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| E-P flux, TEM and Residual Circulation

- Summary
= E-P flux: ks (v 0]
= In a steady, adiabatic and frictionless flow:

10, .. 0 [ 0] o
b= ) =g () Ve F=0

k

m  Residual mean circulations:
y P B i RN GG
=l dy (895/6‘19), o) =[] op (393/819)

= TEM equations: 24— @+v.-F+(5) W@ (2) " Q)
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| | E-P flux, TEM and Residual Circulation

- Summary

= E-P flux: ks (v 0]
F=—[u"v ]‘H_f@@s/é’p

= In a steady, adiabatic and frictionless flow:
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Outline

Observations
The Ferrel Cell

Baroclinic eddies

Review: baroclinic instability and baroclinic eddy life cycle
Eddy-mean flow interaction, E-P flux

Transformed Eulerian Mean equations
Eddy-driven jet

The energy cycle
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Baroclinic eddy life cycle
- An E-P flux view
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In the vertical direction:

Wave ener ;
propagate upwards and
away from the center of

the jet
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Rossby waves
break & dissipate =~ Momentum
divergence

Momentum
convergence

>

Stirring

Rossby waves

Momentum
break & dissipate

divergence

ay [U v ] > _T[usurf]

< > means vertical average

Re"iew

Wave energies.
propagate upwards and
away from the center of

the jet

;f:w%A
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Rossby waves

break & dissipate =~ Momentum
divergence

Momentum

Stirring = convergence

Rossby waves Momentum
break & dissipate dl\;?rgence

— < [u] >= — — [u*v*] > —T[usurf]

< > means vertical average

Re‘/iew

Wave energies:.
propagate upwards and
away from the center of

the jet
In equilibrium: F =cgA
0
surf| ~ —7— < ] >
| Usurt] 3y [u*v™]
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Rossby waves

break & dissipate =~ Momentum
divergence

Momentum

Stirring = convergence

Rossby waves Momentum
break & dissipate dl\;?rgence

— < [u] >= — — [u*v*] > —T[usurf]

< > means vertical average

Re‘/iew

Wave energies.
propagate upwards and
away from the center of

the jet
In equilibrium: F =cgA
0
surf| ~ —7— < vt >
| Usurt] 3y [u*v™]

There MUST be surface
westerlies at midlatitudes.
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Eddy-driven jet:
- the momentum budget
[v*6*]

Rey;..
k View
Wave energies.
propagate upwards and
away from the center of

Rossby waves

break & dissipate =~ Momentum the jet
divergence
.. M t e — -
Stiting = MmN g equilbrium: | £ = CgA
Rossby waves Momentum (9
break & dissipate dw;rgence T[usurf] ~—— < [u*v*] >
Jy
0 9,
— < [u] >= —= < [u"v*] > —r[usu] There MUST be surface

westerlies at midlatitudes.

< > means vertical average
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PRESSURE (db)
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E-P flux

- in the real atmosphere
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Vertical component
is dominant.
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Vertical component
is dominant.

EP divergence in
the lower layers;
convergence in the
upper layers.
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: E-P flux and the eddy-driven jet

-summary
ks (v 0]
= —[u*v ]J+f8«93/0pk

F =cgA

Olu] .~ _

= = flv] + V- F + [F,]
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3 1] E-P flux and the eddy-driven jet
S -summary

* Numerical results and observations: eddies generate in the lower level,
propagate upwards and away from the eddy source region.

Olu] _ -
W—f[”]*‘v'}_*‘[ﬂc]
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E-P flux and the eddy-driven jet
-summary

——k

* Numerical results and observations: eddies generate in the lower level,
propagate upwards and away from the eddy source region.

Ou] _ .-
o = [+ V- F+[F]

* Accelerating the lower jet, decelerating the upper jet, reduce the
vertical shear of U
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E-P flux and the eddy-driven jet
-summary

——k

* Numerical results and observations: eddies generate in the lower level,
propagate upwards and away from the eddy source region.

Olu] _ -
W_f[v]_FV'F_F[Fx]

* Accelerating the lower jet, decelerating the upper jet, reduce the
vertical shear of U

* Momentum budget indicates that there MUST be surface westerlies
in the eddy source latitude.
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Outline

Observations
The Ferrel Cell

Baroclinic eddies

Review: baroclinic instability and baroclinic eddy life cycle
Eddy-mean flow interaction, E-P flux

Transformed Eulerian Mean equations
Eddy-driven jet

The energy cycle
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\& )] Energy cycles
- in the baroclinic eddy-mean flow interactions

= Basic forms of energy:
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

(u? + v?)

