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T O C
Hadley and Ferrel Cells
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T O C
Hadley and Ferrel Cells
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Residual mean takes into account eddy motion and better represents
the actual path of fluid parcels (Jucker, , via Vallis, )



I  B
was Hadley

Hadley’s vision of the overturning circulation
(from Lorenz . No figures in Hadley’s paper!)

Single overturning cell.



F
Evolving views

Ferrel (). A distinct Ferrel Cell Ferrel (). Backtracked to a single Hadley
Cell with a Ferrel Cell beneath it.



F
Evolving views

Ferrel (). A distinct Ferrel Cell! Review by ¿omson, .



H, F W (G!)

Hadley Ferrel
Williams (, rotating tank
simulation)

(all figures adapted by Lorenz ).



E   F C

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

Eady ()

. ¿us, it was understood that the circulation in mid-latitudes was baroclinically unstable,
preventing the Hadley Cell from reaching the pole.

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



H C T  L R

• How far does the Hadley Cell go?

• What values does zonal wind take?
Does it approach a limit?

• ¿en what happens at zero
rotation? Is it a singular limit?

• Are there any discontinuities?

• Venus GCMs are all over the place
— they differ from each other and
are very sensitive to parameter
choices.
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H C  R C
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Simulations with Isca, by J. Eager.

↓ Rotation increasing
↓ downwards



H C  S R P
Venus, cloud-tracked wind

Dayside only Venus Express orbiter.
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Limaye (),
Khatuntsev et al ()



N S T  R C

GCM Simulation:
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Venus observation (Titov, , orbiting
infra-red radiometer)

Meridional temperature gradient
evidently smaller at low rotation.



H C
Axi-symmetric¿eory

Axis of rotation

 

           

     Angular momentum conserving flow   

Equator                                                 Subtropics            Latitude  

Warm
ascent

Cool
descent

Tropopause

Frictional return flow

Weak zonal flow at surfaceGround

Large zonal flow aloft

(E.K. Schneider, Held and Hou)

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

U = Ωa
sin2 ϑ
cos ϑ

Temperature from thermal wind
balance:

T = T (0) − T0Ω
2a2ϑ4

2gH

Temperature falls rapidly with latitude.

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



H C C
Original theory
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θE = radiative equilibrium temperature,
θM = temperature from angular momentum conserving wind (via therml wind)

Discontinuity in zonal wind at edge of Hadley Cell.



H–H 
Equations :(

Steady zonal momentum equation withw = 0 and no eddies.

v

(
1

a

∂u

∂ϑ
− f − u tan ϑ

a

)
= 0

Either:

(i) v = 0 (identically). Radiative equilibrium solution.
(ii) Or, angular momentum conserving solution:

1

a

∂u

∂ϑ
− f − u tan ϑ

a
=

1

a2 cos ϑ
∂M

∂ϑ
= 0

So that: M = (u + Ωa cos ϑ)a cos ϑ = constant

u = uM (ϑ) + u0
cos ϑ

=
Ωa sin2 ϑ

cos ϑ
+

u0
cos ϑ

• Low latitudes – momentum-conserving solution
• High latitudes – no circulation (radiative equilibrium).



H C W

To satisfy thermodynamic balance Hadley Cell must descend.
Latitude of the edge of Hadley Cell is given by

ϑH =

(
5∆θhgH

3a2Ω2θ0

)1/2
∝ 1

Ω
.

Goes further poleward as rotation falls.

Latitude related to external Rossby number: RoE =
U

Ωa
=
R θH

Ω2a2
.

Now consider low rotation limit.



