Particles in.homogeneous isotropic turbulence , color: w, Duane Rosenberg, Everest wall, OakRidge, 2015
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Rotating Stratified Turbulence
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Sea Surface Temperatures (SST)

Modeled SST, West coast Observed SST, East coast

Model SST in Summer !
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Weather, climate and all that ...

In order to progress, one needs:

A A deeper understanding of underlying fundamental
processes (minimalist approach)

A Combining enhanced resolutions, in space and time,
observationally, experimentally & numerically (expensive)

A A hierarchy of models, adapted to scale of problem

A An added complexity in modeling (maximalist: Physics,
Chemistry, Biology, Socio-economics, ...)
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* How, when, and why
do tornadoes form?

* Why some are violent and
long lasting, while others

are weak and short lived?

\What is their structure?

* How strong are the winds

near the ground?

* How do they do damage?

Current warnings have an only 13 minute average lead time,

and a 70% false alarm rate.



Seamless predictions across scales, from hourly to decadal

Cirrus Clouds
Stratus Clouds

= . TON &8
Evaporation
- - . . - -~ -

—— -

nospheric Model Layers

By how much is the sea level going to rise?



Seamless predictions across scales, from hourly to decadal
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One rmodeling exarmnple of socigtal cornplexity: wiring
diagrarms

Figure 2. National Energy Modeling System
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Bodenschatz et al., Science, 2010
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Can we understand clouds w/o turbulence?



Gzaoonvsical Hign Order Suite for Turoulerice (p. Gomez & P. Mininni)
<Y

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 130,000
processors, using hybrid MPI/Open-MP (Mininni et al. 2011, Parallel Comp. 37)

LES: alpha model & variants (Clark, Leray) for fluids & MHD
Helical spectral (EDQNM) model for eddy viscosity & eddy noise
Lagrangian particles (w. A. Pumir)

Gross-Pitaevskii & Ginzburg-Landau (PM+M. Brachet)

Data, forced: 2048° Navier-Stokes and 15362 & 30722 with rotation, both w.
or w/o helicity. Rotating stratified turbulence w. 2048 grids forced at
intermediate scale

Data, spin-down MHD:1536° random + 6144° ideal & 2048° w. T-Green

symmetry

Decaying rotating stratified flow, N/f~5, Re=5.5 104, 2048° , 3072° & 40963 grids.

Decaying rotating stratified flow, 2.5<Nif<301), RReugpidéot 1881007, RR guprtdo1 00210224 ggidd
mininni@di.uba.zar, duaneré2@arnail.corn, rmarino@ucar.edu




Some hero’ runs in turbulence

« 40963 points ~6.8 1070, out of which ~ 200 millions in the last
10 Fourier shells alone in the dissipation range: homogeneous
isotropic (HIT): Japan (‘03), US (PKY, ‘12); MHD: Germany
(Homann~ ‘“10); supersonic: Australia (Federrath ~ ‘13)

« Purely stratified run 81922*4096 (ONR, deBruyn-Kops, 2015)

« HIT, Japan K-computer (& NSF’s goal for HIT): 122883 or ~ 1.8
1012 grid points ~ \sqrt(A)

N 4096° points rotation + stratification, N/f=5, Rg ~ 32 (NSF+DOE)

A: Avogadro nb. ~ 6 10%3



The trend
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Slide after John Wyngaard



Can we go beyond Moore’s law?

Doubling of speed of processors every 18 months
--> doubling of resolution for DNS in 3D every 6 years ...

-» Develop models of turbulent flows (RANS, LES, closures,
Lagrangian-averaged, ...)

-2 Improve numerical techniques
- Develop numerical models

-» Be patient

-+ |s Adaptive Mesh Refinement (AMR) a solution?
If so, how do we adapt? How much accuracy do we need?



Example of 3D AMR

Hairpin vortex,
Euler case

Grauer et al. PRL 80 (1998)

FIG. 4. Volume readenng of || at ume 1.32. Only level 3,
4, and 3 grds are shown,



The need for Adaptive Mesh
Refinement (AMR)

e
| 4
\
4 km BAMEX 10 km BAMEX 22 km CONUS Composite
forecast forecast forecast NEXRAD Radar

Figure 1: From Bill Skamarock, showing the lack of convergence with model resolution.



