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- Ferrel cell, baroclinic eddies
and the westerly jet
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- Ferrel cell, baroclinic eddies
and the westerly jet

Reference reading:
Vallis Chapter 11.7; PO Chapter 7.5



Outline

=  (QObservations
® The Ferrel Cell

= Baroclinic eddies

= Review: baroclinic instability and baroclinic eddy life cycle
= Eddy-mean flow interaction

= Transformed Eulerian Mean equation
= Eddy-driven jet

= The energy cycle
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Observations o

-Zonal mean fields Re"iew
Meridional wind (v, ,IF']}—L)
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%% Observations R ik

-Zonal mean fields
Vertical velocity (EEIERE)
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Observations 7

-Zonal mean fields Re"iew

Stream function (REEI£N)
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Observations

Zonal winds

(U, &mX)

Midlatitude Jet

Pressure (hpa)

or 60N N.P.
Polar-front Jet Subtropical
o ==Y S g I
Eddy-driven Jet - 200 /
Q.
-S; 400 /
Surface westerly is § 600
always centered and g ’
o 800 o
strongest at 50 degree N .
south and north, which 1000 e0s  40s 208 EQ. 20N 40N 60N N.P.
- . Subtropical
is always considered Jot

as the center of the
eddy-driven jet. It is
also the centric

latitude of Ferrel cell.

Pressure (hpa)




Observations
-Zonal mean fields

= Temperature CREL7) o

w
o
o

N

©

o
T

N

N

=]
T

Strong temperature
gradient at midlatitudes,
with obvious seasonal
variation in the Northern
Hemisphere compared to
that in the Southern
Hemisphere.

Surface air temperature (K)
N N
[*2] o]
o o

X
no

Temp. (K) at 500 hpa

RIRZUM: 5K+ 8
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-
x

#3%| Observations

- Eddy fields

The British Atmospheric Data Centre (BADC)
www.badc.nerc.ac.uk/data/claus (infra-red)

RIRZUM: sKiF 9



http://www.badc.nerc.ac.uk/data/claus

27| Observations

- Eddy fields

Strong baroclinic eddy activity
Lgr ~ O(1000km)
Synoptic time scale (2-8 days)

E
=
|

(A+ A" (B+ B')] = [AB] + [A’B]
([A] + A")([B] + BY)] + [A'B]
A][B] + [A*B*| + [A’B/]

A=[A]+ A"+ A

RiRgm: sF 10



Kinetic energy:

A=[A]+ A"+ A

K=Ky + Ksg + Krg

PRESSURE (db)

10

- Kse Q < I @ -
: ! ] |
% “ 1
= 5M - ]
HE - i
n also the location of jet-core : |
80 708 610 5LO 410 30 210 105 (l) ION 210 30 AJO 5.0 6I0 76N 0 'IJO Qb 30
RiRZm: siF 11



Observa

Kinetic energy:
A=[A|l+ 4"+ A

K=Ky + Ksg + Krg

1
Ky = 5 ([a)” + [0]?)
1 — %2 —%2
KSE = §[u + v ]
1 ) /
Krg = §[u2+v2]
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Momentum flux:

The total momentum
flux is strongest
around 30-40 degree
north and south,
which is mainly due to
the contribution of
transient eddies.

In N.H., the contributions
from the zonal mean flow
and the stationary eddies
are comparable, but
centered in the tropic and
subtropic, respectively.

10

0

-10

-20

0

-10

Observati- =

[¥3] m? s

40 60 80N



The eddy components
are centered at upper
level, near tropopause.

The relation with jets

PRESSURE (d

The zonal-mean components 2

are centered near
tropopause and surface.

0

tQ\—\ o

p2a-e,

'80°5 70° 60° 50° 40° 30° 20° 10° 0° 10° 20° 30° 400 50° 60° 70° BON



Observatio i

10}

0
_.]0 —
_20 -
_30 -
-40

Heat flux:

Transient components:
strongest at 40-50 degree,
with obvious seasonal
variation in N.H..

