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INTRODUCTION



Introduction

Review of NH STs:
-  Location & variability
-  Processes 
-  Modeling

Motivation:
-  synoptic-scale dynamics of the mid-latitudes



WHAT AND WHERE ARE STORM 
TRACKS?

Definition, location & variability



What are STs?

Definition:

“preferred region of storm (cyclone) activity” (Chang et al. 2002)

“geographically localized maxima in bandpass transient 
variance” (Blackmon et al. 1977; in Chang et al. 2002)



What are STs?

“geographically localized maxima in bandpass transient 
variance” (Blackmon et al. 1977; in Chang et al. 2002)

-  Time filter
-  Disturbances of particular period, i.e. 2-7 days

Chang et al. : 
-  v, GPH, poleward heat flux, westerly momentum à maxima in 

variance at same location



Where are the STs?

STs’ location: 

(Swanson 2007)



Where are the STs?

STs’ location: 

(Swanson 2007)

-  Pacific & Atlantic ST



STs’ variability

Seasonal:

(Chang et al. 2002)



STs’ variability

Seasonal:

(Chang et al. 2002)

-  Pacific ST à  mid-winter suppression
-  Atlantic ST à  maximum in winter



STs’ variability

Inter-annual
-  STs modified by ENSO

Decadal:
-  Pacific mid-winter suppression weaker 1970-80s 
-  Atlantic ST weaker 1960s
-  Cyclone frequency & intensity increased 2nd half 20C



STs’ variability

Inter-annual
-  STs modified by ENSO

Decadal:
-  Pacific mid-winter suppression weaker 1970-80s 
-  Atlantic ST weaker 1960s
-  Cyclone frequency & intensity increased 2nd half 20C

Depending on Arctic Oscillation & ENSO, but significant 
unexplained variability left. 



WAVE PACKETS
Life cycle and and downstream development



Some noteworthy aspects of wave packets

Succession of troughs and ridges

Phase speed < group speed

Downstream development

Propagate along waveguide (i.e., upper-level jet)

Longitudinally confined



Wave packets
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FIG. 7. Hovmoeller (lon–time) diagram of 300-hPa y and y 2, unfiltered except for removal of seasonal mean, for the period 1 Dec 1980
to 14 Jan 1981 (contours 10 m s21 and 100 m2 s22). This figure is similar to Fig. 2 in Chang (1993), except the the plots are for a different
period of time, and y has been averaged over a 208 lat band centered around the upper-tropospheric waveguide as defined in Chang and Yu
(1999) instead of being averaged over 308–608N.

argues that exponential growth is irrelevant. Instead, the
background noise can be incorporated into a stochastic
model, forcing a system, which in reality is stable, to
exponential disturbance growth. Such an approach has
recently shown success in reproducing storm track struc-
ture based entirely on dynamics linearized about the
time mean flow (Whitaker and Sardeshmukh 1998;
Zhang and Held 1999), and appear to provide the logical
next step in linear investigations of storm track struc-
ture. Further details on such an approach are given in
section 4.

c. Downstream development

The fact that a storm track is not simply a single mode
leads us to investigate other processes that might yield
the observed storm track structures. One important re-
alization over the past decade has been that storm tracks,
in contrast to being a single time-independent structure,
in reality are more aptly characterized as a composite
resulting from the modulation of individual nonlinear
baroclinic wave packets. Coherent nonlinear baroclinic

wave packets were first noted in the Southern Hemi-
sphere and in simple models by Lee and Held (1993).
The study of Chang (1993) more strongly supports this
viewpoint by illustrating the prevalence of such wave
packets over the NH storm track regions. Figure 7 shows
a Hovmoeller diagram of meridional wind on the 300-
hPa surface for 45 days during the winter season of
1980/81; the phase evolution of the individual synoptic
eddies is apparent, characterized by a typical phase
speed of 10 m s21. However, most remarkable is the
presence of a number of coherent wave packets that
survive one or more circuits around the globe. The syn-
optic eddies that compose these packets amplify as they
propagate over the zones of high baroclinicity in the
western Pacific and western Atlantic, but the continual
group character of the packets throughout their transit
is the most striking aspect.
The fact that the synoptic eddies that compose non-

linear packets deviate from the ‘‘traditional’’ synoptic
eddy life cycle of Simmons and Hoskins (1978) is the
key to understanding this group behavior. In the tradi-
tional synoptic eddy life cycle, baroclinic conversion at

