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Observed superrotating atmospheres



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. 

Hide’s theorem (1969) 

Ｖａｌｌｉｓ (2005)

⾓運動量の極⼤



Superrotation on Venus and Titan



地球における気温・東⻄⾵の⼦午⾯分布

気圧傾度⼒コリオリ⼒



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

Atmospheric rotation takes the place of planetary rotation.
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Meridional force balance of zonal flow

geostrophic flow
(planetary rotation >> wind) 

cyclostrophic flow
(planetary rotation << wind) 

Earth-like Venus-like 

pressure gradient

Coriolis force

pressure gradient

centrifugal force



Superrotation of Venus’ atmosphere

雲頂（65km）では⼤気が⾃転（周期243⽇）の60倍の速さで循環

金星着陸機が測った風速の高度分布



大気上層に角運動量が蓄積

⼦午⾯循環によるメカニズム
Gierasch-Rossow-Williams mechanism
(Gierasch, 1974; Rossow & Williams, 1979)

大規模水平擾乱

差動回転を解消

角運動量を赤道向きに輸
送

ハドレー循環

低緯度で角運動量を上向き
輸送、高緯度で下向き輸送

高緯度ジェット生成



2D simulation in a slowly-
rotating system
（ Rossow & Williams 1979)

金星と同じ自転速度

高緯度でジェット型の強制

→順圧不安定（水平シアーによる不安

定）で擾乱生成、赤道向き角運動量
輸送

観測的証拠はなし

2.8 days

11.5 days

17.2 days

stream function
mean zonal 
velocity



Numerical models

Garate-Lopez and Lebonnois (2018) Sugimoto et al. (2014)

Zonal winds



Numerical models

Transport of angular momentum

Meridional transport, 
positive is northward

Vertical transport, 
positive is downward

Lebonnois et al. (2016)



cloud layer

Thermal tide

Thermal tide

太陽光加熱域の移動により、東向き運動量を持つ重力波が励起されて

上下（+高緯度方向？）に伝搬 → 雲層が反動で西向きに加速

acceleration

acceleration

acceleration

自転方向

Heating

熱潮汐波によるメカニズム
(Fels & Lindzen 1974; Takagi & Matsuda, 2006, 2008, ..)



Pioneer Venus赤外分光による成層圏
温度のローカルタイム-高度断面
(Schofield & Taylor 1983)

あかつきUVの雲追跡風から求めた角運動量の南北輸送
(Horinouchi et al. 2020)

あかつき熱赤外の雲追跡風から求めたローカル
タイム固定風速場 (Fukuya, 投稿準備中)



上空では大気が自転（周期16日）の10倍の速さで
自転方向に循環

Superrotation of Titan’ atmosphere
Hörst et al. 2017



Achterberg et al. 2008

Infrared observation by 
CIRS on NASA Cassini
(northern winter) Zonal-mean 

temperature

Zonal winds calculated 
from the temperature 
using thermal wind 
relation



Numerical models Lebonnois et al. (2012) 

Seasonal variations of the vertically-integrated latitudinal transport of angular momentum 
mean meridional circulation                    transient waves 

Mean zonal wind and meridional stream function



⾦星-タイタン⽐較

• タイタンのように季節変化が顕著でも年平均では⾦星と似たよ
うな⼦午⾯循環と⾓運動量バランスになる
•熱潮汐は⾦星では効果的だがタイタンでは重要でない
•⾦星とタイタンの共通点として、⽇射の⼤半が⼤気中で吸収さ
れて地⾯にはほとんど届かないこと、熱慣性が⼤きく放射時定
数が⻑いこと、が挙げられる （⾦星では30年、タイタンでは
100年）



Circulation regimes



Parameter study of the 
atmospheric circulation 
of Earth-like planets with 
general circulation 
models (GCMs)

Williams (1988)

Zonal velocity
white : eastward

shade : westward

Latitude
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Latitude
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Fast rotation