Stationary components:
strongest at mid-latitude in N.H.,
whose directions are reversed
from winter to summer.

Zonal mean flow: centered in
the tropics, whose directions
are reversed from winter to

summer.

-40

805

IIIII

8ON



Heat flux:

Transient components:
two peaks in vertical
direction (around 800
and 200 hPa).

PRESSURE {db)

Zonal-mean flow: two
peaks in vertical
direction (around 200
hPa and near surface).

Tﬁi%”é&}ﬂi D aE 16



Observations

= Summary:
= Zonal-mean flow:

= Ferrel Cell: an indirect cell centered at 40-60 degree, with
strong seasonal variation in N.H.

= Westerly jet: surface westerlies centered at 40-60 degree

» Eddies: transient eddies are dominant with stationary eddies
only obvious in N.H.

= Kinetic energy
= Momentum flux

= Heat flux

RiRZUm: sk 17



1i]| The Ferrel Cell

eddy-zonal flow interaction (I)
Start from the equations:

Moment tion: WY o= (2
omentum equation: it ), v = B

Continuity equation: Vp-v+

Thermodynamic equation: (d;;@

(8), (), (@), (5, 5
dt/, ot/ oz ), o/, Op
Decompose into zonal mean and eddy components:

A = [A] + A*

RIRZUM: o5KiF

18



17| The Ferrel Cell

eddy-zonal flow interaction (I)
Start from the equations:

Momentum equation:
Olu] | O([u][v]) | O(lu][w]) _ O([uw"v*])  O([u"w™])
ot + oy + op oy Jp +

Continuity equation:

Thermodynamic equation:
o]  o(lie) | owlle) _ oo ) _ o((rwr]) <po>R/c” Q]

ot 0y dp 0y dp
(8,-(8) (), () =&
dt/, ot/ oz ), o/, Op

Under the quasi-geostrophic approximation (R, < 1),

above equations can be simplified.

RiRZUM: skiF 19



17| The Ferrel Cell

eddy-zonal flow interaction (I)

Start from the equations:
ol , o o) o) owd) |

o p L o [ o] O]
o0 oupf) T o) ool | ()@ oy =0
ot ,Jy i Op ! 0y /p P Cp

Simplification:

For midlatitude large scale flow, the eddy components of the meridional heat and
momentum transports are dominant. (recall the observations)

o . . B O e w1 O
a—y[u v*] > 8—y([u][v]) 8—y[0 v*] > ay([e][v])
From the QG approximation,  , . i vt I .
op oy oyl gl
Horizontal variation of the stratification is small: = I
R 50

RiRZUM: skiF 20



17| The Ferrel Cell

eddy-zonal flow interaction (I)
The simplified equations:

Momentum equation:

bl Sd R F,
1y 5y 1+ [
Continuity equation: ol Ol

oy Op 0
Thermodynamic equation: 5,k R/cp
@Hw]aes :_6([9v])+(&> Q]
ot Op oy D Cp

(8- (8) (), ()&
dt/, ot/ oz ), o/, Op

Under the quasi-geostrophic approximation (R, < 1)

RiRZUM: oKiF 21



The Ferrel Cell

The balance equations:

dp

Tropopause
[v7]
A ’1// L L ]
S —
00 o[6*v*]
~ — <0
“op dy
Ground

90, [6"v7]
w ~J

dy

> 0

Boundary
layer

Subtropics

Latitude

Subpolar

22



The Ferrel Cell

= The balance equations:

Tropopause
Olu*v*]
<0
fv Iy
00, o] 00, 0[0%v7]
“op ay “op Yy
Boundary
layer
Ground

Subtropics Latitude Subpolar

23



The Ferrel Cell

= The balance equations:

Tropopause

99, 96" v*] 00, 0[0%v7]
w w ~Y

~ — < — >0
op dy Op dy
\‘ ‘ |
Boundary
layer

V~TU >0
Ground f surf

Subtropics Latitude Subpolar

24



The Ferrel Cell

= The balance equations:

Tropopause

90, 9[6v7]

00, 0" v*]
w ~J

> 0
op

oy

Boundary
fv ~ 'rﬁsurf > 0 Iayer

_ Subtropics Latitude _ Subpolar.



