TitanCAM [US] and Koln
group [Germany]]

e Reasonable consistency
between models...?
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Mechanisms for Titan’s atmospheric
S u pe r- rOtatiO n Lebonnois et al. [2012]

9.0 Toml

——— MMC
--===- Transhants

* GRW-type scenario

e Poleward AM transport by mean
meridional circulation

Balanced by

e Equatorward AM transport by
(transient) eddies

e Common to all main models in

6.0

Horizontal transport (u v)
o
o
1 1 l 1 1 I 1 L l 1 1 I L 1 I 1 1
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: -3.0
time-mean

e Seasonal variations? 6.0

 Mechanisms to generate
eddies? Y —

90S 60S 30S 0 30N 60N  9ON

Fig. 11. Annual average of the latitudinal transport of angular momentum by mean
meridional circulation (MMC, dashed line), transient waves (dotted line) and
stationary waves (dash-dotted line). Total is shown in solid line. Unit is 10° m?[s?,
positive values are northward.



Mechanisms for Titan's atmospheric

(b) 251.4-307.1 km

super-rotation

 Seasonal variations in u

* AND AM transport

Lebonnois et al. [2012]
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Mechanisms for Titan's atmospheric
Su per—rOtation Newman et al. [2011] dq/dy & dM /ot

* GRW-type scenario:
Mechanisms to generate
eddies?

* Barotropic instabilities at
midlatitudes?
e dq/0dy must change sign
e Highly variable in time?
* Intermittent bursts of

Latitude (deg N)

30 60 %0 120 150 180 210 240 270 300 330

insta bities Planetocentric solar longitude (deg Ls)
e Other (baroclinic?) e
instabilities at high latitudes LBy il [

in troposphere only
* [Lebonnois et al. 2012]?
* Transports AM poleward....?



Mechanisms for Titan’s atmospheric
S u pe r— rOtatiO n Bézard et al. [2018]

Titan day Titan year
Il I'l ] 1I T 50()
|‘.' radiativedampingtir?e llllllllllllllllll 4 450
0.01 F ot et - 1 400
* Tides? 1%
0.1 f 4 300
* Thermal 2 1250
* Radiative time constant too long for et 120 £
significant diurnal tide? 2 1150 &
e | - CpPs | s g
Radiative timescale 7,44 = 3 ; £ 10F {100 2
o agTeff(Z—e)
[transmissivity €]
3 1 50
Or 100
Trqq = T/radiative cooling rate 000 “
* Weak westward diurnal waves found in Y N R

some models [Newman et al. 2011]

* Models don’t seem to need it to reproduce , N o .
su p er-rotation.... Fig. 6. Vertical profiles of radiative relaxation time in Titan’s atmosphere. The solid

line corresponds to damping out a Gaussian temperature perturbation having a full
width at half maximum of one pressure scale height. The dotted line shows the
radiative time constant calculated by Achterberg et al. (2011) at 5°S using the di-
rect cooling-to-space approximation for the radiative cooling. The dashed line rep-
resents the temperature divided by the cooling rate, following the approach of
Strobel et al. (2009).

Radiative relaxation time (s)



J——90E

p.
OE

¢
N

day 12
180l
270E E
Vg

Mechanisms for Titan's atmospheric
super-rotation

o
1]
w w
g °
A
-~ > %
& B
)
4
3
38
-
g
&
@D
O =agea
@
o
t(@
A
3 ¥ o
a =
¥, &
EA°
R R
=" 2
& o~
y
w
3
-

* Tides?

e Gravitational?

Excites m=2 wave
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Titan: Mechanisms for super-rotation?

* GRW scenario seems to work effectively in most models

* Driven mainly by barotropic instabilities at mid-latitudes
* |Intermittent rather than continuous?
e Other instabilities?

* Thermal tides may be present [Newman et al. 2011] though don’t
contribute much

e Gravitational tides....”?



Key features of Venus

Parameter
J Radius (km)
¥ Rotation period (Earth days)
H Surface gravity (m s-2)
Y Surface pressure (bar)

* Atmospheric composition

Y Insolation (W m-2)
Yo Obliquity (deg)
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* Length of year (Earth years)

Venus Earth
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Key features of Venus

* Complicated radiative budget and T
profile

* Deep, greenhouse-like troposphere
* Heated via surface

* Nearly isothermal stratosphere [z >

80 km] bl
 Complicated chemistry and o
thermodynamics 10-2

* Condensible constituents (H,SO,)
with ubiquitous clouds

 Featureless in the visible but with
clear markings in UV

 Unknown UV absorber....?
* Deep atmosphere may be super-

10-1

Venus in UV [Credit: JAXA]

100

Pressure (mb)

101

102
[Taylor & Grinspoon 2009]

critical for CO,.... 102 |-

* No seasonal variability 10}
* But other variability often seen sl L L
0 200 400 600 800

Temperature (K)



How do we know Venus's atmosphere

super-rotates?

