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THE OVERTURNING CIRCULATION /tz
Hadley and Ferrel Cells p
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THE OVERTURNING CIRCULATION /tz
Hadley and Ferrel Cells p

Eulerian Zonal Mean Residual Mean

Latitude Latitude

Residual mean takes into account eddy motion and better represents
the actual path of fluid parcels (Jucker, 2004, via Vallis, 2017)



IN THE BEGINNING IZ.

was Hadley
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f l / / / / \ Hadley’s vision of the overturning circulation

| (from Lorenz 1967. No figures in Hadley’s paper!)

\ \ \ \ /} Single overturning cell.




FERREL e
Evolving views @

Fig. 5.

Ferrel (1856). A distinct Ferrel Cell Ferrel (1859). Backtracked to a single Hadley
Cell with a Ferrel Cell beneath it.



FERREL
Evolving views

Ferrel (1856). A distinct Ferrel Cell! Review by Thomson, 1892.



HADLEY, FERREL AND WILLIAMS (GARETH!)

ﬁ

NORITH POLE

EQUATOR

Figure 1. Schematic representation of the mean
meridional circulation in one hemisphere, as
visualized by Hadley (1735).

Hadley

(all figures adapted by Lorenz 1967).
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Figure 2. Schematic representation of the mean
meridional circulation in one hemisphere, as
visualized by Thomson (1857) and Ferrel (1859).

Williams (1968, rotating tank
Ferrel simulation)



EADY AND THE FERREL CELL

&

Ironically, more progress was made
in understanding the cause of the
Ferrel Cell than the Hadley Cell!

Eady (1950)
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1. Thus, it was understood that the circulation in mid-latitudes was baroclinically unstable,
preventing the Hadley Cell from reaching the pole.

2. But what exactly is the circulation (the basic state) that is baroclinically unstable?
What is the ideal Hadley circulation?



HADLEY CELL THEORY FOR LOW ROTATION /tz
®

Zonal Wind and MOC Temperature and Zonal Wind

How far does the Hadley Cell go? L -

What values does zonal wind take?

Does it approach a limit?

e Then what happens at zero

rotation? Is it a singular limit?

Are there any discontinuities?

Pressure (hPa)

Venus GCM:s are all over the place

— they differ from each other and
are very sensitive to parameter
choices.
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Pressure (hPa)

HADLEY CELL AS ROTATION CHANGES

=

Zonal Wind and MOC
Qe/16

Temperature and Zonal Wind
Qe/16

Latitude
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Simulations with Isca, by J. Eager.

J, Rotation increasing
l, downwards



HADLEY CELL ON SLOW ROTATING PLANETS

Venus, cloud-tracked wind

4

Meridional wind (m/s)

Zonal wind (m/s)

Dayside only Venus Express orbiter.
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Limaye (2007),
Khatuntsev et al (2013)



Pressure (hPa)

NEAR SURFACE TEMPERATURE AS ROTATION CHANGES /EZ

GCM Simulation:

Qg/2

20

) 60
Latitude

Height (km)

Venus observation (Titov, 2013, orbiting
infra-red radiometer)

Meridional temperature gradient
evidently smaller at low rotation.



HADLEY CELL
Axi-symmetric Theory

&

Axis of rotation

Tropopause
Angular momentum conserving flow
Large zonal flow aloft
Warm Cool
ascent descent

Frictional return flow

‘Weak zonal flow at surface
Ground

Equator Subtropics

Latitude

(E.K. Schneider, Held and Hou)

Assume flow is axi-symmetric.
Outflow is angular momentum
conserving:

sin’8
a
cosd

Temperature from thermal wind
balance:

ToQ2a%29*

T=TO-

Temperature falls rapidly with latitude.

Width of Hadley Cell is constrained by
thermodynamics:
Air gets too cold and sinks.



HADLEY CELL CALCULATIONS
Original theory

&
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6¢ = radiative equilibrium temperature,
6y = temperature from angular momentum conserving wind (via therml wind)

Discontinuity in zonal wind at edge of Hadley Cell.



HeLb—-HoOuU MODEL
Equations :(

&

Steady zonal momentum equation with w = 0 and no eddies.
10 tand
u_,_u 3

-———-f- =0
aod a
Either:
(i) v =0 (identically). Radiative equilibrium solution.
(ii) Or, angular momentum conserving solution:
1 du p utand 1 oM
a dd a  a’cosd 08
So that: M = (u+ Qacos8)acosd = constant
2
uo Qasin“ § uo
= 8) + = +
u=um® cos§ cosd cosd

e Low latitudes — momentum-conserving solution
e High latitudes - no circulation (radiative equilibrium).