Hovmöller diagram of upper-level (b, squared) meridional wind

(a) (b)
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argues that exponential growth is irrelevant. Instead, the
background noise can be incorporated into a stochastic
model, forcing a system, which in reality is stable, to
exponential disturbance growth. Such an approach has
recently shown success in reproducing storm track struc-
ture based entirely on dynamics linearized about the
time mean flow (Whitaker and Sardeshmukh 1998;
Zhang and Held 1999), and appear to provide the logical
next step in linear investigations of storm track struc-
ture. Further details on such an approach are given in
section 4.

c. Downstream development

The fact that a storm track is not simply a single mode
leads us to investigate other processes that might yield
the observed storm track structures. One important re-
alization over the past decade has been that storm tracks,
in contrast to being a single time-independent structure,
in reality are more aptly characterized as a composite
resulting from the modulation of individual nonlinear
baroclinic wave packets. Coherent nonlinear baroclinic

wave packets were first noted in the Southern Hemi-
sphere and in simple models by Lee and Held (1993).
The study of Chang (1993) more strongly supports this
viewpoint by illustrating the prevalence of such wave
packets over the NH storm track regions. Figure 7 shows
a Hovmoeller diagram of meridional wind on the 300-
hPa surface for 45 days during the winter season of
1980/81; the phase evolution of the individual synoptic
eddies is apparent, characterized by a typical phase
speed of 10 m s21. However, most remarkable is the
presence of a number of coherent wave packets that
survive one or more circuits around the globe. The syn-
optic eddies that compose these packets amplify as they
propagate over the zones of high baroclinicity in the
western Pacific and western Atlantic, but the continual
group character of the packets throughout their transit
is the most striking aspect.
The fact that the synoptic eddies that compose non-

linear packets deviate from the ‘‘traditional’’ synoptic
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key to understanding this group behavior. In the tradi-
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model, forcing a system, which in reality is stable, to
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Wave packet, important processes  

Baroclinic conversion
Barotropic conversion
Geopotential fluxes within the wave packet
Diabatic processes
Dissipation



Wave packet, important processes  

Baroclinic conversion
Barotropic conversion
Geopotential fluxes within the wave packet
Diabatic processes
Dissipation

Convergence of ageostrophic (eddy) geopotential flux

(Following Orlanski and Sheldon, 1995)



Wave packet life cycle  
(Figures from Orlanski and Sheldon 1995)

EKE center initiated

Strengthened by baroclinic 
conversion



Wave packet life cycle  
(Figures from Orlanski and Sheldon 1995)

EKE center initiated

Strengthened by baroclinic 
conversion

ageostrophic geopotential 
fluxes directed downstream 
from initial EKE center.

Convergence downstream, 
i.e., initiation of new EKE 
center



Wave packet life cycle  
(Figures from Orlanski and Sheldon 1995)

EKE center initiated

Strengthened by baroclinic 
conversion

ageostrophic geopotential 
fluxes directed downstream 
from initial EKE center.

Convergence downstream, 
i.e., initiation of new EKE 
center

Baroclinic growth



Wave packet life cycle  
(Figures from Orlanski and Sheldon 1995)

EKE center initiated

Strengthened by baroclinic 
conversion

ageostrophic geopotential 
fluxes directed downstream 
from initial EKE center.

Convergence downstream, 
i.e., initiation of new EKE 
center

Baroclinic growth (W)

Decay of initial EKE center



Wave packet life cycle

Initiation/
Recycled



Wave packet life cycle
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Baroclinic 
growth



Wave packet life cycle
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Recycled

Baroclinic 
growth Redistribution of 

eddy energy 
within the wave 
packet 
(downstream 
development), 
barotropic decay, 
dissipation and 
baroclinic growth



Wave packet life cycle
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baroclinic growthsinks > sources



Wave packet life cycle

Initiation/
Recycled

Baroclinic 
growth Redistribution of 

eddy energy 
within the wave 
packet 
(downstream 
development), 
barotropic decay, 
dissipation and 
baroclinic growthsinks > sources

Due to downstream development, wave packets can “extend” into regions 
unfavorable for baroclinic instability

All this is modulated by diabatic heating (condensation, radiation)



Value of the paper

-  Comprehensive overview
-  Well explained, points to relevant literature
-  Illustrates open questions like:

-  Pacific mid-winter suppression
-  Role of diabatic heating
-  Interaction with (feedback onto) mean-flow (stationary waves)
-  Inter-decadal variability
-  STs under climate change
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