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B The Ferrel Cell

= Baroclinic eddies

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

m  Transformed Eulerian Mean equations
= Eddy-driven jet
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Baroclinic eddies
- baroclinic instability

= Baroclinic Instability - “is an instability that arises in rotating,

stratified fluids that are subject to a horizontal temperature gradient’.

= Energetics:  PE: => 1 KE.

» Mathematics:

= Linear Baroclinic Instability

= Eady’s model (1949)

= Linear baroclinic system == Charney’s model (1947)

RRIM: 5KF 3



Baroclinic eddies

= Eady’s model (1949)

a) The basic zonal flow has uniform
vertical shear,

Uo(Z) = AZ, Ais a constant

b) The fluid is uniformly stratified,
N? is a constant.

c) Two rigid lids at the top and bottom,

flat horizontal surface, that is
w=0at Z =0 and H.

d) The motion is on the f -plane, that

IS 5:()

- linear baroclinic instability

= Charney’s model (1947)

The most distinguished
difference with Eady’s

model is that beta effect
IS considered.

RIRZUM: o5KiF
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Baroclinic eddies
- linear baroclinic instability

" Small amptl_itude Variable = Basic state + Perturbation
K =5 u(x,t) = U(z) +/(x, 1)

/
Linear baroclinic system: u(x,t) <U(2)

Eady model Linearized PV equation (q=PV):
Charney model 5 5 o0 0
! _— =
| (8t+U8) Tt ray =
Normal mode
assumption /= *y O S 0 (ps 8¢’)
AR 0x> " Oy ' ps 0z \N? 0z

_ 82¢ f2 Ps 81/)
1= 52 Tt 5 <N2 8,2)

Obtain the solutions, e.g.

instability conditions FERTGE, BASTRANRSM:
growth rate

most unstable mode \ W(X’t) — Apilkx—wt)
~. Find the conditions for non-trivial

solutions and Ci >0
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Baroclinic eddies
- linear baroclinic instability

= Conclusions:

Necessary condition for baroclinic instability: PV gradient changes sign in the interior
or boundaries (Charney-stern theory), according to which the midlatitude atmosphere is baroclinic
unstable. Different models. i.e. Eady and Charney models have more rigorous conditions.

To

Growth rate: o = kc¢; =~ 0.3 A== in both Eady and Charney models!

N
NH _ J
-1 1 %
: L, = k x A
Most unstable mode: £k _ ., o Lg ( 3 ) max BN
Eady Charney

RIRZM: 5KiF 6



Baroclinic eddies
- linear baroclinic instability

Charney’s model

“ JULE CHARNEY was one
of the dominant figures in
atmospheric science in the
three decades following
World War II. Much of the
change in meteorology
from an art to a science is
due to his scientific vision
and his thorough
commitment to people and
programs in this field.”

-- by Norman Phillips

................................

1917 - 1981
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Baroclinic eddies

® From linear to nonlinear

EEEEEE R , Linear Reduce the zonal flow
: Basic flow process temperature gradient;
: or stablize 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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Baroclinic eddies

® From linear to nonlinear

spinup of Numerical results from a QG model
eddies;1 (Zhang, 2009)
[ 1
) 400 '
. Basic flow . : :
' or 2 T Nonlinear : <=
1 . . 1 = . ] =
i Pre-existing flow 1 o adjustment . %
. (without zonal variation | X% . 207
» and baroclinic unstable) & W 200F ; w
= . w
‘ 1 } ]
Small : 0 100 200 350 400 500 600
perturbation | day
1
--------------- r---------------------------------------
1

Perturbations _ _ Equilibrated states between
grow with time Edg(;j/_-mtet?]n mterlafcl:tlons —3 the adjusted zonal flow
(finite amplitude pert.) (Adjust the zonal flow) and baroclinic eddies

----ﬁ---
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Outline

= (Qbservations
= 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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The Ferrel Cell

The balance equations ¢

Tropopause S3

waes 0" v*] -
Op oy

90, [6"v7]
w ~Y

> 0

Op oy

Boundary
layer

Ground

Subtropics Latitude

Subpolar

11



The Ferrel Cell

= The balance equations:

Tropopause

90, 9[6v7]

00, 0" v*]
w ~J

> 0
op

oy

Boundary
fv ~ 'rﬁsurf > O Iayer

Ground

_ Subtopies  Lafitude  Subpolar
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127 Baroclinic eddies