* Observations
* Tracking cloud features in the UV

* Prograde winds up to 100 m s* or more
at cloud tops, even on the equator
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How do we know Venus's atmosphere

super-rotates?
* Observations 1 ({\é;'ﬁr‘:‘d tops
* Tracking cloud features in the UV and 401
IR

* Prograde winds up to 100 m s* or more
at cloud tops, even on the equator

Latitude (deg)

-20 +
40+ .7
_60__

-80 +

-120 -100 -80 -60 -40 -20 0



How do we know Venus's atmosphere

super-rotates?

e Observations

UV cloud tops 1
(~65 km)

* Tracking cloud features in the UV and IR 40+
* Prograde winds up to 100 m s or more at
cloud tops, even on the equator 20 +

* Very large local super-rotation s

Latitude (deg)

-20 +
-40 +
-60 +

80+

0 10 20 30 40 50

Local super-rotation s



How do we know Venus's atmosphere
super-rotates?

Meridional winds (m/s)

* Prograde winds upto 100 mstormoreat =
cloud tops, even on the equator P

6 7 & 9 10 11 12 13 14 15 16 17 18

i - " ! 90
7 8 9 10 11 12 13 14 15 16 17 18

* Observations it -
* Tracking cloud features in the UV and IR § sl I =

* Very large local super-rotation s LocalTime (v) Local Time (v)
* Zonal AND meridional velocities T
10 \545 ‘S"___Ic‘_/
0= e e
g g — -
g -} ST =5 .
3 g ol i =1 _
_
-60 ""Nz\——"';ﬂ‘:.
70._—-—:5 -3-45 \-
P Ca——
7 8 9 10 11 12 13 14 15 16 17 7 8 9 10 11 12 13 14 15 16 17
Local time, hrs Local time, hrs

Fig. 7 The long-term averaged horizontal wind velocity as a function of latitude and local time from the
tracking of cloud motions with Venus Express. Upper panel: VIRTIS measurements 2006-12 (Hueso et al.
2015). Lower panel: VMC measurements (Khatuntsev et al. 2013)



How do we know Venus's atmosphere
super-rotates? .

e Observations

* Tracking cloud features in the UV and
IR

* Prograde winds up to 100 m s* or more
at cloud tops, even on the equator

* Very large local super-rotation s
Entry probes

* Doppler tracking as probes descend

* Venera (USSR) and Pioneer Venus (USA)
sampled different latitudes

Balloons
| T T T T T T T T
Dopp er SpeCtrOSCOpy 0 =20 -40 -60 -80 -100 -120
. . . Westward Zonal Wind Velocity (m/s
O, (airglow) and NO emissions = s

Height (km)




How do we know Venus's atmosphere
SU p er- rOtateS? [Schofield & Taylor 1980]

e Observations '}T e - / ———
. ;rlgacklng cloud features in the UV and sﬁ“) U o ”i_,/"” ) L ..
* Prograde winds up to 100 m s or more F%"s K/\ il 1
at cloud tops, even on the equator ; Yo b e | - """ib " Jos
* Very large local super-rotation s E O / ‘__/m; -
* Entry probes ;3:—;\“\1/- -%& 85;‘5
* Doppler tracking as probes descend = //‘Qd% ..:_—__-%”/?— ?
* Venera (USSR) and Pioneer Venus (USA) 5}_%%“ |
sampled different latitudes ;’\\nz% —— g
i/’\_/‘ —_— 235 !
* Balloons W ——— s\ 10
1“W“ o Tt \@ 65
* Doppler spectroscopy e — mkw
* O, (airglow) and NO emissions = : —dic = {ss
0 1 1 L s A ' A A . — A
PY 1 0 90 80 270 360 -10 0 20 30 40 =0 0 80 90
IR remote sounding el



How do we know Venus's atmosphere
super-rotates?

