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Theme

• Even Earth atmosphere is chaotic (nonlinear) by 
natural, it is neither a fully-developed turbulence 
nor a periodic system. You can define mean flow 
whichever  you like, eddies are always as big as, if 
no bigger than, mean flow.

• Yet observations show clear signs of linear 
dynamics (gravity wave, Rossby wave, baroclinic
instability). Most likely, the Earth atmosphere 
stays in a weakly non-linear manifold.



This talk will focus on midlatitude
dynamics/climate

• (1) Rossby wave propagation in an 
inhomogeneous medium

• (2) Baroclinic life cycle

• Basic ideas are wave packet, quasi-geostrophic 
potential vorticity, Eliassen-Palm flux, refraction 
index.



Part 1

The very basic 
Theory of midlatitude dynamics, after 70 years, 

has been connecting with observations very 
well now!



Rossby’s famous geostrophic
adjustment problem



It might look chaotic, but the detailed 
structure of eddies is well-organized 

following linear dynamics.



Look closely…

500hPa height
snapshot



Evolution of NAO (cold surge)—a 
horizontal picture

Stage 1: Baroclinic
instability

Stage 2: Rossby
wave propagation

Stage 3: Wave break 
near critical layer



Three key papers 

(1) Eady 1949

(2) Charney and Drazin 1961

(3) Thorncroft, Hoskins and McIntyre 1993 

They are all formulated within a quasi-
geostrophic framework. The governing equation 
is surprisingly simple. It is QG PV law, Dq/Dt=o, 
with boundary conditions where Dq/Dt=0



From top: Vallis
Eq 5.1, 5.2, 5.3, 5.5

Rossby wave dynamics
For those who enjoy a bit mathematical 
gymnastics…. following Vallis book.

Linearized equation starts to insert wave 
dynamics

Normal mode solution



From top: Vallis
Eq 5.8, 5.9, 5.10, 5.12, 5.14, 
5.15, 5.16, 5.17

Refraction index

WKB 
approximation



From top:Vallis
Eq 5.18, 5.19

Eliassen-Palm Flux

Wave action



We can use the same formalism with almost 
absurd simplicity to formulate Eady’s model, this 

time the mean flow is even simpler.



It took a while for us to realize that the key of 
Eady model’s success lays on its boundary 

condition which induces mutual intensification 
of PV anomalies



Since Eady’s great discovery, we knew a lot 

more about what happens for local 
baroclinic wave…









PV diagnosis is intuitive and mathematically can 
be inverted to other variables



Part 2

Rossby wave everywhere



Basic wave features

Wave can veer

Wave can amplify!

Wave can create its 
own mean flow



How to see air in a 5D space 
(x,y,z,t,variable)?

Which 
one is 
gravity 
wave ? 
Rossby
wave?
Can you 
figure 
out 
group 
line? 
Phase 
line?



Wave propagates in an 
inhomogeneous (mean q grad) media

• Among all wave behaviors, the most important is 
refraction.

• Wave tends to propagate toward high refractive 
index area. Under extreme conditions which lead 
to reflection or wave breaking near the critical 
layer.

• We are talking dispersive waves excited by a 
localized source, hence the basic element of wave 
is wave train (wave packet).



Now a more vivid (x,y,t) loop

Edmund 
Chang’s 
talk

























Vertical propagation of stationary Rossby wave—
after the celebrated Charney-Drazin theory



Refraction index in summer and winter



1. Q 
2. dq/dy
3. refraction 

index
4. eddy flux of 

wave 
number 1











Part 3 

From baroclinic instability to 

baroclinic life cycle



Linear dynamics stretches to a full 
climate model

• From baroclinic instability to baroclinic life cycle.

• As good as Eady’s model, instability is, after all, 
just, instability: perturbation growing, growing.. 
exponentially!!! It cannot last forever.

• In Eady’s model, PV is zero in interior. Who will 
stop the growth after zonal available potential 
energy is exhausted?

• Answer: barotropic governor (the meridional
variation of dq/dy).



EP flux connects baroclinic instabily, 
Rossby wave propagation



Left turn? Right turn?



Two different baroclinic life cycles
in Thorncroft, Hoskins, McIntyre

These are all simulation based on 
Simmon’s model allows only k-6 mode



Potential temperature on PV2 surface

One would imagine what the yz cross section looks like?

LC1 LC2



A real LC1 and LC2 weather



EP flux is the best tool to analyze eddy-
mean flow interaction

Day 0

Day 5

Day 8

LC1 LC2



It can be explained by refraction 
analysis

Day 0

Day 5

Refraction index Dq/dy

LC2LC1



jet moves north in LC1, opposite for 
LC2







Based on baroclinic life cycle, one can 
build various climate models

Zhang Yang, XQY, 
Gang Chen 2012



Meteorology and Physical Oceanography 
are the last heir apparent of classical 

physics in the College of Science

• The beauty of our field is nothing in core 
dynamics against our intuition (gathered by 
human sensory).

• The aim of our education is to build up trust of 
equations which intimately link to outside 
world.



End