Sparse Fourier methods: decimation
2D-MHD

DNS, k=256 versus decimation, k.,'=32, 4 grids

Meneguzzi+ 1996
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Sparse Fourier methods: decimation ,, e _t=1a _ P=V*b
2D-MHD i

DNS, k=256 versus decimation, k.., '=32, 4 jjgrids /
14 |
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Sparse Fourier methods: decimation ,, e~ ¢
2D-MHD i

DNS, k=256 versus decimation, k.., '=32, 4 jjgrids /
14 |
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Helicity

+ Not magnetic!



Helicity

H=f(o-udV

H (w): off-diagonal
components of the velocity
gradient matrix du

Link to the thermal winds
(vertically sheared horizontal winds

azuperp )




Helicity

H=f(o-udV
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Helicity dynamics in HIT

-+ Evolution equation for the local helicity density in HIT
(Matthaeus+ 2008).

0,(V. w) + v. grad(v. w) = w.grad(v¥/2 - P) + VA (v. w)

—~ V. W (x) can grow locally on a fast (nonlinear) time-scale even
though it is conserved globally



Taylor-Green vortex (non-helical) - Blow-up at peak of dissipation
Vorticity w=Vxv & Relative helicity h=cos(v,w)
Local v-w alignment Beltramization (7sinober & Levich, 1983; Moffatt, 1985, ...).
= no mirror symmetry, together with weak nonlinearities in the small scales




Taylor-Green vortex (non-helical) - Blow-up at peak of dissipation
Vorticity w=Vxv & Relative helicity h=cos(v,w)
Local v-w alignment Beltramization (7sinober & Levich, 1983; Moffatt, 1985, ...).
= no mirror symmetry, together with weak nonlinearities in the small scales

E(k) ~ H(k) ~
k-5/3

h(k) =
Hk)/KE k)

~ 1/k

—> Link with
intermittency

?




H=f(o-udV

Deg C

Molinari & Vollaro, 2008



Helicity and

Shear in tropical

cyclones

Molinari & Vollaro, ‘10
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Helicity spectrum in the
Planetary Boundary Layer

Flat spectrum at night
(when more stable)

|H],ms? Koprov, 2005
107
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8. 4. Spectra of helicity components.



Helicity in other geophysical flows

—> Secondary currents in river bends, effect on salt distribution
- Mixing in estuaries and interactions with tidal flows

- Isopycnals are helical surfaces when eq. of state is nonlinear

-> Helicity and large-scale instabilities, as in hurricanes

—> Production of large-scale helical magnetic fields (& shear)



River confluence, sedimentation, mixing,
erosion, water quality control, morphology

PR

From Rice et al. Eds., Wiley, 2008
And Karimpur & Smalley, 2011

3
&
£
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Argentina/Paraguay

Figure 5.6 Oblique aerial photograph of the junction of the Rio Parana and Rio Paraguay. Note the contrast produced by the higher suspended
sediment concentrations of the Rio Paraguay and the vorticity present along the mixing interface.
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Boussinesq equations G B

|

ou+u-Vu—vAu =—VP — Nbe, —20e, x u +
b+u-\Vb—rAb = Nw , =0
V-u=20.

curl (GB) = thermal vshw winds: fo,u =Ndb, fd,v =-Nd,b

dot w. Coriolis force & spatial average>

(Ho), = (w9 xus), = 50 5o

=20

Hide, 1976



2 different compensations of total energy spectra
N/t ~ 3, Re~ 7000

0

" K53 * " k2
Fr~0.11,Ro0~0.39,R; ~ 70 Fr ~0.006,Ro ~0.018,R; ~0.3
E(k) ~ k> E(k) ~ k~

Buoyancy scale L resolved in both cases

Lo,midov T€SOlVed here only



0.7 Fr~ 0 00I6 | Selection of
Fr~ 0.012 data from 45
v Fr~0.025 TS, 2 0
0.05- ©° Fr~0.120 o / | 5123 grids
S + Fr~0.050 Nf<3 7 (filled symbols)
I s Fr~0.250 vy .
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| Or DU -
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€_| oo ReRo?< 20
T e E
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Marino et al., 2013



