



































































































































Lectures Axisymmetric Hadley Cells

Last lecture
Showed that RCE solution is not the
correct solution inthe hint of weakviscosity

In particular RCE solution implies strong
meridional temperature gradients which bythermal wind imply zonal wind distribution
that violates Hides theorem

Large scale circulation must therefore
develop that reduces meridional henperature
gradients

this lecture we seek to understand what
this nearly inviscid asymmetric circulation
looks like

what does this nearly inviscid circulation look like

Retaining our arisymmetric assumption the equation
for angular momentum far steady inviscid flow is

Y PM D

velocity vectors must be perpendicular to 0M

i e velocity is parallel to M contours

M is conserved along streamlines



Held Houmo

Originally described in Meld thouGago

They used Baessinesq equations

We will assume atmosphere in p words

Mconst

M Mp
c
1
EQ

Assume air rises at equator flows poleward conservingangular
momentum

Assume surface winds are weak

M 10 Mplo
T T planetary

tropopause angular momentum
angular momentum

Hence we have
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Now reniember our thermal wind equation in quasiequilibrium

n leaps

2rsinolut linage RETI t
ftp.dheps

Again assuming winds near the surface are weak

Resinyat the tank Rd27
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Substituting the angular momentum conserving wind
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Integrate
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Now
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Hence Flat To fireRd
Have found near temperature distribution using only angular
momentum conservation

Held thou solution characterised by
flat temperature dist neo equator f't n 44

As approach pole at A unphysical Why

At some latitude must transition to RCE



Thermodynamically
Expect Hadley cell to transport energy poleward

If no eddies Hadley cell heatHut divergence must
balance heat fluxes due to radiation convection

Consider simple parametersatin

a
I T TREE

Linear relaxation to RCE state

1
Implies
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This gives us an equal area constraint
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upAMconserving i NCE
Soth solution
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Calcutadgdalut
We have 2 constraints

1 Continuity of entropy across the Hadleycell edge

Define 4h as latitude of Hadleycelledge

I n ra
l Ole T

E
H

2 Energy conservation

J f free cos d4 0

Can solve for 04 and So

For simplicity use small angle approx

Sinon0 cosy I
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Constraint gives
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Constraint i gives

Io Stout Force SHEW O 2

add l and 2
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Let's plug in some reasonable numbers
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7.29 0 5 6 3 065

0.5

300



Stell
In the Held Hou theory the strength of the Hadley cell
is related to its energy transport

In particular we assumed that

1 The Hadley cell is energetically closed

2 The net column heating is proportional
the deviation of the subdued entropy
from its RCE value

Together these assumptions imply

1 JE s4 Q f free
Record e

where Fu is the energy flux by the Hadley cell

Held Mou assumed poleward flow near the tropopause
and equatorward return How

F
i

EQ

Assuming the flow is concentrated in a layers near the tropopause
and surface of pressure depth Spi

Fu ftp gpoedgI
he fp gpobdIg hb

where h is the energy see below



ayy

By mass conservation have that

Jpjp 9 If fpsgpVbdIg Knox

Fm Qmax Bh
9 9

Hadley cell gross energy
strength stratification

Gross energy stratification

Held thou neglect moisture Relevant energy variable
is the dry static energy

hd CpTtgZ

Aff must be positive for gravitational stability

Held 4 Hou took Sha as a parameter

In moist atmosphere relevant variable is moist static energy

hunt CpTtgZthug

In quasi equilibrium 2,11 0 in troposphere

h is relatedto S entropy

hm Cpt tgZtLvq

him hm Lv q g

Boundary layer RM high q q is small

troposphere i RM lower ga q is large
tropopause i Tis low q issmall q q is small
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YET
Equatorward flow

shin

hm has minimum in mid troposphere

The size and sign of the gross energy stratification

depends on the profile of 0

This is usually discussed in terms of the gross moist
stability introduced by Neelin 4 Held 1987

Additional complication

Most poleward energy transport at low latitudes is
effected through ocean circulation

But ocean ciro driven by surf wind stress

Hadley all energetics is complicated Will return to Nus
topic later in the course



Hetdonwwinddbwh.vn
Angular momentum conserving solution in tropics

RCE solution further poleward no overturning circulation

Tropopinds

rResin tan erred 14h4m
Ue
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Results in sharp subtropical jet

Ue i
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Held Hou predicts

Circulation to 300

sharp subtropical jet

weak overturning further poleward

these are all consistent with the observed equinoctial circulation



Problemswithtou

In numerical Sol's of the Held Hae model
the strength of the cell depends on the
viscosity

Remarkably the strength increases with increasing viscosity
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what is going on



Let's revisit the assumptions of the model

2 polewardflow at tropopause
1 Rising motion

q
angular momentum conserved

at equator
How to get air back

shew is how to boundarylayer
M Mp C

a
EQ 3 Return How in BL

weak winds
MEMp

we assume air enters BL with weak winds

How are the winds reduced in the descending branch

2po lives

1 Sloping descending branch

Air only enters

1M
boffhnwkdue.veI M IMp

NiE This is nor what
EQ happens inHeld thou

nor in observations

2 Need to remove angularmomentum
in the descending branch

now
EDDIES




