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Jet streams 
are localized
in the regions
of strongest
meridional 
temprature 
gradient
and are strongest
in winter.

DJF



Transient Eddy kinetic energy (DJF)

Large in midlatitudes, 
in upper levels, and
in winter hemisphere.

Varies zonally, with maxima
in jet exits.

DJF

JJA

DJF
C.I. 50m2/s2



The time spectrum of transient 
atmospheric motion is continuous.

However, usually we divide 
into two bands:

✔ High frequency (1-10 days) “synoptic”, “weather”.
Due to baroclinic instability

✔ Low frequency (> 10 days). 
Due to 
 Internal dynamics of atmospheric flow, 

nonlinear interactions between scales → inverse cascade
 Interactions between the atmosphere and 

more slowly varying systems: e.g., oceans.
 Both mechanisms may interact. 



Variance of high-frequency meridional velocity perturbations (<10 days)
“storm tracks”

Wettstein 2007



Life cycle of a typical baroclinic wave

Chang 2005



Velocity correlation tensor

Eddy anisotropy

High frequency eddies are elongated meridionally 
and strongest in storm track regions of Atlantic
and Pacific.

Low frequency eddies are zonally elongated and
eddy kinetic energy is less structured. 

DJF, NH



Characteristics of low frequency phenomena

➢ Arise from many different physical processes

➢ Are quasi-periodic, have broad peaks, which does not allow 
to clearly separate frequency bands (intraseasonal, interannual). 

➢ The spatial structures can often be interpreted to result from 
localized anomalies of heating or other types of forcing which 
under favorable conditions can propagate.



Teleconnections

➢ Existence of large scale correlations between the flow at 
remote locations.
 

➢ Take the form of standing waves with fixed nodes and antinodes
 of low-frequency oscillations.
 

➢ Often orientated in such a way as to indicate connections between 
tropical and midlatitude low frequency transients.

➢ How to detect teleconnection patterns?
➢ Use monthly mean data
➢ Simplest method, correlation matrix:
➢ where Qi(t) is a variable (time,space)



Teleconnections 500mb geopotential height (DJF)

(20N, 160W)
Pacific North
American pattern

(55N, 20W)

Trains of waves are very similar
to Rossby wavetrains.

Wallace & Gutzler 1981



Teleconnectivity map

North Atlantic
Oscillation

NAO and PNA represent a 
meridional connection
between tropics/subtropics
and midlatitudes

PNA
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Wallace & Gutzler 1981



http://www.atmos.washington.edu/~bsmoliak/teleco
nnection.html#



Empirical Orthogonal Functions

➢ Provide information not only about the spatial structure 
but also about time evolution.
 

➢ Maximizes explained variance (clustering direction). No 
direct physical interpretation.

➢ Given the Covariance/Correlation Matrix C, find 
eigenvectors (EOFs) and eigenvalues (variance accounted 
by each eigenvector)



➢Linear combinations of the first few EOFs give more 
localized patterns (rotation)

Orthogonal rotation Oblique rotation
 (varimax)



PNA (13.7%) NAO East Atlantic

Western 
Pacific

EA/West
Russia Polar

Tropical
NH

Scandinavian East Pacific
(5.7%)

Handorf & Dethlof 2012

DJF, 500mb



Wavelet Power spectrum

NAO PNA

No preferred time scale for NAO and PNA during whole period, but
NAO has a significant 8 yr peak and PNA a 2-4 yr significant band.

Handorf & Dethlof 2012



Southern
Annular
Mode

Pacific
South
American 1

Pacific
South
American 2

Kidson 1999

300mb



 The similarity between teleconnection patterns and trains of 
steady Rossby waves suggests that propagation of waves with 
zero, or small, phase speed is a likely mechanism that can 
give rise to teleconnection patterns.

 The patterns could be excited by a tropical heating anomaly 
consequence of warmer than usual SST.

Warm SST → ascent → tropical heating → 

vorticity generation → Rossby wave

Tropically forced Rossby wave trains



How can an SST anomaly excite extratropical 
waves?

Consider the vorticity equation at 200mb (no friction)

If

            Rotational Divergent
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James (1993)

Large divergent flow
close to subtropics where
vorticity increases



Rossby wave sources
are maximum in
subtropics even though
divergence is maximum
in equatorial areas.



During El Niño the atmospheric heating anomaly generates wave trains 
in the upper atmosphere that connect remote regions.

Why do they follow that path?