B 'Ot;\ % B 107\ “0—‘; E

* Observations ¢ D) (QB\” - ((\\\\
* Tracking cloud features in the UV and g-wLw 1§ ! °°;—E?J)/\\\@\w

i IS T

* Prograde winds up to 100 m st or more = =ermwm e ai e L[]

LATITUDE (DEG)

at cloud tops, even on the equator
* Very large local super-rotation s

Entry probes

* Doppler tracking as probes descend

* Venera (USSR) and Pioneer Venus (USA)
sampled different latitudes

Altitude (km)

Pressure (hPa)
Approx. Altitude, [Km]

70 20 30 40 50 80 70 80

o B a I I O O n S ) Latitude (deg) Latitude, [deg.]
(©) ()

* Doppler spectroscopy | | o o
Fig. 9 Zonal velocity fields derived from integrating Eq. (4) upwards from a given velocity profile: (a) from
° 1 1 1 Pioneer Venus radio-occultation temperatures (Newman et al. 1984), (b) & (c) from the VIRTIS instrument
02 (a I rg I OW) a n d N O e m ISS I O n S on the Venus Express spacecraft (Grassi et al. 2010) by (b) Piccialli et al. (2012) and (c) Mendonca et al.
. (2012); (d) zonal velocity field retrieved by direct application of Eq. (3) using z(p) data from VeRA on
® I R rem Ote soun d N g Venus Express (Piccialli et al. 2012). Regions where no solution for u is possible are shown shaded in (a).

The region in (c¢) is indicated by red lines in (b) and (d) for comparison



How do we know Venus's atmosphere
super-rotates?

* Observations
 Spatial coverage for (u,v) is reasonably good within/above main cloud decks

* Poor at deeper levels

* No vertical velocities....
* Local time coverage?

* Also need to rely on models and simulations

* Explore hypotheses for dynamical mechanisms
* Predict circulation in places inaccessible to observations

* Simple GCMS
* Comprehensive GCMs



Simple GCMs for Venus's atmosphere

2-2 YAMAMOTO AND TAKAHASHI: VENUSIAN SUPERROTATION

* Full PEs but with simplified

. . sy 65.0 km
parameterlsatlons
* Linear relaxation to T, = -
* Surface drag < w g
=5
* Dry convection T - -
* No diurnal cycle? W
A B
* Success reproducing realistic :
-rotation has been highl : R T
su p.er ro gnly 096‘ . slo‘ '3'0+‘=6=ﬁ _3 =3 ‘_é 5 ‘_‘9 o PHASE VELOCITY (ms™)
Va rl a ble LATITUDE(de g ) Figure 2._Phase-velocity—latit1xie cross section of spec-
. trum of «/V' at 65 km altitude. The white curve indicates
b BaSEd on G RW scenario Figure 1. Latitude—height cross section of longitudinally mean zonal flow.

averaged zonal flow (m s~

* Depends on model accuracy and
conservation properties



[Lebonnois et al. 2018]

Comprehensive GCMs for Venus's
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Fig. 6. Zonal and temporal averaged profiles of the zonal wind: (a) vertical profiles
at three different latitudes, compared to observed profiles from Venera and Pioneer
Venus probes (gray, adapted from Schubert, 1983); (b) latitudinal profiles at roughly
50, 60 and 70 km altitude, compared to averaged cloud-tracking zonal wind profiles
obtained with VIRTIS-M images at UV (blue diamonds), visible (green triangles) and
near-IR (magenta circles) wavelengths. They correspond to altitudes 66-72 km for
L 1 1 1 1 UV spectral range, and a few kilometers below that level for visible/near-IR wave-
4 6 8 9 10 lengths (adapted from Hueso et al., 2015). The dashed lines are from the simulation

3 313 started from rest, after 300 Vd. (For interpretation of the references to color in this
Static Stablhty (K/km) figure legend, the reader is referred to the web version of this article.)
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* Boundary layer turbulence 10°
* Surface topography 107
* Clouds and chemistry?
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Venus super-rotation: key questions

* Mechanisms to accelerate and maintain super-rotation?
e Structure and role of meridional overturning circulations?
 Which wave modes dominate eddy AM transport?

* Origin of principal wave modes?
* Instabilities? [Which?]
e Tides?
* Topography?
* Impact of waves on observable features?
* Clouds, temperatures etc....

* How to verify models?
 Which observations?
* Feasibility and role of data assimilation....?



Venus super-rotation: key questions

 Which kinds of waves?