HADLEY CELL WIDTH

&

To satisfy thermodynamic balance Hadley Cell must descend.

Latitude of the edge of Hadley Cell is given by

5A6,gH

1/2
Oy = |2ohE™L
" (3a29290) *

Goes further poleward as rotation falls.

. U
Latitude related to external Rossby number: Rog = —

Qa

Now consider low rotation limit.

1

a

Ry

Q232"



THERMAL WIND
More equations (!)

&

u’tand _ gH o)

f
e 20, 00

Angular Momentum Conserving Regime:
With u = up, and ug = 0 solution is
0(0)-6 uy,  Q%a%sin’9
©  2gH 2gHcos?8

Radiative Equilibrium Regime:
Given a typical ©£(8) the solution is

ug = Qacosd (\/ZR - 1), where R =AygH/Q2a%.

For small Q:
Ug = \/ZAHgH cos8 ~ \2AugHe

where ¢ is co-latitude. ug is independent of Q.

(10)

(1)

(12)



SOLUTIONS
At low rotation

4

6(0)

1. Continuity of temperature at 6

O(8y-) = O (By+)

2. Closure of the energy budget over the Hadley
cell 8 < 0y:

O O
/ ©cosfdo = / Of cos0do.
0 0

(Equal area construction).



EFFeECTS OF ROTATION RATE /)i
skip this slide... p

Low-rotation limit, Q — 0:
() (Q fast)

—— (]

8(0)-0 Q%a%sin*9
= e
[SH 2gH cos? 8

— (] (Q slow)

© — ©(0) = constant except at v. high
latitude.

EQ NP letp =7/2 -0 < 1:

(b) 80 -6 _ %’

Transition latitude:

V3Qa 3

~2JhugH V4R

PH




THEORETICAL PREDICTION
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THEORETICAL PREDICTION /)i
[ J
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Zonal wind approaches rotation independent wind at low rotation.



TEMPERATURE AND VELOCITY, Q = Qf/5 /tf

3D’ simu-
lation

Axi-

symmetric

Temperature
Qg/5 (m=2 only), T170

Qg/5 (m=0 only), T170

Zonal wind
Qe/5 (m=2 only), T170




TEMPERATURE AND VELOCITY, Q = Q£/100

&

Temperature
QF/100 (m <2 only), T170

- ~.
‘3D’ simu- 4 2 N
. | , o ~. .
lation V7 N
7 Ve .
.- A
/ \\
_ 7 ‘<

.~ ~.
a k4 N \
// /‘/'—\.\ N
Axi- T e - -
. ///‘ 7 \'\ \'\, \
symmetric =7 7 ~
a N

-

-90 -60 -30 O 30 60 90
latitude

Wind

Q/100 (m <2 only), T170
./ :

-90 -60 =30 O 30 60 90
latitude



NON-Zero MOC AT ALL LATITUDES /fr

Keeps everything continuous

Continuity of all fields is maintained by non-zero MOC at high latitudes.
(a) Qg/5 (m=2 only), T170
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NON-Zero MOC AT ALL LATITUDES /fr

Keeps everything continuous
Qg/5 (m =2 only), T170 Qg/100 (m =2 only), T170

‘3D’ simulation

Axi-symmetric

Weak direct Cell at 1N N

high|atitudes -90 -60 -30 O 30 60 90 -90 -60 =30 O 30 60 90
latitude latitude

Continuity of all fields is maintained by non-zero MOC at high latitudes.



ZONAL WIND

Keeps everything continuous

100

80 1

Zonal wind continuous.



SUPER-ROTATION

ion

Spontaneously appears at low rotat

(d) Qe/100

(c) Qg/20

(b) Qe/5

(9) Qe/20 (m =2 only) (h) Q¢/100 (m =< 2 only)

(f) Qe/5 (m =2 only)

Colors are:
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=1
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SUPER-ROTATION

N. Lewis, P. Read, N. Fachreddin-Tabata
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HADLEY CELL THEORY FOR HIGH OBLIQUITY

&

e How far does the Hadley
Cell extend?

e Where does it go up?

e Where does it sink?

Annual average

Solstice
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Insolation at various obliquities:
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CIRCULATION AT VARIOUS OBLIQUITIES

Solsticial means, axisymmetric

e Axi-symmetric simulations,
solsticial means.

e Weak equinoctial Hadley Cell.

e A strong'winter Hadley Cell’
dominates at higher obliquties.

e Rising Hadley Cell does not move
poleward of about 20° in the
summer hemisphere.

e The Hadley Cell circulation is
similar at still higher obliquity.

