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What's different in rotating &/or stratified turbulence?

» Development of large vertical velocity in stratified flows
» Bolgiano-Obukhov scaling and the role of potential energy

* Role of helicity (velocity-vorticity correlations)



Kolmogorov:

“| 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.”

h4
f:r ~ *of turbulence



Rotation, no stratification, vorticity

Taylor-Green non-helical forcing,
k=4, 512°grid, Ro=0.35 »

Mininni & AP, 2009

< ABC forcing, zoom

ke=7, 15363 grid
Re=5100, Ro=0.06
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The emergence of strong velocity fields

Rorai et al. 2014



“Intermittency”

Strong jumps Stochastic wind
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.gure 6. Anemograph trace for Bellambi Point on 26 December 1996 (wind speed in knots), taken from Batt anc
Leslie (1998), Fig. 7.

Intermittency which manifests itself as heavy tails in Prob. Distrib. F'ns.
= Problem for e.g. wind farms



Turbulence at 40962 resolution
R, ~ 1200
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Skewness of vertical velocity in the convective
planetary boundary layer

Z normalized by

boundary layer depth~ 41|

LIFT: Lidar In Flat Terrain
* Aircraft measurement

Ax=30m, At=1s

LES on 5123 points

04

® AMMA exp
Thermal model
Minnesota exp
AMTEX exp
——LIFT - all cases

——LIFT — most conv.
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—— LES most conv.
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sLenschow et al., 2012



Troposphere
27 years (Y>1976) daily sampled, 5 vertical levels, Ax ~ 250km (code: 40km)
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A) Skewness for 850 hPa U, January

-08-0.6-04-03-0.2-0.1 0.1 0.2 0.3 04 0.6 0.8

B) Skewness for 850 hPa U, July

90N

605 RS o, O il —— o R g @ s

60E 120E 180 120W

-08-0.6-04-03-0.2-0.1 0.1 0.2 0.3 0.4 0.6 0.8

Skewness of temperature (ERA40 data)
Petoukhov et al., 2008
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ov,: Solar Wind shear layers
Marino et al., 2012
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stratification

S

ou+u-Vu—vrvAu =—VP — Nbe, +F
0:b+u-Vb—kAb = Nw ,
V-u =20.
idiSSipa“O” Re = UgyL,/v Reynolds number

nonlinear

Twave Fr = U,/[L,N] Froude number
.

nonlinear

V=% Unit Prandtl nb.
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Energy and enstrophy

DNS 20483, Re=24000

N=12, Fr=0.03, Rg=22
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Kinetic and potential energy
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Re~2.4x10%
N=4 (Fr~0.1)
N=12 (Fr~0.03)

Plateau until
kB~N/ U , the buoyancy wvnb

Flat spectra with a break
at L are also observed
in oceanic and

atmospheric data
(D’Asaro & Lien 2(00)



Re~2.5x10% , 20483 grids
N=4 (Fr~0.1)
N=12 (Fr~0.03)

10 10

Flat spectra of helicity
In the atmosphere
when very stable,

at night in the planetary
boundary layer

J.Hz

Koprov 2005

Fig. 4. Spectra of helicity components.



Re~2.5x104 20483 grids

N= 4 & N= 12
Fr~0.1 & Fr~0.03
€ 1€ €, ¢
kb kb
) : / 2d
07N /X total energy
_’\\\ 0 spectra for
. N 5| co-latitudes ¢
x\ q) =0 (k//)
-10 -10 o ) —
Y 10’ 0 k10 p=m/2 (kperp)

Isotropy at ko,~[N®/€]"?: K41 beyond the Ozmidov scale



Pr(vl), N=12

Velocity PDF, different time outputs

o

DNS 20483,
Pr(VZ), N=12 Re=24000
—t=11.96 || N=12,
—t=14.04 —
w1612 | Fr=0.03,
gaussian| RB=22
N=12
By [—=11.96
—t=14.04
\ gaussian

Rorai et al. 2015
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Vertical velocity

Time average
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DNS 20483

Re=24000
Fr=0.1 & 0.03
Rg=240 & 22




PdF of vertical velocity in an oceanic model
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A MODEL

Vitesse u = (u,, u,, w)

X1 My

Longitudinal differences of fluctuations of velocity over
a distance | :

Oug (£) = (ug(z +£) — uz())

D,Su(l) = - du? / |



Stratified turbulence model (N is the Brunt-Vaissala frequency):
vertical differences of fluctuations of vertical velocity w
and temperature 6 over a vertical distance /=1,

dow Sw?
P -
- 3 regimes
ddoo owob
— = - Now.
dt 4

* N large: harmonic oscillator of frequency N

* N small: strong turbulence case

« N6/, ~w?, N/,~ 06 : balance compatible with saturated spectrum
Eu(ky) ~Eg(ky) ~ N* Kk



