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&.Observation | Venus

| VenusO size and mass are similar to Earth(
- radius ~ 6052 km, gravity ~ 8.9 m/s ?

| Venus rotates very slow.
- rotation period ~ 243 (Earth) days
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| Zonal wind in the Venus atmosphere
reaches ~ 100 m/s.

- This Is 60 times faster than
the planetary rotation at the equator!
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@Mystery of superrotation

w100 M/S . .
| Eddy viscosity and surface

: ¥, friction slow down the atmos.
) |

: .
eddywiscosity ' | Angular momentum must be

. ' pumped up to the atmosphere

: K by some mechanism.

i frlctlon ’

Hypotheses
m | dayside-nightside circulation
1.8 m/s (e.g., Schubert & Whitehead, 1969)

| gravity waves (e.g., Fels & Linzen, 1974)




&Gierasch (1975) mechanism

| Gierasch (1975) assumed
- symmetries about the rotation axis and the equator
- Hadley cell expanding from the equator to the pole
- InPnitely large horizontal dilusion
I always solid body rotation = constant angular vel.
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Sketch of Gierasch mechanism




€, Gierasch mechanism

| Gierasch stated that, for the mechanism to work,
- relaxation time of the horizontal dilusion must be

much shorter than that of vertical dilusion
and turnover time of meridional circulation.

| Matsuda (1980, 1982) explored | u
- parameter dependency of U, '
- dominant moment balance,

- multiple equilibrium solutions,

for both inbnite and bnite hor. dil. cases,
using a highly truncated low-order spectral model.
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&In my study

We theoretically and numerically explore the strength of the superrotation
maintained by the Gierasch mechanism using an idealized system.

In Matsuda (1980, 1982) In this study, we
| advection of potential mp> treat the meridional
temperature was ignored, temp. difference as
an internal variable,
| math was complicated D develop a theoretical

model expressed by
algebraic equations for
superrotation strength

| theoretical results were not > verify the theoretical
verified by numerical solution by numerical
experiments with high orders.  experiments

because of mode equations,




&.Basic equations

- primitive equations

- dry Boussinesq (3uid

- Newtonian heating and cooling

- axisymmetric with strong horizontal dilusion of

momentum
lu v!u lu uvtan" . | 2y
ﬁ+ 5!T+WE! - I 21 vsin" = #,DQx (u) + #v?
lv v!v lv  u4tan 11" | 2y
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&Boundary conditions

| Top: free-slip, no mass or heat Rux,
lu v '$

= —=w= —=0 (top z=H)

| Bottom: no-slip, no mass or heat Rux

|
U=VvV=Ww-= %:O (botom z = Q)

| Equator and pole: no mass, momentum, or heat Bux
I

U "w # ! ) ;




&How to develop a theoretical model

Basic equations are nonlinear PDES, which
we cannot solve analytically.

We assume
steady state: "/" t =0

spacial structure of some variables

spacial integral, relation of scales

Theoretical model which is a set of algebraic
eqguations for four nondimensional variables




&How to develop a theoretical model

Theoretical model which is a set of algebraic
eqguations for four nondimensional variables

superrotation g U S Ve _ Vi oo,
strength ' .Za! vB g VT o #o'
meridional mean zonal wind at the top

| low-order system
| enable to solve analytically

| easy to see the parameter dependency




&Assumption: spacial structure of variables

- zonal wind at the top: U\TCOS!
=4 paEA VT sin 2!
- meridional wind at the top /—\
Vv

- meridional wind above the surface: =

- vertical mean of potential temp.:. 1 , |

- meridional integral of
angular momentum: Ua 2™
2




&Development of the theoretical model

zonal momentum eq.
|

meridional integral
above the
surface
at the
v top
8 U a$?
—al Vg !
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thermodynamic eq.

lvertical mean

1 How (OoAy " AO)

aH cos! o (v#cosl )dz ™ 3 sin?! " =
. 0 1

non-dimensionalize

RVT + RVB 1 1
# — =" 1
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l relation of scales

meridional momentum eq.

top - bottom

relation of scales

non-dimensionalize
\ 4

[SZ +2S" 2$RT # 20E4 (RvT + RVB)J

Ev: vertical Ekman num. | En: horizonta Ekman num., Rr: external thermal Rossby num.
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p ™
RvT + RVB
2 )
| SP+25=21R)! 20ENR + Ris)

Quintic equation for S
- .

" 2+S 7T AS 2+ S
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€); Quintic equation for S

4 . )

t : P P
S2+2S+ BS

2+S 7T AS 2+ S
- -+ —
1+ S 5> 1+s Tt T2Re

N\ J

This eq. has only one positive solution.
The positive solution estimates the superrotation strength.