(cf. Faulk et al, Hill et al., Singh)
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CIRCULATION AT VARIOUS OBLIQUITIES

Solsticial means, 3D simulation

&

e 3D simulations, solsticial means.

e Eddies greatly strengthen the
equinoctial Hadley Cell, but have
less effect on solsticial Hadley Cell.

e A stronger‘winter Hadley Cell’
dominates at higher obliquties.

e Rising Hadley Cell does not move
poleward of about 20° in the
summer hemisphere.
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LocATION OF HADLEY CELL

4

At High Obliquity
Temperature MOC and u’v’
Pole is the hottest place on Earth in
high-obliquity summer. So why does the Hadley
Cell not go further poleward? o | &"
Proximate answer: Air rises where it is being A o PYS

heated, not where it is hottest.

Has to satisfy same angular-momentum/
thermal constraints to the usual Hadley Cell.

Cannot rise at pole and sink at equator! Winds
and temperature gradient would be enormous!

Cannot have radiative equilibrium temperature
at low latitudes, because that would be

unstable.

Result: Near-radiative-equilibrium at high
latitudes, Hadley Cell at low latitudes.
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BEYOND THE TELLURIC...

JUPITER



JUPITER FROM SPACE

(Enhanced color from 3 images, by K. M. Gill)

Characteristics:

Weather, clouds

Jets!

Global organization.

Very zonal flow.



JUPITER AND ITS JETS
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- Strong, sharp jets. Barotropically unstable 8 — 92U/ 3 y? changes sign.
— Superrotates.

- Multiple super-rotating jets in the tropics!



JUPITER

Problems and Speculations

1. What causes the jets?

2. Why is there superrotation?

3. How deep are the jets?

4. Are the weather-layer jets the same as the deep jets?

5. What is the role of moisture?



STRUCTURE OF JUPITER

Molecular
hydrogen

Popular science
book.

Metallic
hydrogen

©2011 Pearson Education, Inc.

Depth 100 km
Temperature 300 K
Pressure 10 atm

Depth 20,000 km
Temperature 11,000 K
Pressure 3 x 10° atm

Depth 60,000 km
Temperature 18,000 K
Pressure 4 x 107 atm

Icy/rocky core

Depth 70,000 km
Temperature 25,000 K
Pressure 6 x 107 atm




STRUCTU

RE OF JUPITER

Weather layer,
stably-stratified
250K beeeeee

Convective layer.
Deep jets?

Level of ohmic dissipation?

"""""""""""" Gas el
70,000 km
Molecular hydrogen
gobl?r; Liquid
(depth) . -
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Japunjf>3uadue|

Onset of
ohmic dissipation



STRUCTURE OF JUPITER

Weather layer, 70,000 km
stably-stratiyﬁ ed Molecular hydrogen
250K feeeeend gobf;q Liquid
(depth) '
Convective layer. 6,000 K\ .- -
Deep jets? 55,000 km
3 Mbar
500 bar? Metallic hydrogen
s 3,000 km?
Level of ohmic dissipation? (
. (depth) 1bar =105 Pa

20,000 K N5 /10,000 km?
Rocky /40 mbar?
Core,

Centre

www.cakecrumbs.me



STRUCTU

RE OF JUPITER

Weather layer,
stably-stratified
250K beeeeee

Convective layer.
Deep jets?

Level of ohmic dissipation?

"""""""""""" Gas el
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(depth) . -
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WEATHER-LAYER JETS
Easy!

Two-dimensional beta-plane turbulence! (Rhines, Williams, Vallis & Maltrud)

DQ_ _
W_F_D’ Q=By+{¢

Here, B is dues to differential rotation:
B =0f/0y =2Qcos8/a.

D¢ B
E'F‘BV—F—D,

Jet Scale = g L
“\B (2Q cos 8/ a)
~ & ~ 5000 km

NV 5% 1012

WW\TVV

Williams (41 BN) (before now! i.e., 1978)




DEEPER JETS

Taylor-columns (Busse, Schubert etc)

Simulation by
Heimpel
Zonal velocity
Equatorial jet

Planetocentric latitude (degrees)

too broad.
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DEEPER JETS

Taylor-columns?

