Atmospheric turbulence spectrum:
competing theories

Explanations for Nastrom & Gage, JAS, 42, 1985 by

Tung & Orlando, JAS, 60, 2003
Tulloch & Smith, PNAS, 103, 2006

(kP where p=—3,-5/3,...)

as told by Navid C

CASPO theory seminar, 6 Nov. 2015



Atmospheric energy spectrum by
Nastrom & Gage 1985
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synoptic scales
1000 km < ... < 5200 km

Atmospheric energy spectrum by
Nastrom & Gage 1985
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Some possible (early) explanations

k—5/3

e forward cascade predicted by 3D
Isotropic homogeneous arguments

® |nternal gravity waves

k— 3

e forward enstrophy inertial range
(as in KBL theory)

e Charney 1971

tropopause 10-12 km —>
—> 3D effects only for scales <2 km

ruled out by Gage & Nastrom 1986

synoptic scales are definitely not
iInertial
(baroclinic instability energetic scales)

(several problems...)



Tung & Orlando 2003
reproduced an energy spectrum similar to
Gage & Nastrom with a 2-layer QG system

Tulloch & Smith 2006

(argued that Tung & Orlando are wrong and)
reproduced an energy spectrum similar to

Gage & Nastrom with a finite height SQG system



Tung & Orlando 2003

oqr +J(@y —Uy,q1) = 0

two-layer O + J(W, + Uy, Gz) = —Ve(9Z + )y,
QG system

k2
g1 = (05 + 0, Wy — ?R(% — 5) + By
0

k
G = (05 + 8 W, + ER(% — ) + By

kr, U, B, VE, vs,domain size fixed parameters of the problem



Tung & Orlando 2003

hyperdiffusion
for numerical stability

0:qr + J(W1 — Uy, q1) = — V(95 + 35)104’1

two-layer 0iqe + J(W, + Uy, o) = —Ve(05 + 95)Wo — V(05 + 05) s
QG system

k2
g1 = (05 + 0, Wy — ?R(% — 5) + By
0

k
G = (05 + 8 W, + ER(% — ) + By

kr, U, B, VE, vs,domain size fixed parameters of the problem



Tung & Orlando 2003

adjusted parameters to resemble
midlatitude tropopause
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Tung & Orlando 2003
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Tung & Orlando 2003
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log E(k)

Tung & Orlando 2003

enstrophy/energy fluxes based on their model
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SQG system

Tulloch & Smith 2006

00+J(p,8)=0, z=0

6 =0y

q= (05 +0,+0 °05)y=0, z<O0
O =0,Zz=—c

o= N/f

Subtropical jet

Polar Jet

North Pole 5 K Equator




finite depth
SQG system

Tulloch & Smith 2006

00+J(p,8)=0, z=0

6 =0y

G= (2 +92+022)p=0, z<0
o,=0, z=—H

o= N/f

Subtropical jet

Polar Jet O ...........

Hadley
Cell

North Pole 5 K Equator




Tulloch & Smith 2006

00+J(Y,0)= F z=0 plus a 2/3 filter

for numerical stability

finite depth , , -
SQGsystem Q= (0x+0,+0 “0;)y=0, z<C

azl.l’:O’ Z:—H
o= N/f

Subtropical jet

Polar Jet O

Hadley
Cell
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Tulloch & Smith 2006

relation between 8 and ¢ in fSQG

A

B(k, 0)

O=04= vk 2=0)= Som (oHK)

k< (oH)~ "= 0(k,0) ~ 0°K°H(k,0) (2D-like)

A

k> (oH)"' = 0(k,0) ~ oky(k, O) (SQG-like)



Tulloch & Smith 2006

what does that imply for energy spectra”

=/ o

E = /k273 ) dk = /8(k)dk I CRIE

= consit.

62 = /T(k) dk = /[Oktanh(k/kt)]zp(k) dk

some
g fiddling
% around

' ~ k7 k< (oH)™
£ (k) ~ €%/°[atanh(ohk)] k% -

regime transition at scale  k; ~ f/( NH)



Tulloch & Smith 2006
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and they checked their prediction of k: by doing several simulations with varying o



Discussion

The Nastrom & Gage observed atmospheric spectrum is essentially captured

by the very simple models presented

TOO3 predict that k; = v/n/e while TS06 that k; = f/(NH) (known params)
Nastrom & Gage spectrum is a bit less steep than -3 at synoptic scales while

TOO03 and TS06 are more steep there

There is also the work of Cho & Lindborg J Geophys Res 2001 that computed
3-correllators from observations (4/5-law)

(duLouduy) = —gc‘r(f — &)

\ the sign of this term determines whether

there is forward or inverse energy cascade

TS06 speculate that perhaps fully a continuously stratified QG model might

resolve any inadequacies their simple model has — see paper by Deusebio &
Lindborg JFM 2013



part of the whole story...

Tung & Orlando JAS 2003

Smith comment on TOO3, JAS 2004

Tung reply, JAS 2004

Gkioulekas & Tung 2004 + later papers by Gkioulekas...
Tulloch & Smith PNAS 2006

Tulloch & Smith 2009 (baroclinic+SQG)

Lindborg comment on TS06 & TS09, JAS 2009

Smith & Tulloch reply, JAS 2009



thanks





