
Boundary Layers, Transport and Mixing - part 2

The eight ingredients of eddy/wave – zonal-mean flow interaction

1. Planetary wave-guide
2. The existence of planetary waves on the wave guide
3. Mixing of potential vorticity (PV) by breaking planetary waves
4. Zonal mean ageostrophic response to the PV-mixing (the secondary circulation)
5. Creation and/or intensification of jets at the edge of the mixing zone 
6. Net meridional vorticity (PVS) flux
7. Net meridional mass flux
8. Diabatic effects: the cross-isentropic mass flux
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Planetary wave guide: meridional PV-gradient
First ingredient of eddy/wave – zonal-mean flow interaction

Winter 2006-2007
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Planetary wave-activity on the planetary wave guide
Winter 2006-2007

First ingredient of eddy/wave – zonal-mean flow interaction1
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Existence of planetary waves on the wave guide
Second ingredient of eddy/wave – zonal-mean flow interaction2



Second ingredient of eddy/wave – zonal-mean flow interaction2

Ideal sinusoidal waves do not exist because the waves are deformed by background flow

Existence of planetary waves on the wave guide



Existence of planetary waves on the wave guide
Second ingredient of eddy/wave – zonal-mean flow interaction2

Red: PV=1-4 PVU; Blue: PV=5-8 PVU

PV350K2006-2007 (Converted).mov



Second ingredient of eddy/wave – zonal-mean flow interaction

Existence of planetary waves on the wave guide
2

Red: PV=1-4 PVU; Blue: PV=5-8 PVU



Second ingredient of eddy/wave – zonal-mean flow interaction

Existence of planetary waves on the wave guide
2

Red: PV=1-4 PVU; Blue: PV=5-8 PVU

Animation of planetary waves on the wave guide, including jetstreaks



Third ingredient of eddy/wave – zonal-mean flow interaction3
PV-mixing by 

planetary 
waves

PotentialVorticity_350K_01112009-28022010.mov



PV-mixing by 
planetary 

waves

reduces the meridional 
PV-gradient

Third ingredient of eddy/wave – zonal-mean flow interaction3

(this is an example of extreme “PV-mixing”)

PV-mixing 
encompassing the Pole



Ultimately this eliminates the 
wave guide and kills the waves (see also figure 1.125)

PV-mixing by 
planetary 

waves

Third ingredient of eddy/wave – zonal-mean flow interaction3

reduces the meridional 
PV-gradient

PV-mixing 
encompassing the Pole



PV-mixing 
encompassing the Pole time

Reduces amplitude of the positive Polar PV-anomaly

Isentropic density over the Pole increases
Vorticity over the Pole decreases

PV-mixing by 
planetary 

waves

3

(see section 1.26)



PV-mixing 
encompassing the Pole time

Reduces amplitude of the positive Polar PV-anomaly

Isentropic density over the Pole increases
Vorticity over the Pole decreases

PV-mixing manifest as mass-flux and vorticity (PVS)-flux !

PV-mixing by 
planetary 

waves

3 Blue: negative 
isentropic 
density 
anomaly

Red: positive 
abs. vorticity 
anomaly



PV-mixing by 
planetary 

waves

3
A thought experiment

mass flux across parallel, l,
mainly due to eddies.

How does the meridional mass flux change [u] ?

(page 60-61)

Third ingredient of eddy/wave – zonal-mean flow interaction



PV-mixing by 
planetary 

waves

3
Meridional eddy mass flux is mostly poleward and indeed 
anticorrelated with mean meridional vorticity (PVS) flux.  

PV-mixing encompassing 
the Pole is associated with 
a poleward eddy mass flux. 
The response to PV mixing 
consists of an equatorward 
flow (“the ageostrophic
response”), which carries 
vorticity equatorward. This 
should lead to a decrease
of [u].

Third ingredient of eddy/wave – zonal-mean flow interaction



PV-mixing by 
planetary 

waves

3

The ageostrophic
response” is required to 
maintain zonal mean 
thermal wind balance, 

Meridional eddy mass flux is mostly poleward and indeed 
anticorrelated with mean meridional vorticity (PVS) flux.  

Third ingredient of eddy/wave – zonal-mean flow interaction



Fourth ingredient of eddy/wave – zonal-mean flow interaction4
Things are a bit more complicated than 

in the thought experiment !
Eddy flux of PVS is also polewards!

Zonally symmetric 
a-geostrophic 

response

Net flux of PVS is a small residual of
eddy- plus mean- contribution.



Fourth ingredient of eddy/wave – zonal-mean flow interaction4
Zonally symmetric 

a-geostrophic 
response

Balance is almost exact all the time!

net mean

Integrated net:



PV-mixing 
intensifies the 
PV-gradient at 

the edge of the 
mixing zone
(see slides 31-34 of lecture 5)

Fifth ingredient of eddy/wave – zonal-mean flow interaction5
acceleration of the zonal-mean zonal flow

deceleration of the zonal-mean zonal flow
before

after



Net meridional 
vorticity (PVS)-flux

Late winter: equatorward net PVS flux (highly variable!)
Summer: very weak poleward meridional PVS flux

eddy PVS flux (“eddy forcing”)

mean PVS flux (“response”)

net PVS flux

Sixth ingredient of eddy/wave – zonal-mean flow interaction6

Late winter: deceleration of the zonal-mean zonal wind
Summer: acceleration of the zonal-mean zonal wind

Eddies accelerate the zonal-mean zonal flow!

Mean annual cycle 1979-2015 at q=600 K (ERA-Interim)



eddy mass flux (“eddy forcing”)

mean mass flux (“response”)

net mass flux

Net meridional 
mass-flux

Seventh ingredient of eddy/wave – zonal-mean flow interaction7

Net mass flux is always poleward. In 
the middle of summer the net mass 
flux falls to nearly zero due to absence 
of planetary wave forcing.

Net mass flux is poleward because 
this is required for maintaining zonal 
mean thermal wind balance in the 
presence of PV-mixing by planetary 
waves.

Mean annual cycle 1979-2015 at q=600 K (ERA-Interim)



Eighth ingredient of eddy/wave – zonal-
mean flow interaction8

Diabatic effects
(cross-isentropic mass flux)

Poleward migration and weakening of the 
zonal-mean subtropical jet in
spring in the Northern Hemisphere and the 
formation and intensification of the polar 
winter stratospheric vortex in
Autumn are “driven” by cross-isentropic 
mass flux divergence, which intensifies the 
“ex-UTLS PV-anomaly” in autumn and 
weakens the “ex-UTLS PV-anomaly” in 
spring, and creates the planetary wave guide 
at the equatorward edge of this PV anomaly.  
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