
Atmospheric dynamics II
Atmospheric circula0on



Planetary-scale atmospheric circulation



Radia%ve energy budget and meridional circula%on

Holton (2004)

小倉(1978)

Hadley cell

Ferrel cellFerrel cell



Hadley circulation: a kind of horizontal convection

Holton (1992)



Baroclinic wave disturbances

Holton 2012

Frontal dust storms on Mars  
(Wang et al. 2005)



Quasi-geostrophic vor:city equa:on

: geostrophic vorticity

: geostrophic wind

: ver.cal velocity in pressure coordinate

! : geopotential 

f : Coriolis parameter (planetary vorticity)

∇ : horizontal differentiation



Equa:on of thermodynamics

: geopotential

: (static stability)

: (temperature)

: (temperature)



Omega equation
Combining the vorticity equation and the thermodynamics equation to 
eliminate the time derivative term, we get the “omega equation”:

Then the term (A) becomes

(A)

Let us consider a sinusoidal perturbation

Since the sign of the vertical velocity w is opposite to that of w (𝑤𝑤 ≈ −𝜔𝜔),  
(A) is proportional to the  vertical velocity.  (Upward motion is forced where 
the right-hand side is positive and downward motion is forced where it is 
negative.)



Ver%cal mo%on forced by the advec%on of vor%city

Omega equation

(B)

The term (B) is rewritten as

≈ 𝑤𝑤

w < 0 w > 0For a short- wave system where relative 
vorticity advection is larger than the 
planetary vorticity advection, the pattern of 
vertical motion forced by the advection of 
vorticity by the thermal wind has 

w < 0   : west of trough
w > 0   : east of trough Holton 2004

relative vorticity 
advection



Eady stability problem for baroclinic disturbances
The structures of unstable modes in a simplified atmosphere with a 
north-south temperature gradient
• f -plane (β = 0).
• ∂U/∂z = constant.
• Rigid lids at z = 0 and H

cold warm

Holton (2004)

West East



（伊藤 1976）

3D structure of baroclinic wave disturbance
(à Ferrel cell)

rising warm air to the east of trough & subsidence of cold air to the west of trough
à conversion from eddy potential energy to eddy kinetic energy 

cold advection below trough à development of trough
warm advection below ridge à development of ridge

Hadley cell

Ferrel cellFerrel cell



Surface meteorological measurements on Mars by Viking-2

(Barnes, 1980) 

(Wang et al. 2005)



Meridional heat transport

Holton 2004

𝑣𝑣&𝑇𝑇𝑇

stream 
function

Hadley cell

Ferrel cellFerrel cell



Meridional circulation in a Martian GCM (general 
circulation model)

(Pollack et al 1990)



Baroclinic instability in Venusian atmosphere?

Sugimoto et al. (2014)

The superrotation of the atmosphere 
takes the place of planetary rotation, 
thereby sustaining baroclinic instability

𝑢𝑢!𝑣𝑣𝑣 𝑣𝑣!𝑇𝑇𝑇

2.26 µm image of Venusian nightside 
taken by Akatsuki IR2 



wave momentum transport 

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)
(Salby, 1996)



Vallis (2006)



Latitudinal structures

RotaKon      243 days                               1 day                                           10 hours
period



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



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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Fast rotation

Slow rota0on

Meridional stream 
function

white : anti-clockwise

shade : clockwise
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Fast rotation

Slow rota0on

Temperature
white : > 220K

shade : < 220 K



Superrotation

taken by Akatsuki UV Imager



Observed superrotating atmospheres

Imamura et al. (2020, Space Sci. Rev.)



Superrotation of Venus’ atmosphere

60 Kmes faster rotaKon of the atmosphere (period=4 Earth days) than the solid 
planet (period=243 Earth days)

Zonal winds measured by entry probes



Latitudinal profiles of the zonal wind 
speed at different levels (20−60 km) 
measured by entry probes

Cloud-tracked winds from various 
missions

20km

30km

40km

50km
55km

60km

Sánchez-Lavega et al. (2017)

Superrota?on of Venus’ atmosphere



The atmosphere circulates 10 times faster than 
the rotation of the solid planet.