Nurnerical rnodeling

> S 8 - e ‘ s ® S ;
10
Direct numerical el
simulation with
256° grid-points ;
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'; ' s 1
gu L o R2a8 e dms  Asse L 529 L Bl 10 ke
N * k :
Filtered velocity
field to 32’ grid-
points
10. ke
k

Slide from Julien Baerenzung, 2008



Modeling of helical flows

Streaks in channel flow are strongly helical near
the boundary, and in turn dissipation is weaker

The Smagorinsky constant is adjusted to be half
the value of the isotropic case: helicity decreases
nonlinearities and thus eddy
everywhere,
except perhaps
In Shear layers

Contours of fluctuating
Robinson et al. 1988 (after Yokoi, 2012) streamwise velocity



Modeling of helical flows

[V] ~ U * L 9 VH’[U b ~ L3/ U (Yokoi, 2010)

Ve o K2V 2 H |2

a la Chollet-Lesieur (1981), EDQONM-based closure, Baerenzung et al. 2008



Modeling of helical flows

[V] —~ U * L 9 VH’[U b ~ L3/U (Yokoi, 2010)

V. . K2V 2 H 2

+ Eddy noise, or back-scatter
(Rose 1977, Mason & Thomson 1992, Sura 2011, Palmer 2012),

depending again on helicity

a la Chollet-Lesieur (1981), EDQONM-based closure, Baerenzung et al. 2008



Validation of LES in spectral space
using Direct Numerical Simulations (DNS)

100 —DNS 1536° -
o on + DNS 160° | |
e "LES CL 96
107"l oy -~ LES PH 96°
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Validation of LES

Under-resolved DN

/ LES PH.

1_ ; L
I 3
DNS 1536
+ DNS 160°
0 10 20 3t0 25 = ]

Savings in CPU : 0.5*[1536/96]* ~ 30,000 (also for memory)



Validation of LES

E(t)

Under-resolved DN/

-
......

.....
33

—DNS 1536°
+ DNS 160°

LES CL 96°
--LES PH 96°

0 10 20

30 40 50 60

A Include
anisotropy

A In the stratified case, include
Kinetic-potential energy exchanges

(Osborn-Cox, Mellor-Yamada; Zilitinkevich+, Galperin+, ...)



Rotating
turbulence

—DNS 1536°
o DNS 160°
““““ LES CL 96°

3
"'LES PH 96 < —
+LES P 96° -

Helical model
_ is closer to DNS

T ™~ e mmmmmmmm == " 0 S

(@)
~

0 5 10 15 20 25 30 5
t Baerenzung et al. 2011~



Helicity
» Craya-Herring-Waleffe decomposition into =+ circularly polarized waves
« Triad interactions (s,s’,s”) where s,s’,s"= +

e Restrict Navier-Stokes dynamics to one-sign interactions:
(+++) =2 inverse cascade of energy in 3D NS (Biferale et al. 2012)

10" |

1073 ¢ time increasing

10§ =0

5 | Py
10 —
10° 10’




Helicity
« Craya-Herring-Waleffe decomposition into + circularly polarized waves

« Triad interactions (s,s’,s”) where s,s’,s"= +

e Restrict Navier-Stokes dynamics to one-sign interactions:
(+++) =2 inverse cascade of energy in 3D NS (Biferate et al. 2012)

10" |

10°

107

< 102

Also observed for |
rotating flows, forced 0 ~
with maximal helicity 10 | g
(Mininni & Pouquet, 2010) 10° 10’




Helicity

Craya-Herring-Waleffe decomposition into =+ circularly polarized waves

I 1

Triad interactions (s,s’,s”) where s,s’,s"= +

Restrict to one-sign interactions, say (+++) =2 inverse cascade of energy in 3D NS
Kraichnan (1973): one-signed triad interactions are subdominant



Helicity

e Regularity of the NS eqs. when restricted to 1-sign interactions (Biferale &Titi, 2013)

“If the dynamics is restricted to the sub-set of modes with a well
definite sign of helicity (i.e. positive), then the flow admits unique global weak
solutions that depend continuously on the initial data.”



