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banded Jovian jets polar front jet jets in tokamaks
NASA/Cassini Jupiter Images NASA/Goddard Space Flight Center courtesy: L.Villard
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/onal flows coexist with turbulence
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banded Jovian jets observed Jovian zonal winds

NASA/Cassini Jupiter Images at CIOUd Ievel
Vasadava & Showman, 2005
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Zonal flows are maintained by eddies

d U? dU—
il s dy = d—yu’v’ dy — Dissipation

40

[
|
D)
T
@
iy
>N
@
e
=
=

I|III|III-.-

—20 0 20 60
Planetocentric latitude
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Barotropic vorticity equation on a beta-plane
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N\

stochastic
forcing

dissipation

4 )
q:VX_Uy

relative vorticity

Tuesday, April 9, 13



Zonal - Eddy field decomposition

p(x,y,t) = C(y,t) + ¢ (x,y,t

zonal mean eddy
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NL (nonlinear)
System

) ) — Ok(U'q’)

eddy-eddy
interin term

Tuesday, April 9, 13



N. Constantinou, P. loannou and B. Farrell

QL (quasi-linear)

eddy-eddy
intertion term
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Our goal

While QL captures and elucidates the jet-eddy dynamics
it does not provide a predictive theory

Can we construct a theory that predicts
a) When organized flows emerge!

b) What is structure and the stability of the emergent zonal flows!?

Such a theory can be constructed. It is based on the statistical
dynamics associated with the QL equations
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The theory:
Stochastic Structural Stability Theory (SSST)

ensemble average

QL system q SSST system dynamics of the

U, q U, cC QL system

C = <q/(X|,y|,t)q/(X2,y2,t)>
Q <f(X|,y|,t)f(X2,y2,t)>
A, _U(yj)axj T (5 o
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SSST equilibria
5 \
dt
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SSST system admits equilibria (UE, CF)

For example, when we have homogeneity then

Ut =0 and c‘5:g
2r

is an equilibrium for all 3, dissipation values r > 0
and energy input rates € > 0.
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SSST stability

perturbing the SSST equilibrium: (UF 4 §U, C* + §C)

d (sU SU (L = L(. )

7 \oc) = Elsc

In this way we can check the stability of these ideal
equilibrium states
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SSST stability

Stability analysis of the
ideal states predicts:

2 formation of jets
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2 existence of multiple
equilibria and their
domain of attraction

2 merging of jets
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SSST stability

Stability analysis of the
ideal states predicts:

subcritical
bifurcation

2 formation of jets
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2 existence of multiple
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A comparison of NL, QL and SSST

NL U(yat) ) 6/66 =20 S55T U(yat) ’ 6/ec =20
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bifurcation diagram of

Emean

Emean —I_ Epert

zmf =

as a function of
energy input rate, €/¢,

(€. is the critical energy
input rate for SSST instability of
the homogeneous ideal state)
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Conclusions

2 QL dynamics captures the jet formation process - The turbulent state is
essentially determined by a wave/mean flow interaction

2 SSST provides a closure of this turbulent system and a theory for the
emergence, equilibration and the structural stability of the associated
turbulent equilibria

2 SSST introduces a new concept of instability arising from the interaction
between turbulence with the large scale flow

2 SSST predicts:

* the formation of jets as an eddy/mean flow SSST instability

* the existence of multiple equilibria as climate states and their stability

* jet merger dynamics
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