Superrotation of Titan’ atmosphere
Hörst et al. 2017



Achterberg et al. 2008

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

temperature

Zonal winds calculated 
from the temperature 
using thermal wind 
rela.on



Dias Pinto & Mitchell (2014)



Hide (1969) showed that 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 

(Ｖａｌｌｉｓ, 2005)



The combination of the two processes leads to an accumulation of 
angular momentum in the equatorial upper atmosphere.

Hypothesis: Accelera%on by meridional circula%on and 
horizontal eddies（Gierasch, 1974; Rossow & Williams, 1979）

Horizontal eddies
transport angular 
momentum equatorward 
to smooth out the 
differen.al rota.on of the 
atmosphere.

Hadley circulation
transports angular 
momentum poleward, 
thereby creating high-
latitude jets.



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

• planetary rotation same as Venus

• momentum forcing at high latitudes

à baroclinic instability, followed by 
generation of large-scale waves and 
equatorward momentum transport

2.8 days

11.5 days

17.2 days

stream funcKon
mean zonal 
velocity



Difference in wave characteris%cs between Earth and Venus

Rotation period          1 day                                       243 days

Earth                                 Venus 

Small waves                            Large waves

Poleward AM transport ?



Rossby radius of deforma1on 

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 : gravita.onal accelera.on
H : depth of the system
f = 2W cos q : Coriolis parameter

©UCAR



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

Coupled mode seen in a Titan-like 
GCM (Wang & Mitchell 2014)

Coupled mode seen in a Venus GCM 
(Takagi et al. 2022)

Planetary-scale shear instability can transport angular 
momentum equatorward

Kelvin wave

Rossby wave

Rossby wave



Zonal velocity Meridional circulation
Temperature

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

Earth’ condition

Rot. rate x 1/20 

Rot. rate x 1/20
Relaxation time x 20

Hadley cell spreads, but superrota.on
does not develop because of the 
rela.vely short radia.ve/viscos .me 
scale.

Ro = 0.04

Ro = 0.8

Ro = 1.2

Superrotation develops when the 
radiative/viscos time scales are made 
longer.



Radiative relaxation time

• The Kme scale over which the atmosphere is warmed by solar radiaKon or 
cooled by emi`ng infrared radiaKon.

• It is considered that the meridional circulaKon is determined by this Kme 
scale.

• The larger the heat capacity of the atmosphere, the longer the radiaKve 
relaxaKon Kme.

• Mars
Surface pressure =  0.006 bar à RelaxaKon Kme ~ 3 Earth days

• Earth
Surface pressure = 1 bar à RelaxaKon Kme ~ 100 Earth days

• Venus
Surface pressure = 92 bar à RelaxaKon Kme ~ 50 Earth years



Slow 
vertical 

circulation 
?

Condi&ons for superrota&on
ü Slow planetary rota0on

• On slow-rota.ng planets, atmospheric waves 
caused by planetary-scale dynamical instabili.es 
unknown in Earth's meteorology lead to an 
accelera.on of the atmosphere.                      
(When the planet rotates rapidly, atmospheric 
waves accelerate the atmosphere at high 
la.tudes like the Earth)

ü Long radia0ve relaxa0on 0me
• A dense atmosphere has a large heat capacity 

and a longer relaxa.on .me. The ver.cal 
circula.on slows down, making it difficult to 
smooth out the velocity change with al.tude and 
making it easier to maintain the superrota.on. 



Opposite extreme = Mars

Short-timescale effect of the lower atmosphere to the upper 
atmosphere

Heavens et al. (2018)

Hydrogen escape 
observed by MAVEN 
Solar Wind Ion Analyzer

Vertical distribution of 
water vapor observed by 
Mars Reconnaissance 
Orbiter MCS

Dust storms

Frontal dust storms (Wang et al. 2005)

©ESA



Chaffin et al., 2021

Venus                               Mars

Fast 
circulation

Slow 
circulation

Taylor (2018)



cloud layer

Thermal tide

Thermal tide

Eastward movement of the solar hea.ng region in the cloud generates thermal 
.des (planetary-scale gravity wave)  à The .des having eastward momentum 
propagate upward and downward à Ver.cal redistribu.on of momentum leads 
to a westward accelera.on of the cloud-level atmosphere

acceleration

acceleration

acceleration

Rotation

Another mechanism: Acceleration by thermal tides 
(Fels & Lindzen 1974)