Consider a mean flow of the form U=U(y), linearize the vorticity
equation and neglect forcings. We obtain

Searching for solutions of the form

We get the dispersion relation of Rossby waves

which are westward propagating waves (relative to the mean flow)
(K=k2+l2).

For steady Rossby waves w=0 and

l is real (allowing existence of waves) if Ks = ((β-U
yy

)/U)1/2 > k

Since  β > U
yy

 there is no wave propagation in easterlies.  



Decrease of Ks with
latitude.



U β-U
yy

Ks

McIntosh&
Hendon



If propagation is possible we want to find the path of the wave.

Group velocity

Then the propagation direction is given by 
(w.r.t zonal direction) 

And the magnitude of the group velocity can be written as

which says that when the propagation is zonal the speed is 2U and when 
nearly meridional the velocity is small.

As the wave propagates meridionally the (β-U
yy

) changes. If those changes 

happen over a distance that is large compared with the wavelength of the wave
it is possible to make predictions about the path of the wave using the WKB
(Wentzel-Kramers-Brillouin) approximation. 



The condition might be true in the zonal, but not in the meridional 
direction. 

Under the assumption of U=U(y) the wave number k will remain
constant and l will change in order to satisfy the local dispersion relationship
as the wave moves meridionally.

For stationary Rossby waves the propagation will be given by

  

k constant , k 2l 2=Ks2

dx
dt

=
2 −U yyk

2

K 4
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K 4



N.H.

Example of a tropically
forced wave

β decreases with latitude
Uyy is max in jet streams

At Uyy=β Ks becomes
imaginary.

Aproximation breaks, l becomes
negative and wave is refracted

k constant , k 2l 2=Ks2





Magana&Ambrizzi 2005

Waves “reflect” at maximum of upper level winds



Model simulation: turn on an SST anomaly and 
look at response

January-April
Talento 2013



June-September



Example of a Rossby
wave generated in 
extratropics: orography,
land-sea contrasts, excitation
by transient baroclinic systems

U=0 is a critical line 
because Ks becomes
large and then imaginary.

As Ks becomes large, l 
also does, and the meridional
group velocity decreases. 
The wave will be “absorbed”
at the critical latitude.

 

k constant , k 2l 2=Ks2

NH



In principle the hemispheres are independent because there are mainly
easterlies in the tropics. Except in the “westerly duct” 



How linear is the atmospheric response 
to ENSO?

Hsieh et al 2006

Linear projection – regression
Nonlinear projection – neural networks

PNA

Deviation from linearity



Blocking

Def: Alternation between a relatively zonal midlatitude
Flow with superimposed fast traveling disturbances and
a more meridional flow with (nearly) stationary disturbances.

Blocking may last for a few weeks, thus representing a low
frequency modulation of cyclone trayectories.

Blocking 
tends to 
occur in 
eastern north 
Atlantic and 
Pacific 
Oceans. Also 
in eastern 
south Pacific.



Blocking locations are related to mountains and land-sea contrast.



Consider again the linearized barotropic vorticity equation in a β channel, 
including a mountain forcing and a dissipating mechanism that brings the system
back to equilibrium with a time scale 

D

Assuming orography of the form

and U is independent on y

we search for responses

Then we find

δ being the phase relative to the mountain forcing.
Thus, mountains lead to atmospheric waves. 

Charney – deVore theory



Damped resonant response of the atmospheric flow to the mountain.
Given U, β, h0, l, H, 

D

U=β/K2



Now, assume that there can be interaction between the zonal mean flow U and
the wave forced by the mountain.

Assume that the flow obeys

The first term is a damping toward an equilibrium velocity U
E
 and the second is

the mountain drag
                                                                  = D(Z,δ)

In steady state

so that one can find U that are in equilibrium.



James 1993

Stable solution with low 
zonal index (blocking)

Stable solution with high 
zonal index (blocking)

Add random forcing
To get transitions

Unstable



 Including more complex topography may lead to multiple 
equilibria (more than 2). 

 The Charney-deVore theory is elegant but relies on resonance, 
which in this case comes from the effect of the boundaries: 
Rossby waves are constrained to be in the channel.

 Also, C-dV implicitly assume that the synoptic baroclinic waves 
are the noise that induce transitions between equilibrium states.

 Reinhold and Pierrehumbert (1985) suggest that synoptic waves 
not only initiate transitions but also maintain the equilibrium 
states.

 Nevertheless, the theory of multiple equilibria or atmospheric 
regimes is very attractive and has attracted much attention.



<barreiro@fisica.edu.uy> 
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