What does
grid resolution
buy you?

Navier-Stokes grids
with N2 points

Re = UlLN

643 & 2563
1024° & 2048°

Multi-scale interactions & persistence
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Kaneda et al. 2003,
Ishihara et al. 2009



Mesoscale organization
Weather/storm systems

Convection

Global R Individual _
cirZu?ation Organization - Clouds En\(,:ilr(z:rll(rinent
Thunderstorms , ) Small-scale
.,, Interactions turbulence

10000 km 1000 km 10 km
L/IAx =108 ! l |

Global circulation

L/IAx =102

Direct numerical sim.
LIAx~103 Forcing / Turbulence production /Large scales

Large-eddy simulation
L/ A%c ~ 1021 Input from large scales Resolved -

Resolved

Matheou, 2011



What is different in Rotating &/or Stratified Turbulence?
(RST)

Bi-directional constant-flux energy cascade (Marino’s talk)
* Anisotropy

 |B- Intermittency of the vertical velocity & temperature fields [f=0]

 |lIA- Bolgiano-Obukhov scaling and the role of potential energy

 |IB- Anomalous mixing, dissipation & the role of potential energy



What is different in Rotating &/or Stratified Turbulence?
(RST)

Bi-directional constant-flux energy cascade (Marino’s talk)
* Anisotropy

 |B- Intermittency of the vertical velocity & temperature fields [f=0]

 |lIA- Bolgiano-Obukhov scaling and the role of potential energy

 |IB- Anomalous mixing, dissipation & the role of potential energy

Cushman-Roisin; Ghil; MacWilliams; Pedlovsky; Vallis, ...



Homogeneous and isotropic case
Incompressible Navier-Stokes equations

oou+u-Vu—rvAu =—-VP +F
(9tb +u- Vb — kKAb = 0 s e.g., chemical tracer
V.-u=20.
T _
= Re = UyLy/v >>1 Reynolds number

Non-linear term - convolution in Fourier space
—> coupling between scales

Modeling through both eddy viscosity & eddy noise



Rotating stratified flows
Incompressible Boussinesq equations

oou+u-Vu—rvAu =—VP — Nbe, —2Qe, xu +F

(9tb +u - Vb—kAb = Nw s Effective buoyancy
V-u=0.
Twa"e Fr =Uy/NL, <1 Froude number
Ro= U/fL, <1 Rossby number

- Inertia-gravity waves
- Interplay between fast inertia-gravity waves
and nonlinear eddies



Rotating stratified flows
Incompressible Boussinesq equations

oou+u-Vu—rvAu =—VP — Nbe, —2Qe, xu +F
ob+u-Vb—rAb = Nuw ,

V-u=20.

T

IWa"e Fr =Uy/NL, <1 Froude number
Ro= U/fL, <1 Rossby number

Frequency of inertia-gravity waves: z or // or vertical
wy = [1/KN\sqrt{N K o2 + 2 k %}
erp or horizontal



Stratified flows (f=0)

Fr = Uy/[NL,] <1 Froude number

Scale at which Fr =1?

-2 L; =U,/N  Buoyancy scale

And for a Kolmogorov spectrum, u(l)~ €' [ 17

2> L = [e/N3]”

Ozmidov

—>Buoyancy Reynolds number: R; = Re Fr?

RB =1 for LOz =M= [8/\/3]'1/4 (Kolmogorov dissipation scale)



Stratified flows (f=0)

Fr = Uy/[NL,] <1 Froude number

Scale at which Fr =17
-2 L; =U,/N  Buoyancy scale

And for a Kolmogorov spectrum, u(l)~ €' [ 17
2 Logmidor = [E/N]” <7
—>Buoyancy Reynolds number: R; = Re Fr2 =[L _/nm]*?

RB =1 for LOz =M= [8/\’3]'1/4 (Kolmogorov dissipation scale)



Stratified flows (f=0)

Fr = Uy/[NL,] <1 Froude number

Scale at which Fr =1?

-2 L; =U,/N  Buoyancy scale

And for a Kolmogorov spectrum, u(l)~ €' [ 17

2> L = [e/N3]”

Ozmidov

—>Buoyancy Reynolds number: R; = Re Fr? =¢/[vN?]

