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Terres trial planet
’s rotation & Thin atmosphere

Zonal flow rotation > The planet’s

W\mm%\ surface rotation
S
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rb Height

Latitude

Motionless atmosphere

adhered to the surface by the frictional drag

Specific angular momentum
M =r coS¢ (€2r CoSp) = M,

where Q : Planetary rotation rate

r : Planetary radius, ¢ : latitude
m, : Specific angular momentum at the planet’s surface
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Super-vs Sub-rotation

Specific angular momentum
m= m,+ ur cos¢

where Q : Planetary rotation rate
r : Planetary radius, ¢ : latitude,
u : zonal-mean zonal flow

m > m, : super-rotation
m < m, : sub-rotation

Latitude |
& ‘:"“\’5"’““3\:\5.\}\\&\\:‘\?\}\:\\\\:\\3\\%; :sm

On the sub-rotating surface (u<0), the angular momentum
Is supplied by the frictional drag from the surface.
— The sub-rotating surface is needed to drive the SR
during the spin-up.

rb Height

6
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Hide’s theorem

Hadley Circulation / \

Angular
momentum

Angular ,’
momentum |
!
\

rb Height

Latitude

Ntratopis TN

(Hide 1969 JAS)

Hadley Circulation removes angular momentum in the tropics.
= Equatorial zonal flow is decelerated :
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Classical regime

Sub-rotation

Super-
rotation

Super-
rotation

HadleWCirculation

Q extratropics \\\

Sub-rotation in the tropic because of equatorial zonal-flow deceleration
Super-rotation in the extratropics because of poleward ang. mom. flux of Hadley cell

xtratropics

8

Some zonal-flow acceleration is required to produce “equatorial SR”
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Gierasch—-Rossow—-Williams mechanism =» SRing regime

Equatorial SR

HadleWCirculation

(Gierasch 1975 JAS; Rossow&Williams 1979 JAS)

FNERHTRIHHRRS

accelerates the equatorial SR 9
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<Venus—type > < Earth—type >
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<Venus—-type > <Earth—-type>
KERHORBINLBDET KEHHDOKE 7S M iR E T
RS, TDEICKDMBMN RIREH ., T DR EMNEH
RIEREEEIT 5, KIEIREEEENT 5,

Slow planet. rot — Fast planet. rot.

<Venus> <Titan/moon> <Mars> <Earth>
Rotation: 243d Rotation: 16d Rotation: 1d Rotation: 1d
Radius: 6,052 km Radius: 2,575 km Radius: 3,397 km Radius: 6,378 km
Sur Press: 90 atm Sur Press: 1.45 atm Sur Press: 0.006 atm Sur Press: 1 atm
Sur Temp : 735 K Sur Temp : 94 K Sur Temp : 210 K Sur Temp : 288K
Sulfuric-acid Organic haze

11

cloud layer layer Photo : NASA/JPL
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<Venus—type > < Earth—type > Rossby number (Ro)
Rotation : Slow Rotation : Fast ]
Size : Small Size : Large Inertial force
ROSSBY NUMBER (Ro) TToTTTTTTTeITTmTTTmT T T
276 43 002001 Coriolis force

Q : Planet. Rot. Rate
5 L : Horizontal Scale

\/

SP EQ NP SP NP

w |
i Ro = —
Venus Titan g : % Mars Earth ’V 0= ZQL
= A 2 | ) -
( - )‘. | U : Wind Speed Scale
ol l : : | »
I
I
I

(Dias Pinto & Mitchell, 2014) Photo : NASA/JPL

Gray shade: SR zonal flow (the darker shade presents the faster zonal flow) *’
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<Venus—-type > < Earth-type> <L >

Rotation : Slow Rotation : Fast i NFELTRERTKME

Size : Small Size: Large BiEE (KFICERER) ZEBZL
ROSSBY NUMBER (Ro) i A

27.6 4.3 0.02 0.01 '
(1% .