It depends only on three external parameters

Al 12" E,, =172 : the ratio of the radiative relaxation time to the
n ] ] V - = . . . .
H?2/#, timescale for vertical eddy diffusion of momentum

T

5 21 /1 : the ratio of the rotation period to the
B! 200 “EqEy =5 - — — geometric mean of the timescales for
(@ "y )(H=/"y) horizontal and vertical eddy diffusion

gH Ay

Rt ! 202 . the external thermal Rossby number




&Approximation of the quintic eq.

++ : D H / 102
Sz +2S+ BS _ " Solution of the quinticeq. -
101 =t e =
\§ \ E o E
1<-2'I 107 g 7 /
PR, - =
1@ / :
1071 = S
! """ ACS e ( - Solution of the cubic eq. -
S*+2S+ BCS +1 2R ] ]
v E
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Cubic equation for S Solvab 107




QgFurther approximation

From the cubic eq., S can be approximated as...

(@)

B!
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(@)

(0)

(d)

returning to the meridional eq. style
2Rr{ 1=

S°+2S+ BCS'!

N 2] 3/

which I1s dominant?

1. cyclostrophic balance [C]
2. geostrophic balance [G]
3. horizontal di!. balance [H]

1.1
2.1

Nerma

nerma

ACS

N /2.

which Is dominant?

aC

aC

vection I1s dominant

vection iIs ignhorable |

19



@Numerical experiments



@), \Numerical experiments

¥Time-integration was performed from motionless state.
¥We obtain steady or statistically steady numerical solutions.
¥ External parameters are...

A B Ev | "' Ej
(@) 12! 102 2121 102 10°% | 10 1
(b) | 2 2121 102 103 | 168 1
(c) 121 103 212 103 | 1 10
(d) 121 101 21 2 103 | 10 10

For each combination,

RT = 10" (n =12110,..., 5) is calculated.

A=12" Ey, B=20!2E4EV



%Numerical superrotation strength

Meridional mean zonal wind at the top
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Nondimensional zonal wind peld
(u/ al )




%Theoretical vs. Numerical

(a-) 107 [T T T I

102
solid curve: solution of the

101 guintic equation
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Solution of the'quintic equétioh estimates
superrotation strength of the numerical solutions!
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@To Earth-like circulation




&.Basic equations

| primitive equations

| dry Boussinesq Ruid

| Newtonian heatlng and coollng

| axisymmetric w -




&Held and Hou (1980) model

| Axisymmetric theoretical model of the Hadley

circulation of the Earth.

\-I/-\Zg?f:yof Hadley circulation Zonal wind at the top angular momentum conservation
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! H — éRT ! | Um a wg! ) - (O H)
HH —_— 2R+ z 2 n non
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Hou (1984) N
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Numerical solution

. ) 80 i
zonal win A : -
N _zona d I zonal wind at the top
1
& \V//\/ 60F  THEORY— [/ | k-
v=] I i
I P =5y i’/‘;‘\\.
§ v=25 ..-' / \ kN o~ \\\
= ~. i S ~
z . PN T
9 SH" | E 40 l'_."..? gy ™~
v} ¥ .
* ° ".'{. ,II
L
- 20 I~ '!.;" II,
04 T T T T 0 a ‘-',/ | 1 P ] !
30° 45° 60° 75¢ .90° Mo’ 150 30° 45° 60° 75° 90°

LATITUDE LATITUDE ‘ LATITUDE

Held and Hou (1980)




&How solution changes?

771 From Gierasch mechanism solution
| En : large
E|-| =0
| to Held-Hou solution
cquator . lat . pole o ' \\//\///

Numerical experiments

1 1 I 1 I
15° 30° 45° 60° 75° .90°
LATITUDE
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% Zonal wind at the top

Equatorial jet sol.
close to solid-body
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™ Mid-latitude jet sol.
U Y UHH

4

B Held-Hou model sol.
u'! UHH

_ 1 1
R+ =10
! BzleI 10 3
, Lage ——< " 1U
,'l | ——21%1 107
 —2121 10 °
"| Hor. 521 10 6
| Dif. ——< 1 10
I " 2121 10 7
Iy Small ——— 2121 10 8
| |
L — — UHH

0

10 20 30 40 50 60 70 80 90




" We explored the strength of the superrotation maintained
by the Gierasch mechanism in an idealized axisymmetric
boussinesq Ruid model with strong horizontal dilusion.

assuming s atla structure o‘fw Quintic eq. for S

positive solution lapprox.

numerical solution
\ _
) Cubic eq. for S

fgj/z solid-body ! o
| rotation S
" Venus-like? @
EH o B! 1

Held-Hou model
solution ..,
| - Earth-like?

Ref.1 Yamamoto & Yoden (2013) Theoretical Estimation of the Superrotation Strength in an ldealized
Quasi-Axisymmetric Model of Planetary Atmospheres, J. Meteor. Soc. Japan , 91(2) in print

Ref.2 Yamamoto et al. (2009) Axisymmetric Steady Solutions in an Idealized Model of Atmospheric
General Circulations: Hadley Circulation and Super-rotation, Theor. Appl. Mech. Japan, 57, 147-158.



