
 

k 7 The angular momentum budget

Zonalmeaumidlatitudeoerculation

Characterised by
a strong upper leve westerly jets
123 strong latitudinal temperature gradient

133 westerly surface winds

143 thermally indirect overturning

15 strong EKE maximum

why

thermalwindbalance

Relates points it and 123

As we have seen combination of geostrophic hydrostatic balance gives

arsiny 2 Leffd

or in more familiar notation

Fp FIFI
Relates vertical shear to horizontal temp gradients

Explains upperlevel winds but nor surf Winds

what about points 2 5

Consider the angular momentum budget



Angularmomentum

Recall the definition of angular momentum
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planetary relative

angularmomentum angularmomentum

Also recall that M is conserved for ansymmetric frictionless
flow

More generally we have
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Divide angular momentum into planetary and relative components
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Fluxf arm

Remember can use continuity to write equations of the
form
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in flux form

For relative angular momentum we have
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In the upper troposphere friction is weak Feo Taking

the zonal and time mean we have
o
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assuming no byperiodicity
longtermtrend
in Mr

Rearranging

rectos os If Emerson ZIMRIp

Zonal week divergence
in spherical words
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Now since Mr Recosyu we have

f to roof 054 t Zfluts
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This is an equation for the meridional flow in the
upper troposphere

RHS is divergence of Hut of angularmomentum

Flux is dominated by horizontal component
Can be divided into mean eddy

In midlatitudes dominated by transienteddies

Divide into wear eddy

5CUT tacos 4757054 t zpluIlw7 mean

Loopy 22,4
03054 t
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Losey 451 t zplu.TT transient

show figure

Another useful version can be derived by rearranging the mean

transport term
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Continuity

Theremaining tears correspond to angular momentum advection

they are dominated bythe horizontal component

Tmeae 7 cosy to

Thus we may write the steadystate angular momentumbudget
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where S is the eddymomentum flux convergence
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In midlatitudes F af
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Eddy fluxes determine meridional flow



Divergence convergence divergence
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But this argument breaks down if we try to apply it to the
whole column

Remember by mass conservation

T dZ O or J dp O

Bar at midlatitudes JB 157dp o
O

what is going wrong

We are missing friction

at low levels friction is important and acts to close
the circulation

eddies in the upper troposphere control this frictional flow

This is the downwardcontrol principle



Frictionarmomojet

Angularmomentum budget in flat form
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Must now consider friction Ei Can write frickin as divergence

of visions stress
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Iii 9Einstein notation

Zonal component of frictional force
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Generally dominated by vertical stress
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Equation l then becomes
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Vertically integrate 2 over the depth of the atmosphere with massweighting
and take the zonal and time mean

Remember Adz E gdp Hydrostatic balance

the LHS is their giver by
ptineaverageT

has f f Ein't rends dtdfz.ua
average

Note that since Ps Psh04 must perform vertical integral first

However if we define 2 0 fo p Pss we have that

f Affdp off dp

where Poo is a constant pressure such that

Poo Ps t k O t

we then have that the left hand side of 2 maybewritten

LHS f FIEF r Emisfdge

Assuming there are no secular trends in Nr the first term is
Zero

Thus we have
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LHS for Laos foMT cos dig

Divergence of the meridional fluxof angular momentum

On the RHS we have 3 terms

a Coriolis term
Poo

a JRecosyf I dp0

This term is zero by mass conservation

f Hey total meridional mass flux at a given latitude

b Surface friction
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surface frictional
stress

Thus we have
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c Pressure gradient term

if 3 day dridt

Poo 2T
Consider fff 20 dog at fo fo YEHps p dddP

Heaviside function

this is zero provided reps ht 4

But suppose the surface outcrops at some latitude
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Then we must split the integral
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What happens if there is more than one mountain

Needto sum over multipleintegrals

i
i mountainI

7l l

f
z

i
a
mountain 2

Thus we have
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This represents a form drag on the atmosphere by
mountains



We can also express the tour drag term more simply

Remember the Leibnitz integral rule

da f flat dt flu bomb a t f dt

Apply this to our formdrag terms
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Now LHS equals zero by periodicity so we have that
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By product rule f ZsPs fZs2 t Ps3 0

FEET Ms f
pressmforcetstoreofmountain in longitude

Form drag is proportional to the difference in pressure on
the western4 Eastern slopes of mountains

Hence we may write the heron drag term

c if f I zf day dridt

fPF



Putting it all together
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Divergence of isbalanced friction formdrag
angularmomentum by from mountains
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Note that since Mr Recosolu
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And neglectingmountaindrag
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Remember CUT is dominated by ut'T
b convergence of momentum flux

LHS so

co

Friction is a westward force

surfWind must be westerly

Midlatitude westerlies are a direct result of eddymomentum
flux convergence

Atmosphericangularwomeuturncycle
Preceding analysis paints a picture of angular momentum transport

Producedby surface in region of Easterlies tropics polar

transported to upper troposphere and converged to
midlatitudes

removed at surface by friction mountaintorques

yT

Izu angular POLEmomentum

transport

Note that angular momentum is being converged into the jet

Angularmomentum transport is upgradient



Globalangularmomentumbalance

Consider again the relative angular momentum equation

e
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Integrating over the entire atmosphere we have

da forMr du fw.im Ps2s dS fwRaemos4esds

alum

P 9 e
angular momentum form drag surface
of the atmosphere friction

The change in angularmomentum depends on the
total form drag and friction

In steady state theremust be no net frictional force
on the atmosphere

Easterlies westerlies must balance
as Hadley knew

When atmospheric angular momentum changes this
must be associated with opposite change in Earth's
angular momentum

this is reflected in the lengthof day



Summery

Upper tropospheric zonal mean meridional flow is determined

by eddy Cangular momentum tuxes

fat re Zylut
tangent plane Qa approx

Produces thermally indirect Ferret cell with frictional return
flow near Surface

Downward control

surface winds are determined by vertically integrated
eddy angular momentum fluxes
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westerlies in region of eddy momentum flux
convergence

Butwhat sets the patterns of eddy momentum fluxes




