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Navier-Stokes equation
with the Boussinesqg approximation

% + (U-V)u = -Vp+ Wuh &
" (Uu-V)8 = xV°0|- N°w
A
1 = RAIREF
v-u 0 DAY T2
where :
u=(u v, w) : velocity
0 . temperature fluctuations

N2 = gl'—a % : Brunt - V¥s3¥frequency
0
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E(k) = %<\D\2>(k) ~ Kk
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dx,

dt

- ux,(t) — <\x(t)—x(0)\2> -t/

single particle dispersion

Lagrangian particle
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Numerical Methods

forced simulations

2n-periodic box with 10243~20483grid points (R, ~ 400)
3" order time-marching scheme

Initial energy spectrum : E(k) =0

Force horizontal velocity components

Add red noise to modes within a wave number band

\ (ki ~5)

Solving Ornstein-Uhlenbeck process (2nd order
stochastic ODES)
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Characteristics of stratified turbulence

Composite of “waves” and “turbulence”

— “Craya-Herring decomposition” to separate
waves and turbulence

Highly anisotropic

) Need suitable avaraging

k = k, ® k
cylindrical K (- i K, planar

=

k == K
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“Craya-Herring” decomposition
V-u=20 =) k-G =0

incompressibility U is spanned by two independent

vectors perpendicular to k

k 3
kxZ 1 ' U(k) = ¢1el(k) + ¢262(k)
a0 = 1531 T Tare| ©
XZ ~
g g = U(K)-e,(K)
k k 1 o
5 £ = ————(k,0—-k,V)
e,(K) = kx—kxf _ 1 kK, JKE k2
[kxckx 2| k24 k2 + k22 + (4 1) i
—(K T K N /k2+k2
K, o |
K 1 (vortical)
63(k) = T - 2 > > ky
K kK| 4, = (k)€ (K
N
= W
- N
orthnormal coordinates v

(wavy)
cf: Giga & Yoshida, Babin, Mahalov, Nicolaenko
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Transition in Energy Spectrum
for Rotating and Stratified turbulence

deanioeisiumn CLIMATOLOGY
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spherical wavenumber
Nastrom-Gage’s atmospheric Mark Taylor’s climate model
observation (1985) Both stratification simulation (2008)
(JAS 42 950-960.) and rotation are essential  (CCSM project at NCAR)

N
-3 . enstrophy cascade for Quasi-Geostrophic turbulence (~2D)
-5/3 : Kolmogorov turbulence (3D)
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Eio(k)

History of @, energy spectra (N?=100)
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First, steep spectrum (~k3) develops then small scales rise.
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Elo(ky)

®, (ko) spcetra for various N

100 | [ L II| | L I| | LI
10 E forcing wavenumber band * -5/3- for small SC?‘I?S

o (different coefficient)
E X « -3 for large scales
10° & (same coefficient)

104 /3 + There’s a sharp transition
10° &
= \ How to scale them ?
10° £ -
E N guidelines:
107 F N’ = 10
- , + The Kolmogorov const. is
10° E N =50 _ _

f M - 100 universal. (Sreenivasan 85)
10 E + The coefficient for large
10710 Lol Lol L1l Scales doesn’t depend on N

10° 10’ L 10° 10°
1
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wavenumber
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Growth of vortical structures in time
Enstrophy contours in a vertical slice

‘]00 T T T TIITT T T T T T T T T 17171

2000

1500

1500

1000

500

| L1 '[IIII L [ IIIIII:
Yy

1 10 100 1000
k.

2000 2000

Kelvin-Helmholtz

. 1500 .
wedge vortices B8 billows

500

14/19



Kelvin-Helmholtz ;&N & &
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Enstrophy contours (blow-up)
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+ Kelvin-Helmholz billows are observed in the vertical.
+ The billows are not single rollers and chopped in the
horizontal.
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Riley, Metcalfe, Weissman (1981)
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Majda, A.J. & Grote M.J.
Model dynamics and vertical
collapse in decaying strongly
stratified flows.

Phys. Fluids 9 (1997) 2932-2940.
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