Slow rotation

Meridional stream 
function

white : anti-clockwise

shade : clockwise

Williams (1988)



Zonal velocity Meridional circulation
Temperature

Parameter dependence in an Earth-like GCM 
(Dias Pinto & Mitchell 2014)

Earth’ condition

Rot. rate x 1/20 

Rot. rate x 1/20
Relaxation time x 20

Hadley循環が広がるが、放射・摩擦
緩和時間の⾃転周期に対する⽐が結
果として1/20倍になるためにスー
パーローテーションにならない

Ro = 0.04

Ro = 0.8

Ro = 1.2

放射・摩擦緩和時間を⻑くすると
スーパーローテーション



Wave structures（EOF 1, 2）
Rot. rate x 1/20 ,  Relaxation time x 20

Upper levels

Lower levels

1st

2nd



Rossby-Kelvin instability 
(Sakai 1989; Iga and Matsuda 2005; Wang & Mitchell 2014)

Titan-like simulation 

Linear analysis 

Wang & Mitchell (2014)



wave momentum transport sustaining Earth’s jets 

baroclinic instability 

à generation of Rossby waves 

àRossby waves take away retrograde (westward) angular momentum from 
the md-latitude 

à maintenance of (eastward) mid-latitude jets

(Ｖａｌｌｉｓ, 2005)



Rossby radius of deformation 

The characteristic scale at which the velocity 
field and the pressure field adjust with each 
other to maintain geostrophic flow

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

𝐿𝐿! =
𝑔𝑔𝑔𝑔
𝑓𝑓

g : gravitational acceleration
H : depth of the system
f = 2W cos q : Coriolis parameter

©UCAR



あかつきがとらえた⾦星⼤気の惑星規模振動

紫外雲追跡⾵のスペクトル解析
Imai et al. (2019)

雲頂温度のスペクトル解析
Kajiwara et al. (投稿準備中)

周期5⽇で伝播する
巨⼤不連続構造
Peralta et al. (2020)



あかつきで見つかった地形性重力波の不思議



Waves  or  Turbulence

C
loud

Hadley 
circulation

Thermal 
tides

Thermal 
tides

Acceleration

下層大気の風？

• どちらのメカニズムにしても⾚道域の⼤気最下層ではスーパーローテー
ションとは逆向きの流れを期待 （そのことによって固体部分から⼤気
へ⾓運動量を受け渡す）

• 地形性重⼒波が上空まで伝わるには全⾼度でスーパーローテーション⽅
向の流れでなくてはならない

Pole               Equator             Pole Pole               Equator             Pole



Superrotation on the gas giants



Jupiter Saturn
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(Sánchez-Lavega 2000) 

angular momentum conserving 
zonal velocity curve of a fluid 
parcel beginning at rest at the 
equator and moving poleward 

(Porco et al. 2003) 



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)

log k

Lo
g 

E(
k)

Enstrophy (z2) 
cascade

Energy cascade

Energy spectrum

large scale small scale

time = 10.87           time = 75.45

stream 
function 
Y

vorticity 
ζ

Lilly (1969)



Rhines scale
• Vorticity equation

• Rhines scale

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

k b
b =

F : geopotential
b : df/dy
U : typical velocity
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nonlinear term
= origin of 
turbulence

beta effect
= origin of 
Rossby wave

k2 U2 >   b U    :    turbulence
k2 U2 <   b U    :    Rossby wave



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

Vorticity field

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

Zonal velocity

Jupiter              Saturn             Uranus/Neptune

Scott & Polvani (2007) 



Taylor–Proudman theorem

• In a fluid that is steadily rotated, the fluid velocity will be uniform along any 
line parallel to the axis of rotation.
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Momentum equation in rotational frame

Assuming non-compressivity and d/dt=0, 
the curl is applied to give
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axis,
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Showman et al. 2011

Observation Model Zonal velocity

Heimpel et al. 2005

u'

v⊥'