Stratified turbulence model (N is the Brunt-Vaissala frequency):
vertical differences of fluctuations of vertical velocity w
and temperature 6 over a vertical distance /,

ddw B Sw? 56

o~ TN MR,
ddo dwdol

—— = - N &4

dt 14

Intermediate N: faster growth
of negative gradients
(saturated regime) \

0.0 0.2 04 0.6 0.8 1.0

Rorai et al. 2015



Stratified turbulence model (N is the Brunt-Vaissala frequency):
vertical differences of fluctuations of vertical velocity w
and temperature 6 over a vertical distance /,

ddw Sw? N30
dt / ’ N=0]
dso  swso |
— . = F N ow. | | ‘
dt Z N>>1
;
- Add transverse velocities 00 0.2 b . 0.6 0.8 1.0

» Add rotation (Li 2010), passive scalar, ... Rorai et al. 2015



Conclusion

Turbulent flows can produce strong velocities,
as observed e.g. in the nocturnal (very stable)
planetary boundary layer



Part |1

The emergence of Bolgiano-Obukhov scaling
in rotating stratified turbulence

Rosenberg et al., ArXiv:1409.4254
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Rotating stratified flow

Horizontal cut of
vertical vorticity

40963 decay run

&
Q¥
—
S
=1
i

Rosenberg, OakRidge, 20,15



Dissipation Rate

Peak of dissipation

The short 40967 run
N/f=4.95
Fr=0.024, Ro=0.12
L IaAAESRSRIRRRSY I Re=55000, Rz=32
0.012 - . __ y
ool _ Decay, ky=2.5
0.008 ) '
0.006} ' Triangles: 1536° grid
o.00l / - ---:1 30723 grid
. ... Green: 4096° grid




Energy ratios

e\ Kinetic to potential: ~ 3

And

Vertical to horizontal: ~0.12
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Perpendicular
& Vertical velocity

Sub-volume: 0.7 X 04 X 0.04 L, 73

N/t=4.95, Fr=0.024
Ro=0.12
Re=55000, Rz=32
Ky,=2.5, decay

Vertical cuts
Sub-volumes
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Vertical vorticity

Sub-volume: 0.12 X 0.1 X 0.01

Temperature fluctuations




Stably stratified turbulence:
Bolgiano-Obukhov 1959 scaling

Main hypotheses: * Energy source for cascade is a constant buoyancy flux

* Isotropy

Kinetic & potential energy: E,, p(k) = f(k, €p)
with €, = DEL/DT of dimension L?T-

= Ev(k) — £P2/5 k-11/5
= EP(k) — £P4/5 k-7/5

3/4 —5/4

- Recovery of a Kolmogorov spectrum for Kpo ~ ep ¢y,



Seychelles et al. (2010) 2D soap bubble experiment

Temperature structure functions
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Boffetta et al. (2012): DNS of Rayleigh-Taylor turbulence,
quasi 2D: 4096x128x8192
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FIGURE 9. (Colour online) Kinetic energy spectra computed at = 35t. The thin continuous
line represents the components E, (k) + E,, (k), the dotted line is E, (k). Spectra are computed
by 2D Fourier transforming the velocity field on (x, z)-planes and by averaging over the
y-direction. The straight line represents Bolgiano scaling k=!'!/°,



10243 run, no rotation, Re=650, forced at large scale
@) Kinetic energy spectra
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0 < Alt < 12600 m
@ H=0.731 £ 0.002

Hurst exponents from
dropsondes in the
eGR40 troposphere for

| o " horizontal wind
e varying in the vertical

0 =< Alt = 10000 m

it
104 ‘H=0737 +£0.002

< 1000m H=1: gravity waves
'~ H=3/5: Bolgiano-Obukhov
H=1/3: Kolmogorov 1941

log( <[f{x+r) - f(x)|>)

3/5

2] = = : | WS06 Wind Speed |t
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log{ r)

Figure 12. Total of 315 dropsondes dropped during Winter Storms 2006, in the area 21°N—-60°
N, 128° W-172° W. The vertical scaling of the horizontal wind is shown. The fits are rms to the
vertical shears across layers of thickness increasing logarithmically upwards. The reference lines
have slopes corresponding to H, = 1 (gravity waves), H, = 3/5 (BO) and 1/3 (Kolmogorov).
The H, corresponding to each rms fit is given. The data for each level are offset by 1 order of
magnitude to aid legibility. While BO is a good fit in the lower troposphere, in the upper tropo-
sphere the presence of jet streams leads to a systematic increase when the upper troposphere is
included. In any event, isotropic turbulence is always precluded. See Lovejoy et al. (2007) and
Tuck (2008). Note: rms, root mean square; BO, Bolgiano—Obukhov. Hovde et al. 2011



5/3-compensated
total energy
1sotropic spectrum

Energy spectra:
kinetic (___) or
potential (- - -)

S T compensated
o _ by 11/5 or 7/5:
| ™ Bolgiano-Obukhov scaling
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Compensated total energy
angular spectra
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Rosenberg et al. 2015



Vertical buoyancy flux:
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Bolgiano, Marseille meeting, 1962

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



Conclusion

Bolgiano-Obukhov scaling taking into account
the potential energy input can be observed

In some cases including with
geostrophically-balanced initial conditions

Forced case?