DO | —

1
= Kinetic energy (EIEE): K = §(u2 + 0%+ w2) ~
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\& )] Energy cycles
- in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

(u? + v?)

DO | —

1
= Kinetic energy (EIEE): K = §(u2 + 0%+ w2) ~

= Internal energy (R&E): [ = ¢, T
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\&)) Energy cycles

in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

= Kinetic energy (F)EE):

= Internal energy (N&E):

1
K:§(u2+02—|—w2)%

I =1¢,T

= Gravitational-potential energy ({iZ§E): o = gz

(u? + v?)

DO | —
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Energy cycles

in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

= Kinetic energy (F)EE):

= Internal energy (N&E):

1
K:§(u2+02—|—w2)%

I =1¢,T

= Gravitational-potential energy ({iZ§E): o = gz

= Latent energy (1B B HEE): LH = Lg

(u? + v?)

DO | —
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

Basic forms of energy:

(u® + v?)

DO | —

1
Kinetic energy (5hgE): K = §(u2 + 0% +w?) &
Internal energy (RgE): [ = ¢, T
Gravitational-potential energy ({iZgE): b = gz

Latent energy (tHZ/EHEE): LH = Lg

Total energy:

E=1+d+LH+ K
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\&)) Energy cycles

in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

= Kinetic energy (F)EE):

= Internal energy (N&E):

1
K:§(u2+02—|—w2)%

I =1¢,T

= Gravitational-potential energy ({iZ§E): o = gz

(u? + v?)

DO | —
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\&)) Energy cycles
< in the baroclinic eddy-mean flow interactions

Basic forms of energy:

(u® + v?)

DO | —

1
Kinetic energy (5hgE): K = §(u2 + 0% +w?) &
Internal energy (R&E): [ = ¢, T

Gravitational-potential energy ({iZ8E): o = gz

Total potential energy:

oo 1 Ps 1 Ps
/ p(I +®)dz = — / (c,T + RT)dp = — / cp,T'dp
0 9 Jo 9 Jo
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\&)) Energy cycles
< in the baroclinic eddy-mean flow interactions

= Basic forms of energy:
: : —1 2 1 2 2 2 1 2
= Kinetic energy (zhfE): K = §(u + 07+ w?) = §(u + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

1 1
= Kinetic energy (zhfE): K = §(u2 + 0% +w?) & §(u2 + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

Equator o —— North Pole

From Stone’s class notes

RiRZUM: skiF 13



Energy cycles

= Basic forms of energy:

in the baroclinic eddy-mean flow interactions

1 1
= Kinetic energy (zhfE): K = §(u2 + 0% +w?) & §(u + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 0 g Jo

g

North Pole

Equator o6 ——>

From Stone’s class notes

low density
high temperature

density decreasing

-
-
-
-
-

high density
low temperature

warm cold
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

1 1
= Kinetic energy (zhfE): K = §(u2 + 0% +w?) & §(u2 + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

Equator o —— North Pole

From Stone’s class notes
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\&)) Energy cycles
< in the baroclinic eddy-mean flow interactions

= Basic forms of energy:
: : —1 2 1 2 2 2 1 2
= Kinetic energy (zhfE): K = §(u + 07+ w?) = §(u + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

Equator o —— North Pole
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Basic forms of energy:
. : —1 2 1 2 2 2 1 2
= Kinetic energy (zhfE): K = i(u + 07+ w?) = §(u + v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 0 g Jo

g
06 987 T,
05
64
p
0, o«
0,
Equator o6 —> North Pole Equator o —> North Pole

RiRZUM: skiF 14



Energy cycles
in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

1 1
= Kinetic energy (zhfE): K = §(u2 + 0% +w?) & §(u2 + v?)

o0 1 DPs 1 Ps
/ p(I + ®)dz = —/ (c,T + RT)dp = —/ cpyT'dp
0 g Jo g Jo
State A State B 0 0g, T,
05
64
J S
0, «
0,
Equator o —> North Pole Equator o —> North Pole
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Basic forms of energy:

1 1
= Kinetic energy (zhfE): K = §(u2 + 0% +w?) & §(u2 + v?)