T W
More equations (!)

f u +
u2 tan ϑ

a
= − gH

aΘ0

∂Θ

∂ϑ

Angular Momentum Conserving Regime:

With u = uM and u0 = 0 solution is

Θ(0) − Θ
Θ0

=
u2M
2gH

=
Ω2a2 sin4 ϑ
2gH cos2 ϑ

. ()

Radiative Equilibrium Regime:
Given a typical ΘE (ϑ) the solution is

uE = Ωa cos ϑ
(√
2R + 1 − 1

)
, where R ≡ ∆H gH /Ω2a2. ()

For small Ω:
uE =

√
2∆H gH cos ϑ ≈

√
2∆H gHϕ ()

whereϕ is co-latitude. uE is independent of Ω.



S
At low rotation

. Continuity of temperature at θH :

Θ(θH−) = ΘE (θH+)

. Closure of the energy budget over the Hadley
cell θ < θH :

∫ θH

0
Θ cos θdθ =

∫ θH

0
ΘE cos θdθ.

(Equal area construction).



E  R R
skip this slide. . .

Low-rotation limit, Ω → 0:

Θ(0) − Θ
Θ0

=
Ω2a2 sin4 ϑ
2gH cos2 ϑ

→ 0

Θ → Θ(0) = constant except at v. high
latitude.

Letϕ ≡ π/2 − θ � 1:

Θ(0) − Θ
Θ0

=
Ω2a2

2gHϕ2

Transition latitude:

ϕH =

√
3Ωa

2
√
∆H gH

=

√
3

4R



T P

EQ NP
0

(a)

u (Ω fast)

u (Ω slow)

EQ NP
0

(b)

Θ̄ (Ω fast)

Θ̄ (Ω slow)

Continuous Temperature

EQ NP
0

(a)
u (Ω fast)
u (Ω slow)

EQ NP
0

(b)
Θ̄ (Ω fast)
Θ̄ (Ω slow)

Continuous Velocity



T P

Continuous Temperature

EQ NP
0

(a)
u (Ω fast)
u
u (Ω slow)

EQ NP
0

(b)
Θ̄ (Ω fast)
Θ̄
Θ̄ (Ω slow)

Continuous Velocity

Zonal wind approaches rotation independent wind at low rotation.



T  V, Ω = ΩE/5

‘D’ simu-
lation

Axi-
symmetric

Temperature Zonal wind



T  V, Ω = ΩE/100

‘D’ simu-
lation

Axi-
symmetric

Temperature Wind



N-Z MOC   L
Keeps everything continuous

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



N-Z MOC   L
Keeps everything continuous

‘D’ simulation

Axi-symmetric

Weak direct Cell at
high latitudes

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



Z 
Keeps everything continuous

Zonal wind continuous.



S-R
Spontaneously appears at low rotation

Colors are:
M /Ωa2 − 1

M = (u + Ωa cos ϑ)a cos ϑ



S-

N. Lewis, P. Read, N. Fachreddin-Tabata



H C T  H O

• How far does the Hadley
Cell extend?

• Where does it go up?

• Where does it sink?

Annual average

Solstice

Insolation at various obliquities:



C  V O
Solsticial means, axisymmetric

• Axi-symmetric simulations,
solsticial means.

• Weak equinoctial Hadley Cell.

• A strong‘winter Hadley Cell’
dominates at higher obliquties.

• Rising Hadley Cell does not move
poleward of about ° in the
summer hemisphere.

• ¿e Hadley Cell circulation is
similar at still higher obliquity.

(cf. Faulk et al, Hill et al., Singh)

Temperature MOC

0°

30°

60°

● Solstice mean fields
● Axisymmetric

● Left: temp and zonal 
wind

● Right: mass 
streamfunction and 
eddy momentum flux



C  V O
Solsticial means, D simulation

• D simulations, solsticial means.

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

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

• Rising Hadley Cell does not move
poleward of about ° in the
summer hemisphere.

Temperature MOC and u ′v ′

0°

30°

60°

● Solstice mean fields
● Eddy-permitting

● Left: temp and zonal 
wind

● Right: mass 
streamfunction and 
eddy momentum flux



L  H C
At High Obliquity

– Pole is the hottest place on Earth in
high-obliquity summer. So why does the Hadley
Cell not go further poleward?

