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Zonal tflows are ubiquitous
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Why zonal flows are ubiquitous? GFD Perspective

e Mid latitude zonal circulation |G K Vallis] Spier | d-latitades (b
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Introduction

o DW-ZF turbulence has two components: drift waves( “wavy” - ky # 0) and zonal modes (k, = k, = 0)

e Zonal modes are modes of minimal 1nertia, transport and damping.

e Symmetry precludes adiabatic electron response for zonal modes. Thus they are benign repositories of
fluctuation energy.

e Conversion of energy to zonal structures reduces transport and improves confinement.

| | | |
p. = 1/256 GYSELA
v, = 0.05
— 8} -
—
| &
o Zonal structures (ky = k, = 0) possible 5
L 2T I
in difterent fields- /@), (n,1,T,... = ; -
© : : ExB shear rate yg ! .
—/ 2 4F 40000’ -
| © o 3
Zonal flow Profile corrugations 3 S
S oL | @ 300- ' : B
= £
ﬁ 250-:
5 1200 - ’
80 100 120 140 160 180

Normalized radius: r/p,



Motivation

* There are both zonal flows and density corrugations at the simplest level of description of DW-
ZF turbulence.

e Zonal flows result from the inverse cascade of kinetic energy - this 1s well known.
 What about the density corrugations?
* How are the zonal density and zonal flow correlated ? — staircase?

e How do zonal flow and density corrugations feedback on turbulence?

- Zonal flow shear induces diffusion of mean wave action density 1n k, space. What about the
turbulent kinetic energy and internal energy?

- How does density corrugation feedback on turbulence?

e Effects of zonal noise on the predator prey dynamics?
0



Motivation

 Almost all theoretical models of zonal flow generation divide cleanly 1nto:

0 2)

SN’ N’

Calculation of zonal flow dielectric or screening | | Modulational Stability calculations consider

response, with occasional mention of Wwavy || resnonse of a pre-existing gas of drift waves to
component beat noise |[Rosenbluth -Hinton 1998]:
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* Treat incoherent noise emission and coherent response on equal footing. -Needs spectral
approach!
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Spectral evolution of zonal intensity

For the zonal mode ky = k” =0and k, # 0 Zonal density - potential cross-correlation g
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Spectral evolution of density corrugations
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e Density cascade forward in k! Unlike turbulent viscosity, turbulent diffusivity is always +ve.
e (Corrugations become weaker as the response become more adiabatic.
e (Corrugation 1s determined by noise vs diffusion balance.

e Important for the nonlinear dynamics underlying staircases. Forward cascade in k -space —
(inhomogeneous) mixing 1n real space.



Zonal cross-correlation(ZCC)

[Singh, Diamond PPCF 2021] N Cod
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e Zonal density and potential are correlated (anti-correlated) when the
modulational growth of zonal flow more (less) than modulational
damping of corrugations.

P« =1/300 temperature

corrugation
= staircase step

e Imposing physically bounded solution for <§ <nk¢; > =0 fixes the sign of
(4 +D,) ki +2E2 > 0. ThusR (mep) ) < 0],

Guilhem et ¢/ PRL 2015 NN

e Hence ZCCs in real space are: <ﬁ$> < 0, <r_zV)2€$> > (), <VxﬁV)2€q7> =0

Shear & flow [a.u] VT prof. [a.u]

< V.n V?c $ > > 0: zonal density jumps are co-located with the zonal vorticity jumps.

<— vV.nV xgz > > 0 : density gradient peaks are co-located with the zonal flow peaks.




Back reaction of zonal modes on DWT
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e K-space diffusivity D,,: depends

on the relative alignment of zonal shear and profile

corrugations. D,;, enhanced by density corrugations as zonal density and potential are anti-

correlated.

e Convection speed V,: caused by density corrugations!

e Nonlinear growth I',: due to linear growth modulation by density corrugations. Injects energy
back into turbulence, locally. Competes with turbulence saturation by random shearing of zonal

modes!
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Feedback loop with nonhnear zonal nmse
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Without noise:
e Threshold in growth rate y > ny,/oc for

appearance of stable zonal flows.

e Turbulence energy increases as y/n below the
threshold, until 1t locks at y,/o, at the threshold.

e Beyond the threshold,

7d  hile the zonal flow

o
energy continues to grow as ¢~ 17 (;// n—v,/ 0).

turbulence energy

remains locked at

0 ' — .
With noise: ° %' %2 o8 04 05 06

e Both zonal and turbulence_co-exist at any linear
growth rate - No threshold in growth rate for zonal
flow excitation.

e Turbulence energy never hits the old modulational
instability threshold, absent noise!

e Turbulence energy | and zonal flow energy 1 :-
Noise feeds energy into zonal flow!
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Conclusions

 Unified theory of zonal modes (zonal flows and density corrugations) encompassing both noise and
modulations.

- Vorticity flux corr.— ZF noise. Density flux corr.— corrugation noise.

- Bi-directional transfer: KE energy to large scales, internal energy to small scales. Turbulent viscosity -ve
but turbulent diffusivity +ve.

- The effective zonal viscosity goes negative only for an energy spectrum which decays sufficiently rapidly

in k, i.c., 0E/0k, < 0 and | 0E/ok,| < |E/ok,

crit

- Spectral ZCC ‘R <nkqb,f > < 0— Spatial ZCC < VaVig > > (0 1.e., zonal density jumps are colocated with
zonal vorticity jumps.

e Polarization beat noise and modulational effects are comparable intrinsically (both driven by Reynolds
stress!). The synergy of the two mechanisms 1s stronger than either alone.

- Expands the range of zonal flow activity relative to that predicted by modulational instability calculations.
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Future directions

 Understanding interaction of corrugations with avalanches:

- Corrugations 1n state of high Z.. sustained as localized transport barriers, staircases etc.
localized by accompanying shear flow?

- Corrugations 1n state of low Z.. likely to overturn, and drive avalanches, as in running
sandpile?

e Theory should better understand the effect of noise on staircase, which have been
considered only 1n context of Mean Field theory.

e Relation between Z.. and the staircase structure: Does the physics of Z.. set the relative
positions of corrugations and shear layer?
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