o0 1 DPs 1 Ps
/ p(I + ®)dz = —/ (c,T + RT)dp = —/ cpyT'dp
0 g Jo g Jo
State A State B 0 0g, T,
05
64
B J S
0, «
0,
Equator o —> North Pole Equator o —> North Pole

= Available potential energy ISIEET K
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Energy cycles
in the baroclinic eddy-mean flow interactions

Basic forms of energy:

1 1
Kinetic energy (z18E): K = §(u2 + 0% +w?) & §(u2 + v?)
oo 1 Ps 1 Ps
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

State A — State B = Available potential energy
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Energy cycles

in the baroclinic eddy-mean flow interactions

Basic forms of energy:

[

1
Kinetic energy (z18E): K = §(u2 + 0% +w?) = = (u? 4 v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

DO

State A — State B = Available potential energy

Available potential energy (BXX{iLEE):

1 [P T, (T-T,\° P
P:—/ ( ) dp=2 [ T(T-T,)dp
2 0 Yd — Vs Ts

_——

- (’Yd/Ts) (7(1 — 73)_1
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Energy cycles

in the baroclinic eddy-mean flow interactions

Basic forms of energy:

[

1
Kinetic energy (z18E): K = §(u2 + 0% +w?) = = (u? 4 v?)

> 1 [P 1 [P
/ p(I +®)dz = — / (c,T + RT)dp = — / cpyT'dp
0 9.Jo g Jo

DO

State A — State B = Available potential energy

Available potential energy (BXX{iLEE):

1 [P T, (T-T,\° P
P:—/ ( ) dp=2 [ T(T-T,)dp
2 0 Yd — Vs Ts

29 Jo
R ON
From the “approximate” expression CpP \ P dp
of Lorenz (1955) = (va/Ts) (Yg — vs) "
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Energy cycles

in the baroclinic eddy-mean flow interactions

Basic forms of energy:

Kinetic energy (FIEE):

1
K:§(u2+02—|—w2)%

Available potential energy (5 LEE):

T —

1 Ds Ts
p:_/ (
2J0 Ya— s

Tendency equations:

1

29 Jy

(u® + v?)

DO | —

TS 2 Ps
)dp T [ -T,)%dp
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\&)) Energy cycles
< in the baroclinic eddy-mean flow interactions

Basic forms of energy:

(u® + v?)

DO | —

1
Kinetic energy (5hgE): K = §(u2 + 0% +w?) &

Available potential energy (5 LEE):

1 [P T, (T-T,\° P
P:—/ ( ) dp=2 [ ©D(T—T,)%dp
2 Jo va—s T 29 Jo

Tendency equations:

/Kdm = —R/—dm+/(qu + vF,)dm

%/Pdm:R/gdm+/F(T—Ts)(Q—Qs)dm

P Q - diabatic heating
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Kinetic energy (EI8E):

= Available potential energy (8 %X{iZ8E

= Tendency equations:

/Kdm— —R/—dm+/(qu—i—va)dm

%/de:R/Qdm/r(:r—n)(@—@s)dm

P Q - diabatic heating
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Energy cycles
in the baroclinic eddy-mean flow interactions

= Zonal mean and eddy components:
= Kinetic energy (F)EE):

= Available potential energy (8 %X{iZ8E

= Tendency equations:

/Kdm— —R/—dm+/(qu—i—va)dm

%/de:R/Qdm/r(:r—n)(@—@s)dm

P Q - diabatic heating
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\&)) Energy cycles
< in the baroclinic eddy-mean flow interactions

= Zonal mean and eddy components:

= Kinetic energy (zh8E): Kum = % ([u]* + [v)*) Kp= % ([U*2] + [U*Q])

= Available potential energy (8 %X{iZ8E

= Tendency equations:

/Kdm— —R/—dm+/(qu—i—va)dm

%/Pdm:R/Qdm/r(:r—n)(@—@s)dm

P Q - diabatic heating
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

Zonal mean and eddy components:

Kinetic energy (E18E): Kwm = % ([u]2 + [v]2) Kg = % ([U*z] + [U*Q])

Available potential energy (5 LEE):

Py = %pr (7] — T,)? P — %pr[T*?]