. O 3t RBP4 IR
,% | 2 E)J?'%)Earth-typej(ﬁj:ﬂﬁiﬁ
. g | % Earth (Williams 1980 A& 2 #)
= —\ | 2| ) 7 N
' ! | | :/ |
' 1 AR e
______ A [
a EQ NP sP EQ NP

(Dias Pinto & Mitchell, 2014) Photo : NASA/JPL

Gray shade: SR zonal flow (the darker shade presents the faster zonal flow) *



<Earth-type>  Dias Pinto & Mitchell (2014 Icarus)
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<Earth-type>  Dias Pinto & Mitchell (2014 Icarus)
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<Earth-type>

Lu & Yamamoto (2020 PSS)
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<Venus—-type > < Earth-type> <TEEE>
Rotation : Slow Rotation : Fast A NFELTRERTAKTE
Size : Small Size: Large IR (JFICHEEIER) ZEAELT-LY

ROSSBY NUMBER (Ro)

27.6 4.3 0.02 0.01 '
(1% .
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CLASSIC REGIME
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o
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— T
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(Dias Pinto & Mitchell, 2014) Photo : NASA/JPL
Gray shade: SR zonal flow (the darker shade presents the faster zonal flow)
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<Venus—type >
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(Tsunoda et al. 2021 JGR)

<Venus—type > <Earth-type> WREH
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Model

|dealized model setup of ISSI Venus GCM inter-comparison project (2013)

-Venus-type radiative forcing: -Primitive equation system using T42 GCM
Equator-pole temperature contrast

(color shade) is relaxed by

Newtonian cooling. : .
J Experimental condition

Wﬂﬂn
Eda Eda

1 2.96 24.6 6.45 1.29

3 1 2.96 24.6 6.45 1.29

1 3 0.987 8.21 6.45 1.29

8 1 2.96 24.6 6.45 1.29

1 8 0.37 3.08 6.45 1.29

» 15 1 2.96 24.6 6.45 1.29

e 1 15 0197 164 645 1.29

-90 -60 -30 0 30 60 90
=atiugs (deg) Q*: Non-dim. planetary angular velocity

normalized by Venus one (27/240d)
r* . Non-dim. planetary radius normalized by
Venus one (6050 km)
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Model

-Venus-type radiative forcing <Dimensional primitive equations>
ou/ot+ WV -Vu+ fxu=-Vo—u/ty,

*Primitive equation system 08/6t + (V . \7)0 = — (9 — Heq)/TN ;

> Global three-dimensional flow

under hydrostatic approximation where u = ui +vjand V = ui + vj + wk _

u : zonal wind velocity, v : meridional wind velocity,
> Rossby number is altered with o : vertical pressure velocity in the pressure coordinate,
thermal and frictional non- @ : the geopotential, f = 2Qsing, 6 : potential temperature,
dimensional numbers fixed (i.e., 0eq : equilibrium potential temperature

Ex and N, are unchanged) '

<Non-dimensional primitive equations>
Ro§sby numbgr is a only parameter 911/t + Ro(? . V)ii + f XTi= —V®— Eedi,
which determines the dynamical . _ A A "
similarity of SR and its related waves a6 /0t + RO(V | ‘7)9 = = (0 — Heq)/NT ’
Ro =U/(20L),
Ex = 1/(20z).
Nt = 2Q1y. (Dias Pinto & Mitchell, 2014)



Model

-\Venus-type radiative forcing <Non-dimensional equations>

o | 0u/dt+ Ro(V-V)i+ fxti=-V® — Exii,
*Primitive equation system aé/at 4 RO(? ) V)é _ _ (é _ éeq)/NT |
-Experiments for high Ro Ro = U/(20L),
> Venus condition (Q*=1, r*=1) Ex =1/(201R),
> Size dependence with Q*=1 Ny = 2Q1y.