RB =1 for LOz =M= [8/\’3]'1/4 (Kolmogorov dissipation scale)



Rotating flows (N=0): N 2> f

—>Micro Rossby number: R, = [Re Ro?]"?
R,=1forL, =m=/[eVv3]"

Zeman ~



Rotating flows (N=0): N =2 f

&

—>Micro Rossby number: R, = [Re Ro?]"? = __/f
R,=1forL == [e/v] 14

Zeman ~



Rotating flows (N=0): N =2 f

Ro =Uy/[fL)] <1 Rossby number

[1/Micro-buoyancy|]?:
Richardson number
Ri = N?/Shear?

Scale at which Ro =1?

2L, =U/f  what scale? = NY/<du,, /dz>
And so:

And for a Kolmogorov spectrum, u(/)~ !5 [ 173
Fr, = Ri"!?2

% LZemcm - [8/f3]1/2

->Micro Rossby number: R, = [Re Ro?]"? =m__/f

R, =1forL = [e/v] "

Zemcm
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Rotating and stratified flows

L, = [N/A] L, Deformation radius (Charney, ’60s, ...)

L,~1/N or L,~[f/N]L

perp (Billant Chomaz, 2001)

Also:

wy = [1/KN\sqrt{ N2k o, ,2 + 2 k2 }

2> N/L,,~ L, or Nf~L,,/L, (f eg MacWiliams2006)



| Fr=0.04 Ro = 0.08
t/t =26 | - Fr=0.04 Ro=0.16
NL Fr=004 f=0
107
107
107 B
- Ev(ﬁ) Fr =0.04
VS(B )| Ro=0.08
-8 — %
10°F | |
10° 10" 10° 1
10° 10" 10°

Marino+ 2013

Loer = [N/A] Lg

K.=40

N/f=2
KDef=20
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Rotating and stratified flows

L, = [N/A] L, Deformation radius (Charney, 60s)

L,~1/N or L,~[f/N]L

perp (Billant Chomaz, 2001)

Also:
Wy = [1/kI\sart{ N=kper” + 7 k)
> NlLpgy~ L, or  NA~Ly,/L,
Which of these scales (Lg, Lo_ii00 Lzemans Lp> 1) @re resolved in a

given simulation? Does it matter?
And if so, why and how?



Less classical picture of quasi-2D turbulence

F
e

-

S S S S S k
€= dE/dt : energy dissipation rate
E ~ kE(k) (locality) and T ~ £ /u, (eddy turn-over time), l
So: €~ Uy %/ «g

and E(k) =Cy€?/3k-5/3

Marino’s talk: dual constant-flux energy cascade YV



Buoyancy

Fr~0.11,Ro~04, Fr ~0.025,Ro ~0.05,
Ry ~ 100, N/f ~ 3.6 Rp~5,N/f=2

Marino et al., 2013



Recovered classical single-scale models: Rot. Strat. Turb.

U = U(")(é, T, g) Linear small scale internal gravity waves
UY = Ut , 2) Anelastic & pseudo-incompressible models
U = UO(et, %z, 2) Linear large scale internal gravity waves
U = UG, ez, 2) Mid-latitude Quasi-Geostrophic Flow

U = U (e, e, 2) Equatorial Weak Temperature Gradients
U = U0 (%, e e(e?n), 2) Semi-geostrophic flow

U = U322, 5%y, ) Kelvin, Yanai, Rossby, and gravity Waves

Klein, 2010



Recovered classical single-scale models: Rot. Strat. Turb.

