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A direct numerical simulation of
rotating stably stratified turbulence:
Evidence for Bolgiano-Obukhov scaling?

e Turbulence and waves: evidence for multiple regimes
e Stratification versus rotation and oceanic values
e A parametric exploration using direct numerical simulations

e The rotating stratified run at Re=55000, N/f=5, Fr=0.024

e Temporal dynamics
e Bolgiano-Obukhov scaling: some data

e Conclusions and questions
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Kolmogorov:

“I soon understood that there was little hope of developing

a pure, closed theory, and because of absence of such a theory
the investigation must be based on hypotheses obtained

on processing experimental data.”
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Jason de-noised altimeter SSH
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Intermittency

Skewness of temperature (ERA40 data)

A) Skewness for 850 hPa U, January B) Skewness for 850 hPa U, July
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Spectra ~ 1/k at large scale

Possibly Kolmogorov-like
at smaller scales,
And then much steeper

Drue Heineman, 2007



Helicity matters: spectrum in the
Planetary Boundary Layer

Flat spectrum at night
(when more stable)
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Waves matter: Energy decay (f,=0), 5123 resolutions,
no rotation, Re~ 3000, Fr~ 0.02, Rgz~1
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Incompressible Boussinesq equations
3D cubic box, periodic boundary conditions
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Stratification + rotation: geostrophic balance

/

ou+u-Vu—vAu =—VP — Nbe, —20e, x u +
b+u-\Vb—rkAbD = Nw ,
V-u=20.

Take the curl of GB = thermal winds (VSHW)

Then, dot with Coriolis force 2
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Hide, 1976; recent DNS: Marino et al., 2013



Geophysical High Order Suite for Turbulence (Gomez & Mininni)

Pseudo-spectral DNS, periodic BC cubic (also 2D), single/double
precision; Runge-Kutta for incompressible Navier-Stokes, SQG &
Boussinesq. Includes rotation, passive scalar(s), MHD + Hall term

GHOST, from laptop to high-performance, parallelizes linearly up to 100,000
processors, using hybrid MPI/Open-MP (Mininni et al. 2011, Parallel Comp. 37)

3D Visualization: VAPOR (NCAR); and development @ OakRidge (D. Rosenberg)
LES: alpha model & variants (Clark, Leray) for fluids & MHD
Helical spectral (EDQNM) model for eddy viscosity & eddy noise
NEW! Lagrangian particles (w. A. Pumir)

NEW! Gross-Pitaevskii & Ginzburg-Landau (with M. Brachet, ENS)

Data, forced: 20483 Navier-Stokes and 15363 & 30723 with rotation, both w. or w/o
helicity. Rotating stratified turbulence w. 20483 grids

Data, spin-down MHD:1536% random + 61443 ideal & 20483 w. T-Green symmetry
NEW! Decaying rotating stratified flow, N/f~5, Re=5.5 104, 20483, 30723 & 40963 grids.

mininni@df.uba.ar duaner62@gmail.com marino@ucar.edu




PI'CSGIlt I'Ot—StI' at data (Marino, NCAR, & Rosenberg, OakRidge, for the 2k runs )
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PI'CSGIlt I'Ot— StI' at data (Marino, NCAR, & Rosenberg, OakRidge, for the 2k runs )
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Some of the problems in Rotating Stratified Turbulence (rs7)

* Identifying scales, directions, relevant diagnostics &
dimensionless parameters in rotating and/or stratified turbulence

e Bolgiano-Obukhov scaling in RST? Rosenberg et al., ArXiv 2014



800 1000 1200

= Forcing scale

1400

Horizont.
0.6,.
slice of

o.aertical
velocity

0.2

R=8000
0 N/f=2
Fr=0.1

_oW-Forcing
Rz= 380




250|
225
200]|
175
150|
125
100|
75
-50
25
o)

40963 run

Are these
VSHW?