(r*=1, r*=3, r*=8, r*=15)
> Rotation dependence with r*=1
(Q*=1, Q*=3, Q*=8, Q*=15)

mmmn-
Eda Eda

2.96 24.6 6.45 1.29 23.2

" : : 3 1 2.96 24.6 6.45 1.29 19.8
Q*: Non-dim. planetary angular velocity 1 3 0987 821  6.45 129 19.0
normalized by Venus one (27/240d) 3 1 206  24.6  6.45 129 122
r* . Non-dim. planetary radius 1 3 037 308 645 129 128
normalized by Venus one (6050 km) 15 1 206  24.6  6.45 129 78

1 15 0.197 1.64 6.45 1.29 7.4

E & N;
unchanged t

High Ro (>1) is realized

22



Zonal-mean general circulations for Ro

2 r* =15 (Q*=1)
: S [

Zonal flow (black contour, ,.
warm color shade for fast)
Clock & anticlock stream
func. (color contour)

\

P R i = 3 J
50 60 %0 6 30 60 90 -90 -60 -30 0 30 60 90
Latitude (deg) Latitude (deg) Latitude (deg)

e o 12
M O I Il\gg_n : :
-90 -60 -30 0 30 60 90
Latitude (deq)

#logarithm of mass
stream function e e, W W - ftude fon)

divided by r* ROJET ~ 15 ROJET ~ 12
RO/ET ~ 23 4
Dynamical similarity for same Ro

(Tsunoda et al. 2021 JGR) between dlﬁerent experlmentS 2
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Zonal-mean general circulations for Ro

. I =8(Q*=1) _r* =15 (Q*=1)

Zonal flow (black contour, , I* =3 (€2*=1)

warm color shade for fast) .. _

Clock & anticlock stream === =2\\74.6 |l/=
o7 11FRN I70 a 4

func. (color contour)

220 re)
vvvvv

Latitude (deg) Latitude (deg) Latitude (deg)

e o 12
M O I Il\gg_n : :
-90 -60 -30 0 30 60 90
Latitude (deq)

#logarithm of mass
stream function
divided by r*

Latitude (deg) Latitude (deg)

ROJET~ 15 ROJET~ 12

RO‘ET ~ 23 ¥
As I or Q* is increased, max. zonal-

(Tsunoda et al. 2021 JGR) flow speed becomes greater. *



Sensitivity of SR to Ro
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Sensitivity of SR to Ro
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SR dynamical process (Exp. V)

Gierasch—-Rossow-=Williams mechanism

Vertical-integrated fluxes

Equatorial SR

Vertical integration of zonal mean
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SR dynamical process (Exp. V)

Gierasch—-Rossow-=Williams mechanism

Equatorial SR

Hadley !
Circulation : Sub-

g ool

“pole equator \
;\\\\\\\\& \\\\\\\\\\\\&
Hadley circulation globally transport both
heat and momentum poleward.

L1
L1
pole::
AR

Hadley circulation heat flux dominates over
eddies, except for the polar region.

The poleward mom flux of Hadley circulation
balances equatorward eddy momentum flux.

Global-mean
Vertical AM fluxes
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The upward AM flux of
Hadley circulation balances
the downward eddy flux.
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Figure 6. (a—e) Latitude—pressure distributions of
zonal mean horizontal (shading) and vertical
(contours) eddy angular momentum fluxes
divided by the planetary radius (kg m=1 s2).
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Eddy mom flux process (Exp. V)
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Figure 7. Zonal wavenumber—latitude
distributions of zonal-mean eddy horizontal
momentum flux (m? s, shading) and heat
flux (K m s71, contours) at 3.96x10° Pa.

Figure B2. Longitude—latitude distributions of eddy
geopotential height (m, contours) and horizontal
wind velocity (m s, vectors) at 3.96x10° Pa. 29



Zonal-mean eddy AM fluxes for Ro

r* = 3 (Q*=1) r* =15 (Q*=1)

log,, P(Pa)

2 A 0 '
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Latitude (deq)

(Tsunoda et al. 2021 JGR)
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Ro/tT~ 23 Ro/tT~ 15 Ro’ 7~ 8

Figure 6. (a—e) Latitude—pressure distributions of zonal mean
horizontal (shading) and vertical (contours) eddy angular momentum
fluxes divided by the planetary radius (kg m1 s=2). v



Vertically-integrated horiz mom fluxes for Ro

x107®
o
S 0.8
E 0.6
0.4

o 0.2
=
x 01
=}
=-0.21
€ -0.4 1
o
E_0.61

5-0.81
.