U = U(i)(é, T, g) Linear small scale internal gravity waves

UY = Ut , 2) Anelastic & pseudo-incompressible models

U = UO(et, %z, 2) Linear large scale internal gravity waves
Ul = U (2, e, 2) Mid-latitude Quasi-Geostrophic Flow

U = UG (%, ez, 2) Equatorial Weak Temperature Gradients

U = U0 (%, e e(e?n), 2) Semi-geostrophic flow

U = U322, 5%y, ) Kelvin, Yanai, Rossby, and gravity Waves

Klein, 2010



Atmospheric Flow Regimes

convective meso synoptic planetary

R.K., Ann. Rev. Fluid

Scaling regimes and model equations for atmospheric flows. The weak-temperature-gradient (WTG) and
hydrostatic primitive equation (HPE) models cover a wide range of spatial scales assuming the associated
advective and acoustic timescales, respectively. The anelastic and pseudoincompressible models for realistic
flow regimes cover multiple spatiotemporal scales (Section 4.3). For similar graphs for near-equatorial flows,
see Majda 2007b, Majda & Klein 2003. PG, planetary geostrophic; QG, quasi-geostrophic.

h..: density scale height; €: Froude number Klein, Ann. Rev. Fluid Mech. 2010



248 K. Julien, E. Knobloch, R. Milliff and J. Werne JFM 2006
A (UNH-QGE LII<f--= TNH-QGE LI TNH-QGE Il <-4 = SNH-QGE 111 |}
~Ro™! ’ ’ ~Ro™!
UH-QGE —H#— TH-QGE TNH-QGE III = -H{{> SNH-QGE III
> 1 ' ' ' -
A, A,
UH-QGE —j—— TQH-QGE TNH-QGE III —+||r >=SNH-QGE III
<1 UH-QGE UH-QGE == 1l
Polar Extratropics Tropics
O (Ro) 9o % — O (Ro)

FiGURE 4. Classification of the reduced U—-Upright, T-Tilted, S—Sideways QG models (see

table 4) as a function of the colatitude ¥y, and the spatial aspect ratios A,

or A,.

H-hydrostatic, QH—quasi-hydrostatic, NH-non-hydrostatic. With the exception of TNH-QGE
ITI A, distinguishes between all models in the polar and extratropical regions where A, = O(1),
Whlle A, distinguishes between the tropical QGE and TNH-QGE III for which A, = 0(1) The
symbol «—— indicates a continuous transition between different models while «-
extension of a model to the polar or equatorial regions.

-+ Indicates



1) V-u=0—kiui ~kzW = 13, ~ 78,

2)7‘[2UJ_>>W%%]€2>>16J_

3a) Defs: F'r= ;45 ; Re= vt

3b) H: Fz = ;5 =1 (Billant Chomaz 2001)
— Lp=% =1Ly (Buoyancy scale)

and — L2 = B = W _ oy
L, kz U

4) Saturation spectrum: WaozW ~ N6O

— Bw(kz) = Ep(kz) ~ N2k ° (observed)

2

5) € = BT % s Tir € [TW:1/N, TNL, TNL/FT, Tswsy »-

|



Dimensionless parameters - Universality?

Re, Ro, Fr and Pr (=1)
Scale of initial field and/or of forcing
Isotropy or not of initial conditions and/or forcing

Presence or not of temperature fluctuations,
and if so, balanced or not

Role of:

— inviscid invariants such as Pa«V.x, linear or not

— resolving characteristic scales for a given parameter set
— local/nonlocal scale interactions

- large-scale friction




Density slice, supersonic-Mach ~17, 40963 grid

L !
PrESEive driving
p— e

Different (solenoidal/compressible) driving
Federrath, 2013

Flash code






Strong jumps
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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 long tails in PdF
Problem for e.g. wind farms



Celani & Vergassola, Phys. Rev. Lett. 86, 424 (2001)

Two-
dimensional
passive
scalar:

Sharp fronts

40962 points



Fluid turbulence at 40967 resolution, R, ~ 1200

Velocity differences du(/)
on distances | ~ 2" Ax gg 106}
5“%(6) — <ux(37 T 8) — ux(a:» 1081
n=0
‘W

/N

Energy containing —
Inertial — ]

Dissipation —
Gaussian

Gaussian at large scale and with -30  -20
heavy tails at small scales

6u"/05uL

10 20 30
Ishihara et al., 2009



Fluid turbulence at 40967 resolution, R, ~ 1200

Velocities are Gaussian
Gradients are intermittent

Velocity differences du(/)
on distances | ~ 2" Ax gg 106}
5“%(6) — <ux(37 T 8) — ux(a:» 1081
n=0
‘W

Gaussian at large scale and with -30  -20
heavy tails at small scales

A

Energy containing —
Inertial — ]

