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- Ferrel cell, baroclinic eddies
and the westerly jet

BRFI: REFE

2019. 11. 13



Baroclinic eddies

® From linear to nonlinear

EEEEEE R , Linear Reduce the zonal flow
: Basic flow process temperature gradient;
: or stabilize the lower level

Pre-existing flow stratification; enhance the

. (without zonal variation westerly jet
» and baroclinic unstable)
| Small Nonlinear
perturbation /interactions

Equilibrated states between
the adjusted zonal flow
and baroclinic eddies

Perturbations
grow with time
(finite amplitude pert.) !

Eddy-mean interactions
(Adjust the zonal flow)

----ﬁ---
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27| Baroclinic eddies

- E-P flux
[v*6"]

k
00 /0p

= —[uv]j+ f

In a QG, steady, adiabatic and frictionless flow:

10 0 (1] S
o= 1) = () v F=0

In a QG, steady flow:

f[v]_a([?g;v ) ] =0
90, (0 v])) (.7 [Q
th4- dy __<§) ;;_O

The meridional overturning flow, in addition to the eddy forcing, has
to balance the external forcing.
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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:

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

k

» Residual mean circulations:
= (w4 2 (o] RN G
] = el + Yy (893/3p>, o] = [v] op (393/819)

= TEM equations: %zf[i]jtv-}“qt[ﬂc], _:_[w]_s+(&) v Q]
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Baroclinic eddies

~ [v* 0] o
w _ w 4+ Case 2: Observed circulation
T 00,/0
s/Op .
| summer
] . : < 350
= [In isentropic coordinate %
D d Do o =
= = = Vp 4 —— @
Dt ot T V0T e ag g
= 2—I—u \Y —Fé3 =
ot Y. 2 300 - 20~ )
s ! S
zero for ;é; e
adiabatic flow g [ b
o
The Ferrel cell in the 550 .
isentropic coordinate is -60 -30 0 30 60
essentially reflect the Latitude
Residual Mean Circulation. (Fig.11.4, Vallis, 2006)
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Baroclinic eddies

® From linear to nonlinear

. 4 )
e ememememaaa- ,Linear @ = = = = mm =P EPiuyx,
. Basic flow process residual mean circulation,
: or Transformed Eulerian
i+ Pre-existing flow mean equations.

: (without zonal variation
1 and baroclinic unstable)

| Small
perturbation

Nonlinear

/interactions v.

Equilibrated states between
the adjusted zonal flow
and baroclinic eddies

-ﬂ-------

Perturbations
grow with time
(finite amplitude pert.) !

Eddy-mean interactions
(Adjust the zonal flow)

----ﬁ---
= e e e mm )
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Baroclinic eddies
- E-P flux: a second view

= E-P flux and the Quasi-geostrophic potential vo

eows g L0707]
F=—[uvj+f k PV flux:
96/ Op r o
_ /
From the definition of QG potential vorticity: v'g' =0+ 90, /9p  Op
; .
0= 35+ oue i (150 IR
p\sdp v (6:1; 0y)
, ale awa 0 16¢/ B _2 13 9
T= 92 " y? fo@p (s 8p) B 3yuv+28az(v w)
* * , 06 0 ov thermal wind
¢ f 0 Vo = 8_U9 98— relation for
°Op \ 90,/0p p p P meridional wind
_( _9Y oY _ oY 0 00
(uv) = ( oy 8x> V= ‘“foa_p Tkl 0
_ 1o &)R/CP 9 _ 0 o L 04
ST /ﬁ:@p K_R(p v@p_ﬁpve—i_%;fo@xe

Note: * denotes small perturbation
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Baroclinic eddies
- E-P flux: a second view

= E-P flux and the Quasi-geostrophic potential vo

[v"60"]

}—E_[u*v*]j+‘f&9 /0pk

/U/q/:vlcl_|_ v

ywv]+ﬁ&@&wp%
V. F ]

BRI KiF 8



17| Baroclinic eddies
- E-P flux: a second view

= E-P flux and the Eliassen-Palm relation

NS Gl
F=- k
[u*v ]']+f8«98/8p
Linearized PV equation (q=PV):

0 a\ ,,K ow'oq
<8t+U8:13)q i ox 8y_0

Multiplying by q" and zonally average:
10

Y2 1 _ ,
2(.%[61 ]+[UQ]—ay 0

Define wave activity density:

7]
A= S0a/0y

oA
Z4veF=0

| Eliassen-Palm relation |

BRI 5F 9



Baroclinic eddies
- E-P flux: a second view

= E-P flux and the Rossby waves

. v*O*
F = —[u*fv*] i+ f [ ] k Dispersion relation of Rossby waves:
005 /0p Bk
o . w=Uk— —
Linearized PV equation (q=PV): K?2
I 9= 2 _ 1.2 2 2
v v oy with group velocity
dq 2
Assume U is fixed, and — d =0 | P 2[5kl e 2Bkmfy /s
dy 9y K4 9P K4
o 0 ) 5 1 (’w’ éw}’
(3t+U0)[V¢+f"3p<8 Op ] !