 Thermal tides
e Semi-diurnal
* Diurnal

e Equatorial planetary waves

* Rossby

* Periods ~¥6-20 d, mainly at high-mid latitudes
* Kelvin

* Period ~7 d, centred on equator

* MRG....
e Period~16d

* |nertia-gravity waves
* High frequencies and short wavelengths

* Mixture depends to some extent on the model and large-scale atmospheric
structure, static stability etc.!

Contribute significantly to vertical AM transport



Venus super-rotation: key questions

Observed: [Del Genio & Rossow 1990]
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FIG. 1. Time series power spectra of UV brightness fluctuations as a function of latitude and wave period. The contours represent constant statistical significance at the 75% and
85% levels (dashed) and the 95%, 99%, and 99.9% levels (solid) with respect to a white noise spectrum for 2.6 degrees of freedom (Del Genio and Rossow 1982). Tickmarks at top
indicate resolved frequencies in cycles/NDAYS. NDAYS is ! less than the values given in Table ! because of the Fourier analysis procedure (Rossow et al. 1980). Upper left: spring
1979; upper right: fall 1979; lower left: spring 1980; lower right: spring 1982.



Venus super-rotation: key ouestlons

 Which kinds of waves?

e Equatorial planetary waves

* Rossby
* Periods ~5.1 d, mainly at high-mid latitudes
* Kelvin

* Period ~3.8 d, centred on equator

Observed: [Imai et al. 2019]
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Figure 7. Amplitude spectra of the (a) zonal and (b) meridional wind as a function of latitude obtained from the Lomb-
Scargle periodogram analysis. The colored regions enclosed by the thin solid white lines possess >99% significance. The
thick solid white line and dashed white lines indicate the corresponding period of the background dayside mean zonal
wind and the +10 m/s statistical variation, respectively. (c and d) The amplitude spectra of the zonal wind at 2.25°S and
meridional wind at 45.75°N, and the horizontal lines indicate the 99% significance level.



Impact of planetary waves on clouds: origin of
Y'-feature?

Credit: Lee et al. [2010]



Impact of planetary waves on clouds: origin of
Y’ -feature? e

T T

* Produced by vertical and horizontal
advection of cloud tracers by Kelvin
and Rossby(?) waves within the
cloud layers

* Generated in SGCM by Lee et al.
[2010]

e Confirmed in observations and
explicit transport model by Nara et a
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Venus super-rotation: key questions

* Origin of waves

 Thermal tides
e Semi-diurnal
e Diurnal
e Equatorial planetary waves
* Rossby
* Barotropic and baroclinic instabilities
e Kelvin
» ??Barotropic Rossby-Kelvin instability??
* MRG....
* ??Ditto??
* |nertia-gravity waves
* Local convection and KH instabilities?

* Mixture depends to some extent on the model and large-scale atmospheric
structure, static stability etc.!

* Mechanisms also vary significantly with location:
* Tropics vs midlatitudes or polar regions?
* Cloud decks vs upper levels or deep atmosphere?

Directly forced in and above main cloud decks [p < 1bar]



Venus super-rotation: key questions credi: isugimoto et . 20141
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* Mixture depends to some extent on the £ §

model and large-scale atmospheric structure,
static stability etc.!
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* Mechanisms also vary significantly with location: . [~ ° 0 e T . onghide tougs
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* Tropics vs midlatitudes or polar regions?

* Cloud decks vs upper levels or deep atmosphere? Fig. 24 Results from numerical simulations (by Sugimoto et al. 2014a, 2014b) of the nonlinear baroclinic
instability of a cyclostrophically balanced, vertically-sheared initial state in local solid-body rotation under
Venus conditions; (a) basic state potential vorticity gradient, (b) velocity vectors and eddy vorticity field at
54 km altitude, (c)—(e) longitude-height maps of (c¢) eddy meridional velocity, (d) temperature perturbation
and (e) vertical velocity. (b)—(e) are shown at day 360 from an initialized state



Venus super-rotation:

* Mechanisms to accelerate and
maintain super-rotation?

e Structure and role of meridional
overturning circulations?

e Complex, multi-cellular structure

* Transports AM upwards and
polewards [green]
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Venus super-rotation:

* Mechanisms to accelerate and
maintain super-rotation?

e Structure and role of meridional
overturning circulations?