Dissipation —
Gaussian

30
Ishihara et al., 2009



Isotropic MHD
scaling at peak
of dissipation

= Anomalous
exponents of
structure functions
for Elsasser
variables, with
isotropy assumed

(similar results for v and B)

2 K41 u(l)y~ '3
2 IK: b(l)~ I

s Curvature:
intermittency



Extreme event

» Scaling exponents
Abramenko, review (2007)

25|

|

NCAA  Flae
B375 | M1 0N
. BR23 | M15MF
27215 | M1 59N
2'0. 75490 | M1 aB
a5 | M5 13
, B757 | X15%R
1.9] 6650 | M7 e/eB
> 6653 | Y1228
&\f, k 4
f Increase in flare
1.0] activity
. Increase in concavity
fC function
05! of L(q) functio
00
0 i 4 6

Figure 16: Scaling exponents {{g) of structure functions of order g calculated for eight
active regions by Abramenko et al. (2002). The straight dotted line has a slope of 1/3 and
refers to the state of Kolmogorov turbulence. The NOAA number and the strongest flare
(X-ray class/optical class) of each active region 1s shown. [ncrease of the flaring activity
of active regions (from the top down to the bottom) 1s accompanied by general increase in

concavity of ((g) functions.



How do waves alter the dynamics?
Stable Boussinesq stratification =2 gravity waves

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

nonlinear

Twave Fr = U,/[LyN] Froude number
.

nonlinear

V=% Unit Prandtl nb.



Skewness of vertical velocity in the convective
planetary boundary layer

LIFT: Lidar in Flat Terrain

30m res.; 1sres. over 110 hrs

1 z,: Conv. Bound. Layer depth

z. =7/ z,

® AMMA exp
Thermal model

® Minnesota exp

AMTEX exp

——LIFT - all cases
——LIFT — most conv.
——LIFT - least conv.
—— LES most conv.
— — — LES moderately conv.
————— LES least conv.

1.'5 2 Lenschow et al., 2012




PdF of vertical velocity in an oceanic model

10

Two depths

ROMS with

jorl | atmospheric forcing
~ 100024 X 40 res.

California current
10 -

| | Wings associated
with frontogenesis

10 ' : |
9100 -50 0 50 100

Capet et al., 2008a



Depth (m

100

200 |

400 |

500

Skewness of vorticity in upper ocean

( C) — 75 kHz

— 75 kHz (one-ship)
{1 = =300 kHz
- - 300 kHz (one-ship)
— model
| — towed profiler

g
0 1 2 0 0.5 1 0 20 40
Skew.[(/f] St. dev.[(/f] N/f

Shcherbina et al. 2013 &
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976-2002, dzily data
ertlcal velocity

Interrmitiency ]n the free
=RA40: ZCJ\/J Vi 4 -l

SKewness o

A) Stand.skewness for 850 hPa W, January B) Stand.skewness for 850 hPa W, July

: Petoukhov et al., 2008
Gaussian



Skewness of horizontal velocity

Associated with cyclones

A) Skewness for 850 hPa U, January B) Skewness for 850 hPa U, July

90N

605 R SERETE R e SR TR e e
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-0.8 -0.6 0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 0.6 0.8 -0.8 -0.6 0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 0.6 0.8

Petoukhov et al., 2008

Gaussian



Stratification, no rotation: Temperature fluctuations, xz slice,
Re ~ 24000, 2048 grids, Ky ~2-3

R; = ReFr? : buoyancy

Fr~0.11 (v=4)
Ry ~ 300

TZ

Fr ~0.03 (v=12)
Ry ~22

Rorai et al., 2014




Pure stratification

Fr~0.11, R, ~ 300

Fr~0.03, R, ~22

Rorai et al., 2014, 2015



Re~2.4x104

N=4 (Fr~0.1)
N=12 (Fr~0.03)

Potential energy

&
e Helicity
i Plateau until ky~N/U
10°°
10° T The buoyancy scale




Re~2x104

N=4 (Fr~0.1)
N=12 (Fr~0.03)