Vorticity and velocity:
With stratified upper

layer

Heimpel, Arnou et al:




JOVIAN SUPERROTATION

The topographic beta effect for deep jets

Potential vorticity of a column:

DQ_ [ +2Q
D =% Q"( h )
_(§+2Q) _[§+2Q
o= (557 (57)
or, approximately,
D¢ 2Q oH

—=+8'v=0 where Br=—-——.

Dt H oy

Just like flow in the weather layer!

B* > 0 region insider the tangent cylinder (the extra-tropics)
B* < 0and outside the tangent cylinder, in the tropics.

(a-4d)
a

cosf =

_—

«—




JOVIAN SUPERROTATION
The topographic beta effect for deep jets

Homogenize the potential vorticity to give:
ou 1
oy ATl or T=Ay—glfyt 4B, (1)
If ou/dy =0at y =0then A =0.
uisamaximumat y = 0.
Width ~ \/u/B*
NB B* # B. — so weather-layer jets might not coincide with
deep jets!
Tropical region is
(a—d)
a

cosé =

where a = planet radius, d = depth of outer zone.

If d = 3500 km and a = 70,000 km then 8 = 18° (Jupiter).
If d = 90000 km and a = 58,000 km then 8 = 32° (Saturn).

«—




JUPITER WEATHER-LAYER WINDS /Zl

Zonal wind at P = 1000 hPa

e Weather-layer, primitive equation =
model (Isca!) . — o
e Jovian parameters: size, rotation rate, . ==
hydrogen atmosphere, gravity, etc. é %
2 —
e Forced with both incoming solar 3 = no drag
radiation and outgoing flux (6 W/m?). ’” —
e Total Depth = 20 bars -
e Superrotation only if drag removed at o — - % = = = ;

equator (c.f. Schneider & Liu, 2012) u/ms™*



PRESCRIBE A DEEP FLOW @

On a Weather-layer Jupiter GCM

ucomp in dry_giant_planet_3d_60_levels_with_conv_with_iff_mks_50_deep_velocity averaged over time and lon
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PRESCRIBE A DEEP FLOW
On a Weather-layer Jupiter GCM

&

ucomp in dry_giant_planet_3d_60_levels_with_conv_with_diff_mk_50_deep_velocity_wavenumber_6.0 averaged over time and lon

— 1bar
—— 10bar

— Deep
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At upper levels the jets break down into more jets.

Not satisfactory, but demonstrates some decoupling between deep and shallow jets.
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JOVIAN POSSIBILITIES

Consistent with observations

&

1. Jets descend to about 3000 km at all latitudes (Kaspi et al interpretation of Juno).
Deep jets coincident with shallow jets.

2. Weather-layer jets are decoupled from deep jets at all latitudes.
Weather-layer jets are shallow, beta-plane turbulence.

3. Mid-latitude jets are shallow, equatorial jets are deep.

4. Evidence that the equatorial and mid-latitude jets have a different character? — Saturn!



SATURN

Natural light, Cassini, equinox.

Saturn: Jupiter:
Aurorae
|~ North pole hexagon
Cloud layer (125 mi) "
Gassy hydrogen, jum rain
Frenkel line.
Liquid-hydrogen

Cring

——  Dring

Maxwell gap—
Colombogap——

" HuyGens gap

e 2~ 58,000km

a ~ 70,000 km

e Sidereal day ~ 10.5 hours
e Mass = 95 Earths = 5.7 x 10% kg,

Sidereal day ~ 10 hours
Mass = 318 Earths = 1.9 x 10?7 kg,

e Hydrogen becomes metallicat r < 0.5a?
(30,000 km from surface).

Hydrogen becomes metallic at
r~0.8a
(15,000 km from surface).

Figures by Kelvinsong, https://commons.wikimedia.org/w/index.php?curid=32219154.



Zonal velocity (m s1)

Zonal velocity (m s-')

SATURN

Transition to metallic hydrogen is much deeper, because the planet is smaller.

Equatorial winds are stronger and wider than Jupiter! (But maybe not wide enough? Being

quantitative is difficult.)
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Various estimates from Garcia et al (2011), Cassini mission.



SATURN AND JUPITER /tz

Observed Zonal Winds

Saturn

: e Wider and stronger

equatorial winds on Saturn.

P TR TP I ST S R B MR St S TP S S
-90 -80 -70 60 -50 -40 -30 20 -10 0 10 20 30 40 50 60 70 80 90

e Suggests equatorial winds
are connected to the deep.

e Mid-latitude zonal winds

. are stronger too...
Jupiter

Rossby number (x10-3)
Wind speed (m s)
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