Tendency equations:

/Kdm = —R/—dm+/(qu + vF,)dm

%/Pdm:R/£dm+/r<T—Ts)<Q—Qs)dm

P Q - diabatic heating

RiRZUm: ki 17



\& )] Energy cycles
g in the baroclinic eddy-mean flow interactions

O wT’

gi | foam = [ St [ wr o

O wT’

o /Pdm — R/ ?der /F(T— T5)(Q — Qs)dm
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\& )] Energy cycles
5 in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

T
/Kdm— —R/w—dm+/(UFw+UFy)dm

%/Pdm:R/gdm—i—/F(T—Ts)(Q—Qs)dm

p
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

T
/Kdm = —R/w—dm+/(qu + vFy)dm

2 [ rwam=—r [ an+ [lwo 1D am+ [ @ie + e him

p

%/KEdm: —R/ [w*pT*]dm—/[u* *]88[y] dm—|—/([u*F:;k + v F;])dm

%/Pdm:R/gdm—i—/F(T—Ts)(Q—Qs)dm

p
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

%/Kmdm = —R/ [w]p[T] dm + /[u*’u*]%z]dm*' /([U][Fx] + [v][Fy])dm

o [ meam=—r [ Ean- [ Sam+ [ @ rz + ot Fan

%/Pdm:R/%dm—i—/F(T—Ts)(Q—Qs)dm

9 [ uam=r [ I 4 1, / 07 A i + [ 1@ - 1)(Q) - Q.)am

ot P Y
a/pEdm_R/ ; dm cp/P[vT]ay dm + [ T[T"Q*]dm
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

%/Kmdm = —R/ [w]p[T] dm + /[u*’u*]%z]dm*' /([U][Fx] + [v][Fy])dm

o [ meam=—r [ Ean- [ Sam+ [ @ rz + ot Fan

%/Pdm:R/%dm—i—/F(T—Ts)(Q—Qs)dm

9 [ uam=r [ I 4 1, / 07 A i + [ 1@ - 1)(Q) - Q.)am

ot P Y
a/pEdm_R/ ; dm cp/P[vT]ay dm + [ T[T"Q*]dm
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) Energy cycles
‘ in the baroclinic eddy-mean flow interactions

Equations under the Quasi-geostrophic assumption:

/Kdm = —R/gdm—k/(qu + vFy)dm
ot /KMdm - —R]ﬁm—%ﬁer/ +/([ J[F:] + [v][Fy])dm

%/KEdm: —R/ [w*T*]dm—/[u* *]86Ey] dm+/([u*F;+v*Fg])dm

p

%/Pdm:R/%dm—i—/F(T—Ts)(Q—Qs)dm

8t/PMdm Rﬁ“ﬁ%‘dm* / T +/F([T]—Ts)([Q]—Qs)dm

Y

0 W T™] m—ce ‘
87f/PEdm R/ p dm—cp/I’[vT]a—ydm—F/I’[TQ]dm
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) Energy cycles
‘ in the baroclinic eddy-mean flow interactions

Equations under the Quasi-geostrophic assumption:

/Kdm = —R/gdm—k/(qu + vFy)dm
at/KMdm_ _}i]ﬁm_%ﬂdeF/ +/([ J[Fx] + [0][Fy])dm
8t/KEdm_ &/AE—IT?ECM / "0’ dm+/ [W*Fy + v F;])dm

%/Pdm:R/%dm—i—/F(T—Ts)(Q—Qs)dm

8t/PMdm Rﬁ“ﬁ%‘dm* / T +/F([T]—Ts)([Q]—Qs)dm

Y

o [ Pecm = g deg s — o, [ riorr1 S am + [T Qrlam
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) Energy cycles
‘ in the baroclinic eddy-mean flow interactions

Equations under the Quasi-geostrophic assumption:

/Kdm - —R/gdm+/(qu +vF,)dm
ot / Kdm = =& ﬁw}%ﬂw / m+ / ([u)[F2] + [0][F,))dm
o [ Ko = ~refBg g (w1 Sbam+ [ E: + ot
%/Pdm:R/%der/F(T—TS)(Q—QS)dm
o [ P = & P Bt + o, £Bg B =+ [ (171 - T)(Q) - Qu)am

;/PEdm &AE;}%@I—%%WEPaT]deF/P[ *Q*]dm
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) Energy cycles
‘ in the baroclinic eddy-mean flow interactions

Equations under the Quasi-geostrophic assumption:

/Kdm - —R/ L g + /(qu +vF,)dm
ot / Kdm = =& ﬁw}%ﬂw / m+ / ([u)[F2] + [0][F,))dm
o [ i = —efBg K~ [l 15+ [ (e Fz 40
5 [ Pam=r [ < dm+ /F<T— T.)(Q — Qu)dm
o [ P — & P Byt + o, KRB = + [ UGERDION 0