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

D 0 R DO 0
Dt oo YT Droa
0 0
= o1 +u-Vyo+ 9%
zero for

adiabatic flow

RIRZM: oK+ 26



The Ferrel Cell

= In isentropic coordinate

a 1 1 1 | 1 1 | 1 1 1 1 - L L
— = ——4+u-Vop+—— | summer winter |

w
o))
o

0 .

The direction of Ferrel
cell is reversed in the

300 N P -20 - _ 7 ’// 9‘~}.\:::’-—.;.,...
isentropic coordinate. | -

et
D -
deastl

Potential temperature (K)

Interactions between
Hadley and Ferrel cells

250 r T —
are expected. 60 _30 0 30 50
Latitude
(Fig.11.4, Vallis, 2006)

RIRZUM: sKiF 27



Outline

Observations
The Ferrel Cell

Baroclinic eddies

Review: baroclinic instability and baroclinic eddy life cycle

Eddy-mean flow interaction

Transformed Eulerian Mean equation
Eddy-driven jet

The energy cycle

RIRZM: oKiF 28



Observed
Baroclinic ec

I
-

BRAJLUIIZNBIERS

g

- 10D210/70000F0Q0Q

Strong baroclinic eddy activity in the mid
Synoptic time scale (2-8 days)
Lr ~ O(1000km)

RIRZUM: oKiF 29



Observed
Baroclinic eddies

Strong baroclinic eddy activity in the midlatitudes

Synoptic time scale (2-8 days)
Lr ~ O(1000km)

RIRZUM: skiF 30



5] Observed
' Baroclinic eddies

8: 1 Ll T (Eéas)r T L\l ) I
[ = == NCEP OT
4 === NCEP AT
s | EdbaEEmE
T |
2 ¢t
2 0
.g -
3 -2f Baroclinic eddies:
Strong baro i the dominant contribution
Y
s
Synoptic tin - 1
-6 1 1 1 A 1 1 1 1 1 1 1 11 1 1 1 1
-~ 80 60 40 20 E€Q 20 40 60 80
Lr ~ O(10 s Lotitude N
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Observed
Baroclinic eddies

Sea Surface Temperature ( C

I —
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Outline

m  (Observations
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

® Energy cycle

RIREM: 5% 39



Baroclinic eddies
- baroclinic instability

= |nstability:

= Phenomenon: Given a basic flow with perturbations at the initial

moment, if the perturbation grows with time, the basic flow is always taken
unstable.

= Mathematics: P oc Ae®, 3a >0 -
B3 Fimmnmg: P oo Ae™)

" Energy: seEE —> LENRDEE !

= Linear Instability: the instability that arises in a linear system.

RIRZM: oK+ 36



Baroclinic eddies
- baroclinic instability

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

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

RIRZM: sk 37



"'j’.ﬁ_' = Baroclinic Instability - “is an instability that arises in rotating,

stratified fluids that are subject to a horizontal temperature gradient’.
=173 S
(B 2 5050 a)Timet=t;SideView p ...
Axis
Warmer
Planet’s Surface : Planet's Surface
b) Time t =t ; Side View b) Time t =t ; Side View
Gravitational Settling Thermal ina i

Snapshot

In equilibrium

warm |
cold® warm

> X

Above from Prof. Fang Juan’s class slides 1B 3k3¥ 38



"'j’.‘? = Baroclinic Instability - “is an instability that arises in rotating,

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

Baroclinic
Instability

Snapshot
from top

RIRZUM: ok 39



Baroclinic Instabillity - “is an instability that arises in rotating,

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

Baroclinic -
Instability Spiraling

.. Eddies
¢
.’ Cold
xﬁlfMEﬂS;

Snapshot -~

from top

Warmer
Air

Satellite view at south pole, from NASA.
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