Exist solutions of the form /

w/ _ Reqjez(kx+ly—|—mp—wt)
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Baroclinic eddies
- E-P flux: a second view

= E-P flux and the Rossby waves

= —[u™v*]j+ f 5{; 58]19 k Wave activity density:
- N ) K,
Llnaearlzecai PV eq;a’/ugT (q=PV): A= 283 = 13 [P
<8t+U8x)q/+8ﬁ8_Z:0 1
with group velocity —luv] = lelqj | = cgyA
2 1/ 2

K=k +1?+m°f2/s

—ReilV, v = RetkW
—Reimkf, U, § = —ReK?W¥

é
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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
~ gl =5 (or5)  V-F=0

0O e *A
= 3y[uv]+f08p095/8p = FV - F=0

— V.F *
- 0A -
*fzc;A —> o TV (Ac) =0

m  Residual mean circulations:
y P B i RN GG
=l Ay <805/3p>, o) =[] op (393/819)

= TEM equations: 24— @+v.-F+(5) W@ (2) " Q)

k
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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

S == [’LL v ] it/ 00./0 Numerical results from
s/Op | .
Simmons and Hoskins,
]t-’ — A 1978, JAS
I
Initial state:
50 —=—= —
[U]_f[~]+VF+[F] ................ ——
r I o _
5
0|0] [~]393 <pO>R/cp 200 /
R — p L -85 -
0 Op p (MB) [
T
temperafu.re,” )
1000 “:J_IQ ............ e
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17| Baroclinic eddies
T - baroclinic eddy life cycle

Eddies’ development

Small amplitude " .
perturbations .




Baroclinic eddy life cycle
- An E-P flux view

070"

F=—uv]j+ f k

09 8 Numerical results from
S/ b Simmons and Hoskins,
JT.' — C_é.A Eddies: generate at lower level, 1978, JAS

propagate upwards and away from the
eddy source region

0 0
- —_— ]
a b |
200 - ~r 200 200 ¢
IN
§ %A%
AAAAA
400 | AAAAAAA 400 400+
(MB) | AAAAAAA [MPB), (MB) }
600+ 600} 600
800 - 800 800 |
1000 G—— 1000 gg——* 1000 g5
TOTAL E-P FLUX DIVERGENCE TOTAL E-P FLUX DIVERGENCE TOTAL E-P FLUX DIVERGENCE
DAY .00 DAY S$.00 DAY 8.00
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hPa

2000 . e RN A -~
\ v/ \_‘:\\\\\ _________________________ ~ o =
T N R e e e e T
1 \ < 7N L7 ,':‘~~:\::\\\
400 r . S S \\\\x::‘\:‘j T‘~L _1i__t )\/\\.\\ \Ir
1 S Sa- AT A~ \______ __————”_’/ /]
' \ ‘f'}\‘\ \;‘:\1‘_:1&——::1:—/3(
! BT S N e
600 . . | AV
(I // <? ‘1‘ A/ 1\" 1
. \ PR t \__‘_'_,, t t\ |
800 St ] t \s
S .(.1( S ) I
1000 /T = | | | |
10 30 50 70
Latitude

- In the equilibrium state

(v 0]
00 /0p

k

Wave energies:
propagate upwards and
away from the center of

800 -

1000~~~

Numerical results from
idealized model with

pure midlatitude jet
(Vallis, 2006)

Latitude
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In the vertical direction:

- The westerly jet

Wave energies:
propagate upwards and
away from the center of

the jet
200 i \,/’ r:’—-:—:-;—~:\;: I\S l:\_—______’::: % —§‘~\__\
Convergence — N AR RS e
S N R O o I A T AR
®© ! TRTATA A A -0,
- : e : B Ul N IR Y R 0 B
Accelerating the lower jet < | ' *7,§ T?\T %T’f
decelerating the upper jet oy v X ¢ 4\/,1;,———“* T
reduce the vertical shear of U L to
800 - o M [ t \,
. /\
Divergence — < % 5’ .
1000 —<—— < ‘ ) ‘
10 30 50 70 90
Latitude
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] + V- F + [Fy

o

Integrate vertically:
Ps
i)y

—<[]>——a—y<[**]

< > means vertical average

—r [usurf]

- The westerly jet

200

400 .

hPa

600 .

800 -

1000

Wave energies:
propagate upwards and
away from the center of

the jet
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Eddy-driven jet:
- the momentum budget
[v*6*]

k

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 ) . .
break & dissipate dw;rgence T[usurf] ~ _(9_3/ < [u v ] >
0 0
— < [u] >= —= < [u"v*] > —r[usu] There MUST be surface

westerlies at midlatitudes.