[ P — i g s — e £ BB S+ [IGEBE

ot

RIRZUM: o5KiF

19



\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

/Kdm _ —R/ L m 4 /(qu +oF,)dm
o / Kugdm — 48 jﬁ%}%@w jém,]%;]m+ / ([W][F2] + P][F,])dm
o [ Ko = P e RS + [ (0 F: 0t F
5 [Pam=r [ “ldn+ [0 -1)@- Qu)am
2 [ Pudm =& Bt K + o, SBSRICE - [UGEDIOOI

0 /PEdm &AE;}%@—%%E{’EP aTder/F@CRE*)

ot

RIRZUM: o5KiF

19



‘\& ) Energy cycles
in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:
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Baroclinic eddy life cycle
- An E-P flux view
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Westerly jet and energy cycle:
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Baroclinic eddies
- baroclinic eddy life cycle

Westerly jet and energy cycle:
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Baroclinic eddies

Westerly jet and energy cycle:
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Energy cycles in equilibrium: ' PE- —)rpZE-.
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';,‘;.”-; Energy cycles in Hadley Cell

:PE- —>1 KE.
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‘&)) Energy cycles in Hadley Cell

{ PE+ =P KE:
[T
9Py | Pk 0K
G(Pyr)=—> 6—2” — a—tM —> D(K )

If assume no eddies.

RIRZUM: oKiF 29



\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions

0P

G(Pr ) | ——

G(Pg)

ot

<PE,PM > l

0Pg

ot

< Pp,Kg >

OK s

ot

= D(Ks)

T<KE,KM P>

0K g

ot

RIRZM: oK+ 26



\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions
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Ehe New York Times US.

WORLD U.S. N.Y./REGION BUSINESS TECHNOLOGY @ SCIENCE HEALTH & SPORTS  OPINION

POLITICS WASHINGTON EDUCATION

Edward N. Lorenz, a Meteorologist and a Father of
Chaos Theory, Dies at 90

By KENNETH CHANG
Published: April 17, 2008

TWITTER
Edward N. Lorenz, a meteorologist who tried to predict the weather SIGN IN TO E-
with computers but instead gave rise to the modern field of chaos m‘; OR SAVE
theory, died Wednesday at his home in Cambridge, Mass. He was 90. BRINT
The cause was cancer, said his Sk
daughter Cheryl Lorenz. SHARE

In discovering “deterministic chaos,”

CONVICTION

Dr. Lorenz established a principle that
“profoundly influenced a wide range
of basic sciences and brought about
one of the most dramatic changes in mankind’s view of
nature since Sir Isaac Newton,” said a committee that
awarded him the 1991 Kyoto Prize for basic sciences.

. Dr. Lorenz is best known for the notion of the “butterfly
MIT. News Office  effect,” the idea that a small disturbance like the flapping

Edward N. Lorenz y . .
of a butterfly’s wings can induce enormous consequences.

As recounted in the book “Chaos” by James Gleick, Dr. Lorenz’s accidental discovery of
chaos came in the winter of 1961. Dr. Lorenz was running simulations of weather using a
simple computer model. One day, he wanted to repeat one of the simulations for a longer
time, but instead of repeating the whole simulation, he started the second run in the
middle, typing in numbers from the first run for the initial conditions.

RIRZUM: o5KiF

27



Summary & Discussion

Observations
The Ferrel Cell

Baroclinic eddies

Review: baroclinic instability and baroclinic eddy life cycle
Eddy-mean flow interaction, E-P flux

Transformed Eulerian Mean equations
Eddy-driven jet

The energy cycle

RIRZM: oKiF 28



Summary & Discussion

4 )
Observations
The Ferrel Cell
Baroclinic eddies ~ )

Review: baroclinic instability and baroclinic eddy life cycle
Eddy-mean flow interaction, E-P flux

Transformed Eulerian Mean equations
Eddy-driven jet

The energy cycle

RIRZM: oKiF 28



Summary & Discussion

\
_ 1. The role of moisture;
Observations
The Ferrel Cell
Baroclinic eddies ~ )

Review: baroclinic instability and baroclinic eddy life cycle
Eddy-mean flow interaction, E-P flux

Transformed Eulerian Mean equations
Eddy-driven jet

The energy cycle

RIRZM: oKiF 28



Summary & Discussion
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