- E-P flux
= |na QG, steady, adiabatic and frictionless flow:

7 ' -
L

= Momentum equation:

= Continuity equation:

= Thermodynamic equation:

0] = 22 (o))
/9y Define Eliassen-Palm flux:
_ 0 [9*’0*] ) — [, *,,%] 2 [U*H*]
=5, (aes/ap =~ +ff‘%)s/f?p X

RiRZUM: skiF 13



127 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(["cg;/v ) ] =0
99, (")) (P [Q
Wh%4- dy __<5> z;_o

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

RIRZUM: o5KiF
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ti7| Baroclinic eddies

- E-P flux
[v* 0] "

005 /0p o(uv])
= |na QG, steady flow:

= —[uv]j+ f

Define: B | AT 0] O] ‘L
[ — St =0 49
w] = [w] + J ( o] ) ’ g |
i dy \ 905 /0p . _[N]ags <&)R/cp Q
o] = o] - = ([U*e*] ) | v
L __ Op \00:/0p) |

Residual mean meridional circulation

RIRZUM: skiF 19



t27| Baroclinic eddies

- E-P flux

[v* 0]
065 /0p

k

= —[u "] j+ f

= |na QG flow:

Define:

g

| L=k,
. 9 |

L@fﬁ?‘L ) |

Residual mean meridional circulation

(Quasi-srpi R
Transformed Eulerian mean equations

RIRZM: oK+ 16



ti7| Baroclinic eddies

- TEM

e ]
e (?)
O[]

| oy =WV FAIR] j

Recall the streamfunction for
the zonal mean flow:

(o) ) = (-5, 5

Define a streamfunction for the
residual mean circulation:

(616 = (@ﬁf;;)

V=Ymt 50 ap

RiRZUm: ki 17



Baroclinic eddies

- TEM

~ [U* 9*] v, (ELlllerian)

¢:¢m‘|‘m !

—

Q
N
205 f l
60
[0)
T

Case 1: The EADY model

0
0 0.25 0.5 0.75 I

The residual mean w* (Residual)

circulation’s direction — : —
‘—
e
025 «—

can be opposite to
the Eulerian mean

0.5 0.75 |
Latitude (y/L)

circulation.

Height (z/D)
)
(0]
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T4 | Case 2: Observed circulation

The Ferrel Cell
In isentropic coordinate
(z,y,2) & (z,y,0) Isentrope: An isopleth of entropy. In
DO meteorology it is usually identified with
) an isopleth of potential temperature.
Dt
R
Dt oo YT Droa
0 0
= o1 +u-Vyo+ 9%

zero for
adiabatic flow

RiRZUM: skiF 19



Baroclinic eddies

adiabatic flow

- TEM
~ [v* 0] o
w _ w i Case 2: Observed circulation
- m
00, /0p | | L
| summer i _— winter |
] ) . < 350
= [In isentropic coordinate %
D 5, Do =
- = . - E
Dt 5t T Vet o ag 8
Tt Y 2 590
©
zero for [=
Q
O
a

The Ferrel cell in the

. . . . 250 . : S
isentropic coordinate is -60 30 0 30 60
essentially reflect the Latitude
Residual Mean Circulation. (Fig.11.4, Vallis, 2006)

RiRZUM: skiF 20



Baroclinic eddies

® From linear to nonlinear

. 4 )
femmmm e ,Linear @ = = = = mm =P EPiuyx,
. Basic flow : process residual mean circulation,
: or : Transformed Eulerian
»  Pre-existing flow s mean equations.
. (without zonal variation |
» and baroclinic unstable)
| |
: | Small : Nonlinear
. perturbation | /I nteractions v.
P S P e -
: Perturbations : _ _ Equilibrated states between !
' grow with time E‘zf\é’fl:‘;‘ftig 'Zr;tr‘j;f‘ffg:/‘v’)”s the adjusted zonal flow
: (finite amplitude pert.) ) and baroclinic eddies s
[ 1 1
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Baroclinic eddies
- E-P flux: a second view