-1 T T v r v
-90 -60 =30 0 30 60 90

(Tsunoda et al. 2021 JGR)

Ro’ 7~ 23

r* =3 (Q*=1)
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Figure 4. (f—j) Meridional distributions of vertically integrated horizontal
momentum fluxes of zonal mean circulation (HMF,,,., solid curve) and
eddies (HMF,,,, dashed curve)



Vertically-integrated horiz heat fluxes for Ro

r* = 3 (Q*=1) r* =15 (Q*=1)
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and eddies (HHF.y, dashed curve)



Global-mean vert mom fluxes for Ro
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Figure 4. (k—o) vertical distributions of global-mean vertical angular
momentum fluxes of zonal mean circulation (VMF,,,., solid curve) and

eddies (VMF,,, dashed curve).



Sensitivity of SR dynamical process to Ro
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Sensitivity of SR dynamical process to Ro
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Sensitivity of wave and its mechanism to Ro

Time-longitude cross-sections of eddy geo-potent height (m, color shade)
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Sensitivity of wave and its mechanism to Ro

Time-latitude cross-sections of horiz eddy mom (shade) and heat (contour) fluxes

Ro~ 8
r* =15 (Q*=1)
© 0 _
Time-scale 2
is normalized < Lo
by planet. rot. . Sl
period. < f g -
o -
! ! (e
E 0 10 20 30 40 50 80 70 80 90
[a ¥ Latitude of N.H.(degq)
Wave structures N
are also similar Ro~ 15
for the same Ro.  _ r* =3 (Q*=1)
0= =50==
O . e
They are quit g Lo
different between _; § ¥ o0
. 5/120 | o
between highand 2 § .|
low Ro. = BF 15
()
C
E 0 10 20 30 40 50 60 70 8 -90
(o Latitude of N.H.(deq)

(Tsunoda et al. 2021 JGR)

(E.day)

Time

(E.day)

Time

8-0 10 20 30 40 50 60 70 80 90

Ro~ 8
Q* = 15 (r*=1)

=¥

mi

Latitude of N.H.(deq)

I240
160

0
-80
-160
—240

Continuous,
equatorward (blue)
momentum flux
for low Ro

Intermittent,
equatorward (blue)
momentum flux
for high Ro

37



Sensitivity of wave and its mechanism to Ro

We introduce energy conversions from zonal-mean to eddy energies.

e Barotropic kinetic energy conversion

CK(s) = — % [ (T 0p+T tan p)u SV (S)AV

The horizontal zonal-wind shear induces eddies when CK >0
(e.g., Barotropic instability or Spherical horizontal shear instability).

e Barotropic potential-energy conversion

CP(s) = —% jv Z; ( NFL j T'(s)V'(s)dV

The horizontal temperature gradient induces eddies when CP >0
(e.g., Baroclinic instability).

# Here, S indicates zonal wavenumber.



Sensitivity of wave and its mechanism to Ro

Tlme -longitude cross-sections of eddy geo-potent height (m, color shade)
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Summary

We confirmed dynamical similarity to the same Ro in the GRW
mechanism. The sensitivity of SR to Ro is summarized as follows.

Low Ro

P Eq

e Strong mom flux

e Strong zonal wind

e Llow SR intensity

e S/low Rossby wave
continuously produces
equatorward mom flux
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e Weak mom flux

e Weak zonal wind

e High SR intensity

e fast Rossby wave
intermittently produces
equatorward mom flux
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Future works

The present work suggests the following three-regimes based on the
energy conversion. Venus-type SRing regime is newly classified into
Venus-regime and Titan-regime.

<Venus-type> <Earth-type>
SRing regime Classical-regime
Venus-regime = Titan-regime . (Ro~0.01)
(Ro~20) (Ro~8) o

Barotropic &

e Barotropic . Baroclinic
Baroclinic I

=7

(1) We must elucidate the regime boundaries and their
dynamical characteristics on Venus-type planets.

(2) We must elucidate the spin-up process of SR.

(3) We must elucidate the sensitivity of SR to diffusion
(Yamamoto & Takahashi 2022 JGR).