– Proximate answer: Air rises where it is being
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.

Temperature MOC and u ′v ′

0°

30°

60°

● Solstice mean fields
● Axisymmetric

● Left: temp and zonal 
wind

● Right: mass 
streamfunction and 
eddy momentum flux



B  T. . .

JUPITER



J  S

Characteristics:

• Weather, clouds

• Jets!

• Global organization.

• Very zonal flow.

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



J   J

Zonal wind (m/s)

La
tit

ud
e

– Strong, sharp jets. Barotropically unstable β − ∂2U/∂y 2 changes sign.
– Superrotates.
– Multiple super-rotating jets in the tropics!



J
Problems and Speculations

. What causes the jets?

. Why is there superrotation?

. How deep are the jets?

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

. What is the role of moisture?



S  J

Popular science
book.



S  J

Molecular hydrogen
  Gas    

Liquid

Metallic hydrogen

Rocky 
Core

3,000 km? 
(depth)

50 km 
(depth)

5 bar

500 bar?

Helium rain?
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10,000 km? 
40 Mbar?

55,000 km 
3 Mbar

70,000 km 

Centre

1 bar = 105 Pa

Weather layer, 
 stably-stratified

250 K

Convective layer. 
Deep jets?

Level of ohmic dissipation?

Weather layer
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 ohmic dissipation
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S  J
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W- J
Easy!

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

DQ
Dt

= F − D , Q = β y + ζ

Here, β is dues to differential rotation:
β = ∂f /∂y = 2Ω cos ϑ/a .

Dζ
Dt

+ βv = F − D ,

Jet Scale =

√
U

β
∼

√
100

(2Ω cos ϑ/a)

∼
√

100

5 × −12
∼ 5000 km

Williams ( BN) (before now! i.e., )



D J
Taylor-columns (Busse, Schubert etc)

Simulation by
Heimpel
Zonal velocity
Equatorial jet
too broad.

Observed Modelled Modelled



D J
Taylor-columns?

Vorticity and velocity:
With stratified upper
layer
Heimpel, Arnou et al:

c

b

da



J S
¿e topographic beta effect for deep jets

Potential vorticity of a column:
DQ
Dt

= 0, Q =

(
ζ + 2Ω

h

)
.

Q =

(
ζ + 2Ω

h

)
≈

(
ζ + 2Ω

H

)
,

or, approximately,

Dζ
Dt

+ β ∗v = 0 where β ∗ = −2Ω
H

∂H

∂y
.

Just like flow in the weather layer!
β ∗ > 0 region insider the tangent cylinder (the extra-tropics)
β ∗ < 0 and outside the tangent cylinder, in the tropics.

cos θ = (a − d )
a

d

a



J S
¿e topographic beta effect for deep jets

Homogenize the potential vorticity to give:

∂u

∂y
= A − |β ∗ |y , or u = Ay − 1

2
|β ∗ |y 2 + B , ()

If ∂u/∂y = 0 at y = 0 then A = 0.
u is a maximum at y = 0.
Width ∼

√
u/β ∗

NB β ∗ , β . — so weather-layer jets might not coincide with
deep jets!
Tropical region is

cos θ = (a − d )
a

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

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

d

a



J W-L W

• Weather-layer, primitive equation
model (Isca!)

• Jovian parameters: size, rotation rate,
hydrogen atmosphere, gravity, etc.

• Forced with both incoming solar
radiation and outgoing flux ( W/m).

• Total Depth =  bars

• Superrotation only if drag removed at
equator (c.f. Schneider & Liu, )

La
tit

ud
e

no drag

Zonal wind at P = 1000 hPa



P  D F
On aWeather-layer Jupiter GCM
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P  D F
On aWeather-layer Jupiter GCM
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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.



J 
Consistent with observations

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

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

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

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



S
Natural light, Cassini, equinox.