Complex, multi-cellular structure

* Transports AM upwards and
polewards

* Enhanced/modified by diurnal
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Venus super-rotation: key questions

* Mechanisms to accelerate and

o
maintain super-rotation? ° :
e Structure and role of meridional 5 [
overturning circulations? :
e Complex, multi-cellular structure § N
* Transports AM upwards and ° oe I——
polewards 80°S 40°S 0° 40°N 80°N

* Enhanced/modified by diurnal L
cycle wm -
* Role of waves (with tides)? t -
* Equatorward transport of m? \g i
 Downward transport of m? With diurnal E i
cycle = I

0
[Lebonnois et al. 2010]  _g 06-0.04-0.020.00 0.02 0.04 0.06
50N to 50S
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Venus super-rotation: Summary

* \Venus super-rotation is the most dramatic exemplar of atmospheric
wave-zonal flow interactions

* Complex circulation involving multi-cellular meridional overturning
and a rich spectrum of waves

* Numerical models/GCMs are able to simulate many aspects of this
circulation, but not all!

* Deep atmosphere and surface interactions?

* Seems to follow a GRW-style mechanism near cloud decks,
dominated by thermal tides with smaller contributions from other
waves

* Consensus between models and observations?
 Variability in time....?



Super-rotation on tidally-locked exoplanets

Knutson et al. (2007)

* Orbital period ~ few days 3 o
* Rotation likely to be locked P Pl :
in 1:1 resonance with orbit, gt 1] f f :
due to gravitational tides § oooef- { by

€ 0,0004 L - s : ]

* Phase curves from
secondary transits indicate
eastward displacement of
sub-stellar hot spot

e Advected by strong (>1000
m s) eastward (super-
rotating) flow...”? e P

 Mechanisms...?
* Wave-zonal flow response to
a stationary day-night
heating pattern

Longitude from substellar point (degrees)

Ingress

Combined

'Aa Heng K, Showman AP. 2015.
Annu. Rev. Earth Planet. Sci. 43:509-40



Super-rotation on tidally-locked exoplanets

* Mechanisms...?

* Wave-zonal flow response to a
stationary day-night heating pattern (a)

* Applies for motion on scales L~Ly

[equatorial deformation radius] - -

NHa\"/?
Les~ (30
RE~\ 5 ,,
* Where Lg, << a we can apply () . | e

equatorial B-plane

* Used by Matsuno [1966] and Gill
[1980] to obtain analytical solutions
for linear response

. Wlth wea k da m ping, ta keS the form Figure 1. The fleur-de-lis on the B-plane: rendition of figure 9 in Matsuno (1966). (a) The mass source/sink —

L : forcing. (b) The steady-state geopotential (colour shading) and winds (arrows) — response. The meridional
Of a supe rp05|t|0 ] Of Ke |V| N an d domain extends from —18° to 18°. The equatorial Rossby deformation radius is 5.7° (637 km). Contours range
from —1 (deep blue) to 1 (strong red) every 0.25.
Rossby modes (ceep blue) to 1 (strong rec) every

O. Shamir, C.I. Garfinkel, E.P. Gerber and N. Paldor [2023]

CANAT A w
—;\\\ //’<

* “Fleur-de-lis” pattern!



Super-rotation on tidally-locked exoplanets

Heng & Showman [2015]

T (K)

* Mechanisms...? .

* Similar ”fleur-de-lis’ patterns i
appear in tidally locked
exoplanet GCM simulations

e But accompanied by strong,
prograde equatorial jets
o Width ~ Ly,
* Matsuno-Gill pattern also occurs
in slowly rotating tidally-locked
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circulations on planetary scale Longitude ) Longitude ()

* But no longer a simple Rossby-
Kelvin wave pattern

* How to predict the strength of u?
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Terrestrial

Super-rotation on tidally-locked sp—

.........

exoplanets
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* Interpret GCM simulated

circulation via Helmholtz
decomposition of velocity field |
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* U= Ugjy + Uyt LS T p——T)
Following Hammond & Lewis [2021]

* Example for tidally-locked
terrestrial planet
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Super-rotation on tida

exoplanets

* Interpret GCM simulated
circulation via Helmholtz

ly-locked

90 === B R e
R R R R LR I I e any 1
RN 1
..... S R R AN 50 ms
........... R R AN -
............ R Y T T L L
a5 SYLEEEERREEEE servverr oo oo
.. T TR R R TS PTTITIRISTINIS S5
beossn - vedqdibbaa, ER I R
— A s ——
W AEEE B ——
'g cers
£ 0 -
- aas
] -
- aaaa e
................. TR A A
................ R R R 1444 ddddadvvvvre

