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Lorenz Energy Box Diagram
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Lorenz cycle, Saltzman cycle
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(Saltzman 1957; 1970)  p= 2 p,exp(inx)
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Data

e JRA-25 < JRA-25 Reanalysis by JMA

—25° x25° , 23 levels (1000 - 0.4 hPa)

 NCEP/NCAR reanalysis < wnoaa coc

- 2.5 x25° ,17 levels (1000 - 10 hPa)

e ERA-40 < ECMWF

—2.5° x25° , 23 levels (1000 - 1 hPa)

e 1990/91 DJF (3 Month)
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Wave-wave interactions (S, L)
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2D Spectral model

e 1D: Expansion in Fourier harmonics
e 2D: Expansion in spherical harmonics
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3D Spectral model

e Vertical normal mode

e Horizontal normal mode: Hough harmonics
expansion in 3D Normal Mode Functions

[, (4,6,0) = 0,4, (6) G () exp(in2)
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Vertical energy spectrum
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Barotropization
by baroclinic instability

Barotropic
mode
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Spherical harmonics (n=0) Hough harmonics

Kelvin mode Mixed Rossby-gravity mode
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Meridional Energy Spectrum /
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Energy spectrum in the
3D wavenumber space

O i
n% + 1% + m? k 2

n,l, m: zonal, meridional and vertical waves

k : total wave CcC=o0/n

dw, . :

_

x =—lo,W, —I E L W W, + T
a ik

Use ¢ for the scale in place of 3D wavenumber




Observed energy spectrum in c-domain
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Frequency domain

Tanaka and Kimura (1996)
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Energy flow box diagram
In barotropic-baroclinic decomposition
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Primitive Equation Model | N u me r-i Cal
M L= » | simulations

ot
of blocking
U=(u,v,¢)" (2) :
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[Barotropic Component of the Atmosphere |

O _Vertical Transform_
s 1
(u,v,8)§ = = J (v, #)" Godp (1)

(O Barotropic Model
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where U(X,0,p,t) = (u,v,¢')7, wum(t) is the spectral
expansion coefficient, X, = diag(cym, cm, c2,), and Iy,
is the 3-D NMF.
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NCEP/NCAR
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Arctic Oscillation
Barotropic height (EOF-1)

NCEP/NCAR Barotropic S-Model

Barotropic Component of Geopotential Height Barotropic Height

EOF-1 AO (5.7%) EOF-1 (16%)




Singular Eigenmode Theory of AO
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Blocking in the model
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Potential Vorticity
Day79 - Blocking formation by

Rossby wave breaking

EossLy wayes —> Q bbeakini
PR R o i
Q
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(Tanaka and Watarai 1999) Blocking Breaking Rossbhy Waves




Total Energy (Jm2)

Rossby wave breaking and saturation

Potential Vorticity
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Zonalization

Rossby wave breaking for n=6
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Total Energy (Jm?)
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3D energy spectrum
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Saturation theory in gravity waves

Saturation spectrum
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Saturation theory in Rossby waves

oq <0, q=Vy + f Tanaka and Watarai (1999)
oy PV in barotropic model
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Saturation energy spectrum

Y,

n% +1°
| u |z| V | (Tanaka and Kasahara 1992)
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Observed energy spectrum in c-domain

FGGE SOP1

K m=o )
0s=1
(@] 2
L10s
A 3
+ 4
2 e
5 fod o \
S W L o
+8 il
o':%ﬁ%
) @"AQ IU]
+ 8-2}33
T
acf %&3 10°
2 -8
Rossby .3
a0
nﬁ n‘;g:,
g0 10" e
T _%
3 o%
fw.gravily E. gravity i
_1!]0
L I o ol o 1 1 1 | |
10° 107" 107 107 0™ 107 10 107t 10°
HESTHARD FREQUENCY EASTHARD

Tanaka (1985)

External Mode h=8624 m

10’

10°

RERELL

10'

TTTTHIT

1

TOTAL FENEHGY
10

2
10
P T T

10

T

| il )

10°

1 0

10° 10 10
PHASE SPEED
Tanaka and Kung (1988)

i
o,
s
—ed
Lo




Global energy spectrum of |E = mc?

Total Energy Spectrum
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Spherical Rhines Ratio

Rhines sclae on a sphere

Spherical Rhines Ratio
JMA/GPV (DJF 2002/03)
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Total Energy (Jm)

Excitation of blocking and AO by
up-scale energy cascade
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Summary

(1) Energy spectrum Is examined Iin the 3D
wavenumber domain using phase speed c.

(2) Energy spectrum of E=mc? is obtained
and explained by Rossby wave saturation

(3) Up-scale energy cascade to Rhine’s
scale forms blocking

(4) Further up-scale cascade to zonal
energy forms the Arctic Oscillation



END

Thank you.



Barotropic S-Model

O 3-D Spectral Model

dw;

+ to7w; = —1 Y Tiwwe + fi
dT 7k

i:lﬂi‘}?g:"'.‘ [:

-..._\]
o

where the symbols denote:
w; @ expansion coefficient of U
fi : expansion coefficient of F
a; : Laplace’s tidal frequency
ik © nonlinear interaction coefficient
7 : dimensionless time

(O Barotropic Spectral Model

dw);

+1ojw; = —1 Z TijkW;WE -+ 8y,
dr 7

i=1,2,3,.., (m=0), (8)

where the external forcing s; includes barotropic-

haroclinic interactions.

Model
description

Barotropic

S-Model



(0 External Forcing

I"xternal forcing s; is statistically obtained by observed
data using the least square method:
e & ’
5 = 8§8; + A,‘j'w_-; + B-gj'wj- €, (9)

where §; is the climate of s; and the matrices A;; By;
are evaluated by minimizing €;:

B
Agj = 5;Wy . (10)
where s} = s; — §; and pseudo-inverse of w; is

sk HY JHy -1

w; = wy (wpw]') (11)
The matrix B;; is similarly obtained stepwise by mini-
mizing the first residual é;

Bij = 5;1Uf+, (12)

J
Finally, the external forcing is given by

8 = -:';'-I' + AU‘TU)' -} BU%’; -+ (BC);J.;?.UJ' (13)
-+ (Dﬁ'),‘jwj S (DZ);}?_UJ' + (DE){_-;"{UJ'. (Iilj

Physical processes considered in the S-Model:
BC): baroclinic instability

DF): biharmonic diffusion

DZ): zonal surface stress and

(DE): Ekman pumping.

(

Barotropic
forcing
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