Saturn:

• a ≈ 58, 000 km

• Sidereal day ≈ . hours

• Mass =  Earths = 5.7 × 26 kg.

• Hydrogen becomes metallic at r ≤ 0.5a?
(, km from surface).

Jupiter:

• a ≈ 70, 000 km

• Sidereal day ≈  hours

• Mass =  Earths = 1.9 × 27 kg.

• Hydrogen becomes metallic at
r ≈ 0.8a
(, km from surface).

Figures by Kelvinsong, https://commons.wikimedia.org/w/index.php?curid=.



S

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.)

between 2004 and 2008. We cannot distinguish any important var-
iation, even between 2004 and 2008 in the southern hemisphere
and the equator. In the northern hemisphere, winds were mea-
sured during a shorter time interval spanning less than a year dur-
ing 2008 and no changes were detected. However, MT2 and MT3
filters show clouds and hazes at higher altitudes at pressures be-
tween 60 mbar (equatorial region) and 250 mbar at other higher
latitudes (see references above) At these pressure levels the radia-
tive time constant is much smaller, between 0.3 and 0.6 saturnian
years (Conrath and Pirraglia, 1983; Barnet, 1990), and we could
reasonably expect wind variations, although we detected none.
Fig. 2 shows the seven individual average MT2 and MT3 profiles re-
trieved between September 2004 and January 2009. As in the CB2
and CB3 case, we do not see any changes larger than data uncer-

tainty. This is true even when comparing the first wind profiles
in 2004 to the last 2009 profiles in the southern hemisphere. A
slight difference amounting to no more than 20 m s!1 at 11!S
and 16!S between September 2004 and December 2008, suggests
a change in the shape of the profile in that region of the southern
equatorial profile, but the magnitude of this apparent change is
uncertain and uncorroborated by our cloud tracking measure-
ments of the equatorial region between 2004 and 2008 (García-
Melendo et al., 2010) which do not reveal any changes within
the "20 m s!1 data scatter.

The stability of the wind profiles in the two CB and MT family
filters justifies computing the average high resolution CB and MT
profiles which cover almost the whole planet. We followed
similar procedures as those presented in García-Melendo and

Fig. 1. Individual zonal wind profiles measured between September 2004 and December 2008 from Cassini ISS CB2 and CB3 images. Nine profiles are superimposed for the
time periods listed in Table 1 where: (black) COISS 2006 covering the latitude interval from 82!S to 30!S; (blue) COISS 2009 from 30!S to 8!N; (red) COISS 2012 from 83!S to
0!; (blue purple) COISS 2026 from 90!S to 80!S; (purple) COISS 2042 from 12!N to 74!N; (green) COISS 2046 from 10!N to 75!N; (navy blue) COISS 2050 from 70!N to 83!N;
(cyan) COISS 2051 from 20!S to 5!S; (cyan) COISS 2051 from 6!N to 12!N. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Individual zonal wind profiles measured between September 2004 and January 2009 from Cassini ISS MT2 and MT3 images. 7 profiles are superimposed for the time
periods listed in Table 1 where: black) COISS 2006 (MT2) covering the latitude interval from 78!S to 28!S; blue) COISS 2006 (MT1) from 30!S to 4!N; red) COISS 2009 from
40!S to 10!N; green) COISS 2012 from 70!S to 3!S; orange) COISS 2042 from 13 !N to 70!N; purple) COISS 2046 from 10!N to 72!N; cyan) COISS 2051 from 20!S to 4!S; cyan)
COISS 2051 from 6!N to 12!N. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

E. García-Melendo et al. / Icarus 215 (2011) 62–74 65

Various estimates from Garcia et al (), Cassini mission.



S  J
Observed Zonal Winds

Saturn

Jupiter

• Wider and stronger
equatorial winds on Saturn.

• Suggests equatorial winds
are connected to the deep.

• Mid-latitude zonal winds
are stronger too. . .


