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Sources for Stably Stratified Turbulence

i External Large-Scale Shear (mean wind In
atmospheric turbulence);

it Shear in large-scale circulation in convection
i Internal Gravity Waves

i Forcing In DNS, LES and laboratory
experiments (oscillating grids; propellers, etc).
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KE Balance for Stably Stratified Turbulence




Budget Equations for Stably Stratified

Turbulence
_ 1/
it Turbulent kinetic energy: EK_E<“>
i Potential temperature fluctuations: EH:%<¢92>
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Budget Equations for Stably
Stratified Turbulence
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Total Turbulent Energy
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Budget Equations for Stably
Stratified Turbulence
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No Critical Richardson Number
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Comparisons
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Fig. 4 Ri-dependence of the flux Richardson number Rif = —fAF; /(t§) for meteorological ebservations:
slanting black triangles (Kondo et al. 1978), snowflakes (Bertin et al. 1997); laboratory experiments: slanting
crosses (Rehmann and Koseff 2004), diamonds (Ohya 2001), black circles (Strang and Fernando 2001); DNS:
five-pointed stars (Stretch et al. 2001); LES: triangles (our DATABASE64). Solid line shows the steady-state

EFB model, Eq. 56, with Rif — R = 0.25at Ri — oo
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Fig. 5 Ri-dependence of the turbulent Prandtl number Prr = Kyq/Kpy. after the same data as in Fig. 4

(meteorological observations, laboratory experiments, DNS, and LES). Solid line shows the steady-state EFB
model, Eq. 56




Comparisons
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Fig. 9 Ri-dependence of the squared dimensionless turbulent flux of potential temperature FS*'J.-’ (Ex Eg), for
meteorological observations: squares (CME), circles (SHEBA), overturned triangles (CASES-99): laboratory
experiments: diamonds (Ohya 2001); LES: triangles (our DATABASEG4). Solid line shows the steady-state

EFB model, Eq. 61
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Fig. 7 Ri-dependence of the potential-to-total turbulent energy ratio Ep/ E. for meteorological observations:
overturned triangles (CASES-99), and laboratory experiments: diamonds (Ohya 2001). Solid line shows the

steady-state EFB model, Egs. 34, 36
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Large-Scale Internal Gravity Waves (IGW)

Basic Equations:
avW
dt
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Solutions of the Linearized Equations for propagating IGW.:
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Sources for Internal Gravity Waves

it Random convective motions underlying the
stably stratified turbulence.

it Strong large-scale shear.
it Large-scale flows over complex terrain.

it Wave-wave interactions.



Large-Scale Internal Gravity Waves (IGW)

I We consider the large-scale IGW whose
periods and wave lengths are much larger than the turbulent
time and length scales.

v= U+ u+ VW,
I We neglect the wave-wave interactions at large scales, but take

INnto account the turbulence-wave interactions.

I We assume that the energy spectrum of the ensemble of IGW
is isotropic and has the power-law form: BRI nel A AR

WIS Ew = [ [ew(ko)/27kildko = [ ew(ko)dko



Large-Scale Internal Gravity Waves
with Random phases
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Budget Equations for SST with
Large-Scale Internal Gravity Waves
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Turbulent Prandtl Number vs. RI
(IG-Waves)
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Meteorological observations: slanting black triangles (Kondo et al., 1978), snowflakes
(Bertin et al., 1997); laboratory experiments: black circles (Strang and Fernando, 2001),
slanting crosses (Rehmann and Koseff, 2004), diamonds (Ohya, 2001); LES: triangles
(Zilitinkevich et al., 2008); DNS: five-pointed stars (Stretch et al., 2001). Our model with
|G-waves at Q=10 and different values of parameter G: G=0.01 (thick dashed), G= 0.1
(thin dashed-dotted), G=0.15 (thin dashed), G=0.2 (thick dashed-dotted ), at Q=1 for
G=1 (thin solid) and without IG-waves at G=0 (thick solid).
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Meteorological observations: slanting black triangles (Kondo et al., 1978), snowflakes
(Bertin et al., 1997); laboratory experiments: black circles (Strang and Fernando, 2001),
slanting crosses (Rehmann and Koseff, 2004), diamonds (Ohya, 2001); LES: triangles
(Zilitinkevich et al., 2008); DNS: five-pointed stars (Stretch et al., 2001). Our model with
|G-waves at Q=10 and different values of parameter G: G=0.01 (thick dashed), G=0.1
(thin dashed-dotted), G=0.15 (thin dashed), G=0.2 (thick dashed-dotted ), at Q=1 for
G=1 (thin solid); and without IG-waves at G=0 (thick solid).