Helicity

0 T | S
10 10 k 10
lO‘V—r s
lO’i
10°§
107y th

Energy spectrum break atLg |, ! — i

10 "'5 —————— v, o —day
4' v, |—mghtd
10 ! — — — v 0} Cay
10 ’r ------ v, 0. | oight
]OI‘: —a—t—atatasd e PR | -
10 107 1072 107" 10°
Break also in oceanic data, f. Hz
D’Asaro & Lien 2000 Fig. 4. Spectra of helicity components. KOprOV 2005
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Re~2x104

N=4 (Fr~0.1)
N=12 (Fr~0.03)
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Energy spectrum break at Lg
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Fig. 4. Spectra of helicity

Break also in oceanic data,
D’Asaro & Lien 2000
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Re~2x104
N=4 (Fr~0.1, R;~300) and N=12 (Fr~0.03, Rz~22)

e 16 e +€
kb

o 2D energy

spectra for
co-latitudes ¢

0

10’ o ko

Isotropy at Kog™ [N3/e]"2: -5/3 beyond?
The Ozmidov scale 59




Pr(vy)

N=4

Gaussian in
black

N=12

DNS 20483,
Re=24000

Time
Averaged
PDFs after
the peak of
dissipation



Pr(vy)

DNS 20483,

N _4 Re=24000

Time
Averaged
PDFs after

N=12 disspaton

—N=4 |
—N=12|

-10 =5 0 5 10



Pr(vy)

i DNS 20483,
N _4 Re=24000
Time
Averaged
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Leorat, PhD; Vieillefosse 1982, 1984




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 small: hydrodynamic of intermittent strong turbulence

* N large: harmonic oscillator of frequency N

« NO /, ~w?, balance compatible with “saturated” spectrum
Ew(kz) = EP(kz) = N2 kz-3



The model for vertical differences of fluctuations of
vertical velocity w, over distance /, N is the BV frequency

dedw = —0w*/{ — N&6 |

di80 = —6wsh /0 + Now ,| N>

Intermediate N: faster growth
of negative gradients
in the saturated regime




X(t)*r()

-
-~ ™
e
—
-
o

' u\| Sv|=|8u; P,(r)\t/r

Meneveau, Ann. Rev. Fluid Mech. 201#7



Gradient matrix: A; = ou;/ ox
Decomposition: A; = S; +Q;,
where S; = (A; + A;)/2

Q= (A;- A2

Define:

Q==[Ain Anid/2, R5==[A;, A ALil/3,
Qs = =[Sip Smil/2,
Rgs = =[Siy Spn Spi/3,
Ve=S, S, w, w,

Meneveau, Ann. Rev. Fluid Mech. 2011
98



km |
with H; P=—(82p/[8x ox;] =113V 2pd;)
=vd?A;; /[0X0%]

Model pressure Hessian (Chevillard et al. 2011, Meneveau 2011 ...)
|sotropic? Local?

Add transverse velocities
Add rotation 2010, passive scalar, ...
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Other models of intermittency for the nocturnal

planetary boundary layer: some degree of
nonlinearity over an otherwise linear system:

A parametric instability
A on-off intermittency
A sub-critical transitions

BUT:

Vertical Froude nber of order unity itant chomaz 2001)
-2 intrinsic nonlinear role in the vertical

100



Conclusions
1) Helicity is created in rotating stratified flows:
A What are the emerging helical structures?
A How much helicity when the flow is more turbulent?

2) Internal gravity waves can enhance in substantial ways the
negative gradients of a turbulent flow leading to strong
intermittency in strongly stable flows, as is well known from

observations, but not necessarily well modeled

Link with structures (Kelvin-Helmoltz billows and secondary instabilities, fronts,
...) and with mixing?

Lifetime and spatial extent of transients?
Expand the model

Role of forcing scale?

Role of parameters (Re, Fr, Rg)?

Role of rotation (and of inverse cascade)?
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2 As a matter of conclusion:

—The lack of resolution when there is
more than one inertial range: the
emergence of two characteristic
scales (buoyancy and Ozmidov)

> A proposition for what would be a
really big run of stratified (and
rotating?) turbulence



184323 points, stratified turbulence

*

Box

Forcing

Buoyancy

oUU

Ozmidov

6000 6144

Dissipation

Grid



Resolution=18432
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