Heating

EAST WEST



Vertical structure of thermal tides in Venus’s atmosphere

Linear solution (Takagi & Matsuda, 2006） 
Dirunal Semi-diurnal

Temperature perturbation 
(Schofield & Taylor 1983)



Wind field of thermal 0des on Venus (Fukuya et al. 2021)

• Equatorward circula<on was discovered on the nightside
• Dayside poleward flow and the nightside equatorward 

flow cancel each other

Clouds seen in thermal IR
Dayside

Nightside



Numerical models

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

Zonal winds



Numerical model of Titan 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 funcMon



Equatorial superrotation on Mars induced by thermal tides

Wavenumber 1+2 components observed by 
MCS onboard MRO

Kleinbohl et al. 2013

Mars GCM

Rajendran et al. 2018

Zonal-mean zonal wind in a 
Mars GCM (dusty period)

T
i
d
e
s

Momentum 
transport



Hot dayside
Cold nightside

Slow rota0on Fast circula0on

Moderate climate?

Central 
star

Central 
star

Implications for exoplanets

• Tidally-locked planets are mostly slow rotators like Venus.
• Super-rotaKon can redistributes thermal energy along the local Kme on 

such planets.



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

Subsolar

An.solar



A map of the day-night contrast of the extrasolar planet HD 
189733b (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



Linear, analyKc soluKon for parameters relevant to hot, Kdally locked exoplanets 
(Showman & Polvani 2011)

radiative-equilibrium height field 

Height field (orange scale) and 
horizontal wind veloci.es (arrows) 

Accelera.on



Matsuno-Gill pattern (Matsuno 1966; Gill 1980)

• Heat-induced tropical circulation composed of Rossby wave and Kelvin wave
• Plays crucial roles in Earth’s troposphere



Driving forces of the zonally-averaged structure

zonal acceleration 
by waves

diabaKc heaKng
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Residual mean meridional circulation 
= Net Lagrangian transport Eliassen-Palm flux (EP flux)
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+ 𝑣̅𝑣∗

𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑦𝑦

+ 3𝑤𝑤∗ 𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑧𝑧

= -𝑄𝑄

Transformed Eulerian-mean equations:

Momentum eq.

Thermal energy eq.



木田秀次（1983）



Wave-driven meridional circulation
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wave-induced drag

pressure gradient force

Coriolis force

wind velocity

pressure gradient force

Coriolis force

wind velocity

pressure contour



𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑡𝑡
+ 𝑣̅𝑣∗

𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑦𝑦

+ 3𝑤𝑤∗ 𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑧𝑧

= -𝑄𝑄

Diaba:c circula:on

diabaKc 
heaKng/cooling
⾮断熱加熱

3𝑤𝑤∗ 𝜕𝜕𝜃̅𝜃
𝜕𝜕𝑧𝑧

= -𝑄𝑄

potential temperature 
surfaces

Earth’s stratospheric meridional 
circulation  (Holton 2012)

Q > 0 Q < 0

adiabatic cooling 
≈ diabatic heating

adiaba.c hea.ng 
≈ diaba.c cooling

adiabaKc 
heaKng/cooling
断熱加熱



Earth’s mean meridional circulation in the troposphere
Holton 2004

Eulerian-mean

Lagrangian-mean

𝑣̅𝑣∗, '𝑤𝑤∗

𝑣̅𝑣, '𝑤𝑤

Q > 0Q < 0 Q < 0



Meridional circulation of Mars atmosphere
(Santee & Crisp 1995)

Mean temperature Net radiaKve heaKng rate, Q



Meridional circulation of Mars atmosphere
(Santee & Crisp 1995)

Meridional velocity Vertical velocity𝑣̅𝑣∗ '𝑤𝑤∗



Meridional circulation of Mars atmosphere
(Santee & Crisp 1995)

Stream function E-P flux divergence (zonal acceleraKon)



Meridional circula%on of 
Venus atmosphere

Lee et al. (2015)

temperature field



Hot polar dipole & cold collar at Venus’s cloud top

Pioneer Venus thermal infrared mapping of the North polar region 
(Taylor et al. 1980)



Ando et al. (2016)

With tide Without 0de