Meteorological observations: squares [CME, Mahrt and Vickers (2005)], circles [SHEBA,
Uttal et al. (2002)], overturned triangles [CASES-99, Poulos et al. (2002), Banta et al.
(2002)], slanting black triangles (Kondo et al., 1978), snowflakes (Bertin et al., 1997);
laboratory experiments: black circles (Strang and Fernando, 2001), slanting crosses
(Rehmann and Koseff, 2004), diamonds (Ohya, 2001); LES: triangles (Zilitinkevich et al.,
2008); DNS: five-pointed stars (Stretch et al., 2001). Our model with |IG-waves at Q=10
and different values of parameter G: G=0.001 (thin dashed), G=0.005 (thick dashed),
G= 0.01 (thin dashed-dotted), G=0.05 (thick dashed-dotted), at Q=1 for G=0.1 (thin
solid); and without IG-waves at G=0 (thick solid).
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Meteorological observations: overturned triangles [CASES-99, Poulos et al. (2002),
Banta et al. (2002)]; laboratory experiments: diamonds (Ohya, 2001); LES: triangles
(Zilitinkevich et al., 2008). Our model with IG-waves at Q=10 and different values of
parameter G: G=0.2 (thick dashed-dotted), at Q=1 for G=1 (thin SO|Id) and without 1G-
waves at G=0 (thick solid for Riz = 0:4) and (thick dashed for Rif = 0:2).



Large-Scale Internal Gravity Waves
(Two-way Coupling)
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Budget Equations for IGW: S=0
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Figure 1. The anisotropy parameter 4. versus the parameter for different values of the
parameter Cy: C, =1/15 (solid). C, =0.1 (dashed). C; =0.217 (dashed-doted).
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Figure 2. The ratio of potential to the total energy versus the parameter Ri,,.
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Figure 3. Kinetic energy (in Ozmidov units) versus the parameter Ri, .
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Figure 5. The turbulent Prandtl number Pr; versus the parameter Ri, .

Ri,




H, =H pl A

T auraci i3 (1+py)\ G

“Spatial Profiles

AT
0.4[
0.3f
0.2

0.1

0.1

T

E. /(l,N)

2/H. ..

10 z/H_,,

Figure 11. The vertical profile of the turbulent Prandtl number, Pr;.
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Figure 9. The vertical profile of the non-dimensional squared flux of the potential temperature.
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Figure 12. The vertical profile of the ratio of the potential to the total energy.



|_aboratory Experiments in Convective turbulence
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FIG. 5. Profiles of the vertical mean temperature gradient
V.T in the experiments with the wavy bottom surface for
AT = 50 K for different cross-sections on the left at y = 193.6

FIG. 2. A sketch of the chamber: heat exchangers at the bot-
tom (4) and top (1) surfaces; temperature probe (2) equipped
with 12 E-thermocouples; a wavy bottom surface (3) with a
sinusoidal modulation.
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FIG. 6. Profiles of the vertical mean temperature gradi-
ent V.T in the experiments with the wavy bottom surface
for AT = 50 K for different cross-sections on the right at




Standing Internal Gravity Waves (IGW)
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