. 1"
L~

E-P flux and the Quasi-geostrophic potential vorticity

ooy g (U707
F=—[uvj+f k PV flux:
0/ 9p o
— /
From the g2ef|n|t|on of QG potegt_lal vorticity: Vg = v+ 90, /9p  Op
0= 55+ o+ g (350) o = o
P \50p N oxr Oy
, 82¢/ 82¢’ 1awl B _2 li 9
T~ 227 T oy *nég(éem) - ayuv+zuhfv w)
* * 06 0 0 thermal wind
C/ f g o’ Ua— = 8—7)9 Ha_v relation for J
°Op \ 90,/0p p p meridional wind
e v\ , Oy 0 00
(U,U)— <_8_y’%> 0__Rfoa_p +/€fo Or
_ 19 _» &)R/% 06 _0 4, 1 04
S__Eﬁp K_R<P v@p_apve—i_meO@xe

Note: * denotes small perturbation

RIRZUM: sKiF 22



Baroclinic eddies
- E-P flux: a second view

*7 e
=—uv|)+ k
[w T+ f 99, /o
From the definition of QG potential vorticity:
— f 189/ ov ou
Ve =+ 55 Y o= e Ty
0 10
10 ([, ,5 1 07 = ——uv+ -~ —(v* —u?)
= 5. - - 0 20
2 0z (U v k 005 /0p Y *
0 00 0 g_ 98@ thermal windJ
-—u'v' Vo = 5-0 - relation for
3yu Y dp  Op 9 meridional wind
o v
+fo b9
4 Op 005 /0p +/£f08:1:
’U@ — gve + 1 £92

Jdp Op 2k f, Ox
RRFMm: skFE 23



Baroclinic eddies
- E-P flux: a second view

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

v* 0]
= [ )i+ S k
S 905/ 0p
From the definition of QG potential vorticity:
06’
’Ul /: U, /_|_ fO U/
T=VC B0 o o
19 (5 5 1 07 L/
~ 292\ ¢ Kk 80, /0p : Zonally averaged PV flux by eddies: |
O o ,, 0 9 [v*6] |
-_—U V 1 * %k — _ ko k ]
o g g va e |
8 ’U/H/ — v . f .x
oo 99, Jop e ]
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2| Baroclinic eddies
- E-P flux: a second view

E-P flux and the Eliassen-Palm relation

[v* 0] "

= —[u'")+ f

Linearized PV equation (q=PV):
o o\ , ooz
Multiplying by q" and zonally average:
10

= 2 /v _ ,
2(%[(1 ]+[UQ]—8y 0

Define wave activity density:

7]
A= S0a/0y

0

9
ZeveiF=0

{ Eliassen-Palm relation |

RIRZUM: oKiF 29



Baroclinic eddies
- E-P flux: a second view

E-P flux and the Rossby waves

. v*O*
= —[u*v*] j+f [ ] k Dispersion relation of Rossby waves:
00, /0p Bk
Linearized PV equation (q=PV): Y K?2
<3+Ua>,+w@g:0 K? =k +12+m?f?/s
ot Ox Oz Oy with group velocity
0q 2
Assume U is fixed, and — d =5 P 2[5kl e 2Bkmf; /s
dy 9y — T4 9P K4
) 0 ) 5 1 (’w’ éW
(31 V) |7 2o (S )|+ 9% =0

Al — Reﬁei(kx—l—ly—l—mp—wt)

Exist solutions of the form
. = —RetlV, v = ReitkW¥

W _ Reqjez(kx+ly—i—mp—wt)
6 = —Reimrf,V, § = —ReK?¥

RIRZM: oK+ 26



Baroclinic eddies
- E-P flux: a second view

E-P flux and the Rossby waves

= —[u™v*]j+ f (9[;} 58]19 k Wave activity density:
- N ) K,
Llngarlzec; PV eq;a’flgT (q=PV): A= 283 = 13 [P
<m+Um)d+J£5§:0 PR DR
with group velocity —luv] = 5“’\1] | = cgyA
2 . 2

—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]+f08p895/8p = 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

RIRZM: oKiF 28



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

! AP S SR RS
' \/ \_‘\:\\\ ———————— :"—__ ————————— ‘\\ )
1« \'\\\\\\\\ “:j::t_:'::'::::\\'\\\\\
. R TR RN
Lo \*\\x\"\‘*} RURE S B Loay)
‘I \\ - = }‘ \§ = $\\ \—_ A _-_ __—_——"”/ ////,
A O O St s B gy
AN A
L I A St R
N ‘A~
// "? ‘¢ 4// 1\/ !
At S Il S t o1\
1' : t 1
/\9
LK SSS30
10 50 70 90

Latitude
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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.

PRESSURE (db)
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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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