< > means vertical average
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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

——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:

(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

RIRZUM: oKiF 24



\&)) 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

RIRZUM: o5KiF
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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?)

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

27



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:

(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

RIRZUM: oKiF 29



\& )] 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: skiF 30



\&) 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/F[vT]ay dm+ [ T[T"Q"]dm

RIRZUM: o5KiF
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\& ) Energy cycles
in the baroclinic eddy-mean flow interactions

= Equations under the Quasi-geostrophic assumption:

/Kdm_ —R/gdm+/(qu+va)dm
g Rt = o [ty sy
g [ e = [P fo - [+ [
%/Pdm:R/%der/F(T—Ts)(Q—Qs)dm
g [ 1t = & P Koo R 0@
o [ Poam — refBg g - o, RSB S an -+ (G
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\& )] Energy cycles
< in the baroclinic eddy-mean flow interactions
r | -

Energy cycles in eddy life cycle: PE- =3 KE
Rl
p
OP | B K> 0K/
G(P — — D(K
(Pu) | =5 5 | —>DEw)
<PE,PM> <KE,KM>
cpl[v* T ]ig? %Z][u*v ]
OP OKE
G(Pg) —= | — || > D(Kp)
ot ot
< Pgp,Kg >
p

RIRZUM: o5KiF
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Baroclinic eddy life cycle
- An E-P flux view

070"

F=—uv]j+ f k

09 8 Numerical results from
S/ b Simmons and Hoskins,
JT.' — C_é.A Eddies: generate at lower level, 1978, JAS

propagate upwards and away from the
eddy source region

0 0
- —_— ]
a b |
200 - ~r 200 200 ¢
IN
§ %A%
AAAAA
400 | AAAAAAA 400 400+
(MB) | AAAAAAA [MPB), (MB) }
600+ 600} 600
800 - 800 800 |
1000 G—— 1000 gg——* 1000 g5
TOTAL E-P FLUX DIVERGENCE TOTAL E-P FLUX DIVERGENCE TOTAL E-P FLUX DIVERGENCE
DAY .00 DAY S$.00 DAY 8.00
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Westerly jet and energy cycle:

0Py
ot

<PE,PM>l
—a
CpF[UT]@y

0Pg

ot

< Pr,Kg >

OK s
ot

T< KE,KM >
Olu]
aiy u v

0K g

ot

[u™v”]

Baroclinic eddies
- baroclinic eddy life cycle

om

or Or—
L .
200 200}
400} 4001
b P
(M8) (MB)
600 600
800+ 800
0 - L I n v 1 H
1000 1000 57 350 50
TOTAL E-P FLUX DIVERGENCE TOTAL E-P FLUX DIVERGENCE
DAY 5.00 DAY 8.00
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Baroclinic eddies

Westerly jet and energy cycle:

0Py OK
ot ot
< Pg, Py > < Kg, K >
CPF[U*T*]aﬁ[Z] %[Z][u*v*]
ot t
< PE, Kg >

W]

Numerical results from

Simmons and Hoskins,

1978, JAS

Eddy momentum flux
grows, which extracts
kinetic energy from the

eddies to the zonal mean
flow, then the growth of
the eddy energy ceases.

=
wv
£
5

Energy conversions Wm™

- baroclinic eddy life cycle

N
I

3_

< PE,P{ ,'I

40

30

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

Energy cycles in equilibrium: : pE. —)ﬂZE-,
Rl
p
8PM < P, Kv > 8KM
G(Py) el —— | €= = = |[——| =D (K )
ot ot
< Pg, Py > Lorenz < Kg, Ky >
&, To" T ]35] energy cycle %Z][u o
OP 0K g
G(Pe) <= =| =~ | == | =~ | = D(Kp)
ot ot
< Pgp,Kg >
W "]
p

RIRZUM: o5KiF
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i ;_,:? Energy cycles in Hadley Cell

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

If assume no eddies.
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\& )] Energy cycles

in the baroclinic eddy-mean flow interactions

Energy cycles in real atmosphere: energy: 105 Jm 2

conversion: Wm 2

33.3 4.5

110 | OP [F P EM> OK pr| .48

ot 0.15 ot D(K)

< Pg, Py > GLOBAL < Kg, Ky >
1.27 ANNUAL 0.33

0 Pg 50 0K g
G P " W * - - - q
- > Ot <7> ot | 17 pe)
11.1 o 7.3
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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.
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Summary & Discussion

Observations
The Ferrel Cell
Baroclinic eddies _/_

1. The role of moisture;

2. Quantify (parameterize)

the relation between
eddies and mean flow;

3. Zonal variations.

J

= 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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