TrEYRNA RN Y Y
AL R ER AR

cadd A b
PR R R RN
cadd bbby

Latitude

Divergent
90 rrpammmren S n N SNNNNN ANV P P P r e ] oy
..... D R I L I
SSSOPOEeRRANNT B R B I hsttns 1 10ms
vrsssssseesen sV A S S T —
o rsssessmens s NN I I .
- vasssameenwwww NN IS .. i
45 POURt XEN,
‘it
‘e
s
or - —— 4
C e A aa——————

TS ————— 4y

TR GG st

AR AR R A R S S st

it I B AR B B

decomposition of velocity field

wxrd AAAN NN

. — - + —_anplb====-- P N e A P LA R AR R R R R Y
u = udlv uT'O t 29580 —90 0 90 180 30 180
Longitude Longitude

Fig. 2. Helmholtz decomposition of horizontal velocity u for the terrestrial simulation at 0.4 bar. (Left) Rotational component of u, u.. Fig. 3 shows that
this component is composed of the zonal-mean eastward equatorial jet and a stationary wave with zonal wavenumber 1. (Right) Divergent component of
u, uy. At the pressure level shown here, the divergent component is dominated by an isotropic flow away from the substellar point (0°, 0°), which we will

show to be associated with a single overturning cell.

Following Hammond & Lewis [2021]

* Example for tidally-locked
terrestrial planet
* Divergent component dominated by«
Kelvin-like wave

* Rotational component dominated b
zonal jet + Rossby-like wave
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Fig. 3. The two physical components of the rotational circulation in Fig. 2. (Left) Zonal-mean part of u,, T,, which is the eastward equatorial jet. (Right)
Eddy (total minus zonal mean) part of u,, u], which is dominated by a wave with zonal wavenumber 1.



Super-rotation on tidally-locked

exoplanets

* Interpret GCM simulated circulation
via Helmholtz decomposition of
velocity field

* U= Ugjy T+ Upot
Following Hommond & Lewis [2021]

* Example for tidally-locked terrestrial
planet

* Divergent component dominated by
Kelvin-like wave

* Rotational component dominated by
zonal jet + Rossby-like wave

* Divergent component roughly
axisymmetric about sub-stellar/anti-
stellar axis

Overturning
(Divergent)

Zonal Jet
(Rotational)

Waves
(Rotational)

Fig. 10. A schematic showing the three main circulation components iden-
tified in this study. Divergent, overturning circulation (blue) rises at the
substellar point and extends roughly isotropically across the terminator,
before descending on the night side at a location that depends on the
strength of the circulation. The rotational circulation is divided into the
zonal-mean jet (red) and the eddy stationary waves (green). The divergent
circulation has approximate symmetry around the axis connecting the sub-
stellar and antistellar points, which motivates the use of the tidally locked
coordinate system to analyze it.



Super-rotation on tidally-locked exoplanets

* How to predict the strength of zonal jet u?
e Estimate following Hammond et al. [2020]
* Approximate zonal mean momentum Eq on the equator by

ou au d @) — 1 ( )
ot ap dp wo acos?@ g u'v'cos®p
MV SV SH

: : _ ou
* Solve linear equations for waves + 4 on a B—plane and set E=O SO

1
i~ jg(sv+ SH)dp



Super-rotation on tidally-locked || =

exoplanets

* How to predict the strength of u?
* Estimate following Hammond et al. [2020]
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* Leading to
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* Scaling ~consistent with GCMs....?
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Summary/Conclusions

* Venus & Titan both seem to super-rotate via a form of GRW
mechanism at cloud level

* Barotropic instabilities generate dominant waves on Titan
* Mixture of thermal tides and barotropic/baroclinic instabilities on Venus?

 Common occurrence of Rossby and Kelvin waves associated with
variability

* Rossby & Kelvin waves play important roles in accelerating zonal jets
in tidally-locked planets

* Matsuno-Gill phase-locked pattern

* Scaling of zonal wind magnitude....?



Open Issues

* Super-rotating bifurcations and Earth climate change....?
* Super- or sub-critical?

* Mechanism for gas/ice giant equatorial jets?
e Deep or shallow?

 Verification of what drives Titan’s super-rotation?
* Which waves are active?
* Observations....?

* Venus super-rotation
* Time variations?
* Deep atmosphere processes?

* How valid/useful are scaling theories for super-rotation?