0.7X04

box

[N/ﬂ* {'ayQ’ aXQ]

250
225
200
175
150
125
100
75
-50
25
0]




Buoyancy Re ~ 8000, 5123 grids, R; = ReFr?

Fr~0.11,Ro~04, Fr ~ 0.025,Ro ~ 0.05,
R, ~ 96, N/f ~ 3.6 R,~5,N/f=2

Marino et al., 2013
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Dissipation Rate

The short 40963 run

Peak of dissipation

N/f=4.95
Fr=0.024, Ro=0.12
Re=55000, Ry;=32

Spin-down
K,=2.5

Triangles: 1536° grid- NSF
- ---: 30723 grid- NSF
... Green: 4096 grid- DOE



Energy ratios
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N/t=4.95, Fr=0.024,
Ro0=0.12

Re=55000, Rg=32
Ky=2.5, spin-down
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Vertical velocity —

Sub-volume: 0.7 X 04 X 0.04
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RotStrat2048: w1
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Kinetic
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Stably stratified turbulence: Bolgiano-Obukhov 1959 scaling

Main hypothesis: Inertial range with a constant buoyancy flux up?/ ¢

Eyp(k) = f(k, €,) with &,=DE,/DT of dimension m?s™

S Ey(k) = .25 k113
N Ep(k) = 81)4/5 K775

- U?/l ~ 0 in the momentum equation

Lohse & Xia, Ann. Rev. Fluid Mech. 2010



SPECTRAL INTENSITY —»
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F16. 1—Spectral forms in & stably stratified atmosphere.
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Brandenburg (1992) scalar model
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E(k), Ey(k)

Kimura & Herring (1996) 1283 run, no rotation
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Stably stratified turbulence: Bolgiano-Obukhov 1959 scaling

Bolgiano-Obukhov wavenumber (transition to a Kolmogorov spectrum):



Bolgiano-Obukhov scale in convective flows
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Bolgiano-Obukhov scale in convective flows
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Seychelles et al. (2010) 2D soap bubble experiment
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Boffetta et al. (2012): shell model of quais 2D turbulence
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been multiplied by a factor 10~ for plotting purposes.



Ri=1/Fr:=0.5 & 4x1077

Kumar et al. (2014) 10243 run, no rotation Re~500, forced at large scale
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Ri=1/Fr:=0.5 & 4x1077

Kumar et al. (2014) 10243 run, no rotation Re~500, forced at large scale
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Normal mode decomposition of the total energy spectrum at peak, R;=32
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Normal mode decomposition of the total energy spectrum at peak, R;=32
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Vertical buoyancy flux:
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Vertical buoyancy flux:
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Conclusions and questions

Large resolutions allow for scale separation ...

and thus to distinguish between multiple regimes within a flow
Evidence for Bolgiano-Obukhov scaling at large scale
and complex interplay between velocity and buoyancy modes & fluxes
Local instabilities and strong local variations (dissipation, PV, ...)

Waves and eddies partition
Local small-scale dynamics
Role of rotation in the Bolgiano-Obukhov scaling?
Role of inverse cascade in the Bolgiano-Obukhov scaling?
Role of walls and B.C. in the Bolgiano-Obukhov scaling?

Role of forcing (3D vs. 2D, vortices vs. waves, ...)
Role of non-local interactions
Role of large-scale friction in the presence of forcing



Bolgiano, Marseille meeting, 1962

" Important progress appears likely in the next few years.”

Thank you for your attention!

Rosenberg et al., ArXiv:1409 4254
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Ttransfer ~ TNL * [TNL/TW]
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“In this unfolding conundrum of life and history there is such a thing as being too
late ... We may cry out desperately for time to pause in her passage, but time is
adamant to every plea and rushes on. Over the bleached bones and jumbled
residue of numerous civilizations are written the pathetic words: "Too late".
Martin Luther King Jr, 1967, After Clive Hamilton, Utopias in the Anthropocene,

American Sociological Association 2012
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