Reynolds stresses
u' v⊥' >0 

Deep models



Quasi-geostrophic vorticity equation

Vorticity changes with time through
- advection of absolute vorticity (             ) by geostrophic wind ( ) 
- vertical divergence (horizontal divergence)
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Holton (2004)



Thermal Rossby wave 

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)



Jupiter Saturn
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(Porco et al. 2003)       (Sánchez-Lavega 2000) 

from Wikipedia



Schneider & Liu (2009)

赤道では深部からの熱フラックスにより対流が生じ、ここから
ロスビー波が高緯度に向けて放射される結果、運動量が収
束して赤道ジェットが作られる。

中・高緯度では太陽光加熱の緯度による違いに
よって傾圧不安定が生じ、ここから放射されるロ
スビー波に伴う運動量収束・発散によって西風
や東風のジェットが作られる。

zonal velocity



Doppler tracking of Juno spacecraft 

• 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. 

Less et al. (2018)



Less et al. (2018)



Kaspi et al. (2018)

The observed jet streams, as they 
appear at the cloud level, extend 
down to depths of thousands of 
kilometres beneath the cloud level, 
probably to the region of magnetic 
dissipation at a depth of about 3,000 
kilometres



木星-土星比較

• JunoとCassini の重力計測によれば土星のジェットは木星に比べて3倍の
深さまで及んでいる(3000 km on Jupiter and 9000 km on Saturn). これは
大気が導電性を持ちオーム抵抗が生じる深さに対応すると考えられる。

• 赤道スーパーローテーションの到達緯度は木星では 13° 、土星で 31° く
らい。これは導電性が生じる深さから自転軸方向に伸ばした直線が表面
と交わるあたりに相当する。

• スーパーローテーションメカニズムはまだ同定されていない



Exoplanets



中心星近傍をまわる惑星＝同期回転（潮汐固定）？



Polar view of the atmospheric circulation and temperature 
distribution at 20 km altitude on a synchronously rotating terrestrial 
planet  (Joshi et al., 1997)

Subsolar

Antisolar



Hot dayside
Cold nightside

Slow rotation Fast circulation

Moderate climate?

Central star

Central star

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.



Lammer et al. (2013) 



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

Observed phase variation for HD 189733b, with 
transit and secondary eclipse visible.

Brightness estimates for 12 longitudinal 
strips on the surface of the planet

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



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−1 on the leading limb of the planet and a blueshift of 
5.3 km s−1 on the trailing limb 

• These velocities can be understood as a combination of tidally locked 
planetary rotation and an eastward equatorial jet



Showman et al. (2020)

Numerical models of hot Jupiters



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

radiative-equilibrium height field 

Height field (orange scale) and 
horizontal wind velocities (arrows) 

Acceleration

black: meridional momentum convergence
blue:  vertical momentum convergence
red: net acceleration



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



Horinouchi et al. (2020)との関連？
• ⾦星では、雲追跡によって⾚道向き⾓運動量輸送がとらえられた

→スーパーローテーションに寄与
• 低緯度で⽇射により励起される熱潮汐波が⾼緯度まで拡がって減
衰することで⾚道向き⾓運動量輸送が起こると解釈

• 熱潮汐波の構造は内部位相速度で決まるが、これは⼤気のスー
パーローテーション速度にほぼ等しい

• ホットジュピターでは、⽇射で励起されるMatsuno-Gillパターンが
⾚道向き⾓運動量輸送をもたらすと予想

• ⽇射加熱パターンは惑星内部（地表）に対して固定しているが、
スーパーローテーションの存在下では内部位相速度はスーパー
ローテーション速度に等しい

両者の共通点、違いはどこに？



Hot Jupitersと太陽系の巨⼤
ガス惑星

• これまでのhot Jupiterのモデリングでは
外部放射強制での駆動のため⽐較的浅い
循環

• 内部熱源が無視できない場合にはどうな
るのか？

Showman et al. (2020)

Mayne et al. (2017)



まとめ：角運動量輸送機構による分類


