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Zonally averaged meridional circulations

Zonal asymmetry
! 经向环流系统（纬向平均环流, zonally 

averaged circulations）： 

" Hadley 环流 

" Ferrel 环流、急流、波流相互作⽤用 

! 纬向环流系统（non-zonal 

circulations）： 

" Storm tracks 

" Monsoon 

" ENSO and Walker circulation 

! 不不同复杂度的⼤大⽓气环流模式 

! 全球变暖背景下的⼤大⽓气环流
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Non-zonal circulations
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Outline
! Observed features 

! from two basic approaches 

! seasonal variation 

! inter-annual, decadal variations 

! Storm track dynamics 
! Baroclinic eddy life cycle 

! Transient eddy energy budget  

! Summary and discussion 
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Observed features

! Two basic approaches to diagnosing storm 
tracks: 
! The traditional one: track the position of individual weather 

systems, produce statistics for their distributions, e.g. track 
densities, storm life span... 

! The bandpass filtering approach (in synoptic time scales): 
estimate the statistics at a set grid points in analyzed 
fields, which can provide a 3-d picture of storm tracks.  
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Observed features
2164 VOLUME 15J O U R N A L O F C L I M A T E

FIG. 1. A figure from an 1888 geography text showing storm frequency distribution as viewed in the mid-nineteenth century. The stipling
denotes high storm frequency, while the arrows indicate individual storms. Reproduced from Hinman (1888).

er activity over central Asia; and a third weak maxima
in cyclone activity located over the Mediterranean, ex-
tending into central Asia. Consistent with the eastward
propagation of disturbances, cyclogenesis preferentially
occurs on the westward fringe of the areas of maximum
cyclone occurrence.
The advent of gridded atmospheric analyses at regular

time intervals in the late 1970s heralded a new and
dynamically more complete picture of storm track struc-
ture. Blackmon (1976) and Blackmon et al. (1977), fol-
lowing a methodology that can be traced to Klein
(1951), showed that the atmosphere is described by a
dispersion relation of sorts, as time filtering a series of
gridded analyses maps to isolate disturbances with pe-
riods of 2–7 days (see also Hartmann 1974; Randel and
Stanford 1985) isolates the O(1000 km) spatial-scale
mobile transients familiar from the above synoptic clas-
sification of storm tracks. Further, this ‘‘bandpass’’ fil-
tering has the distinct advantage vis-á-vis synoptic clas-
sification that it can be carried out at all levels in the
atmosphere, allowing the development of a true three-
dimensional picture of storm tracks. The original di-
agnoses of Blackmon and collaborators, along with nu-
merous others since, provide an alternative definition of
storm tracks as geographically localized maxima in
bandpass transient variance. Examples of storm track
structure that emerge from such an analysis are shown
in Figs. 2a–c, where the storm tracks are marked in the
various bandpass standard deviation fields by enhanced
variability off the east coasts of Asia and North America,
more or less coinciding with the regions of maximum
cyclone occurrence described above.

With their strong connection to sensible weather,
storm tracks play a prominent part in midlatitude climate
dynamics. Regardless of how one chooses to define
storm tracks, a systematic shift in either their geograph-
ical location or the level of storm activity will lead to
substantial precipitation anomalies with consequent im-
pacts on regional climates. A particularly pointed ex-
ample of precipitation anomalies resulting from a
change in storm track structure occurs during strong El
Niño events, when the Pacific storm track extends much
farther downstream than it does during ‘‘normal’’ win-
ters. This downstream extension brings more active
landfalling cyclones to California, resulting in flooding,
landslides, and beach erosion.
However, it is not only the ‘‘obvious’’ changes in

precipitation patterns associated with shifts in storm
track structure that explains why storm tracks are a topic
of such vital importance to climate dynamics. Rather,
over the past decade there has been a growing realization
that storm tracks are symbiotically linked (following the
terminology of Cai and Mak 1990) to the planetary-
scale flow. To be concrete, consider a common problem
in climate dynamics; namely, diagnosing an anomaly in
the planetary-scale flow associated with some imposed
external forcing, that is, anomalous tropical heating as-
sociated with El Niño SST anomalies. In general, a cor-
responding shift in the storm track structure will ac-
company the anomaly in the planetary-scale flow (Bran-
stator 1995). However, diagnoses have shown that the
storm track shift, through anomalous fluxes of heat and
momentum, often forces a larger component of the ob-
served planetary-scale flow anomaly than the imposed

from the East 
China sea 
across the 

Pacific

across the 
Atlantic towards 
northern Europe 
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Observed features

224 Three-dimensional aspects of the global circulation

Fig. 7.9. The tracks of low pressure centres over the North Atlantic for the period
December 1985 to February 1986. The shading indicates the region where the high
frequency Za exceeded 90 m in the ECMWF analyses for the same period.

'storm track' as observed in the northern hemisphere, namely, the elongated
maximum in geopotential height variance, the large vertical temperature
flux at low levels, and the dipolar structure of the poleward momentum flux
towards the downstream end of the storm track. Attempts to correlate the
tracks of synoptic systems with the variance maximum are less successful
than in the northern hemisphere. There is a tendency for the cyclonic systems
to spiral polewards from cyclogenesis regions on the equatorward flank of
the 'storm track' to decay regions in the 'circumpolar trough', the region of
low pressure around the Antarctic coast. Partly at least, this is the result
of attempting to identify the centres of synoptic weather systems by means
of extrema in the surface pressure field. Because the surface wind field is
strong around the southern hemisphere baroclinic zone, there is a natural
tendency for centres of low pressure to be displaced poleward of the vortex
centre, and for centres of high pressure to be displaced equatorward. But,
partly, it seems that this spiral trajectory of weather systems is real. Perhaps
it would be better to describe the regions of large high frequency variance
as 'storm zones' rather than 'storm tracks'. However, the latter nomenclature
is in general use despite being rather misleading.

Each of the three major storm zones has a distinctive seasonal behaviour.

 Shaded: standard deviation of 24-h filtered 500-hPa 
geopotential height (contour interval 20 m) computed from 

the Januaries of 1982-1994 (NCEP/NCAR reanalysis)

Two storm track zones in N.H. 

(From Chang’s homepage)
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Observed features
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The storm zones occur in 
association with the jet 
streams;

The storm zones are most 
intense near the longitude of 
the jet exits.
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Observed features
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Observed features15 MARCH 2002 1049H O S K I N S A N D H O D G E S

FIG. 5. Attributes for the tracking of negative, cyclonic MSLP features: (a) feature density, (b) track density,
(c) genesis density, (d) lysis density, (e) mean intensity (hPa), (f ) mean growth rate (day�1), (g) mean velocity
(m s�1), and (h) mean lifetime (days). Feature density suppression threshold is 0.5, track density suppression
threshold is 0.2.

15 MARCH 2002 1049H O S K I N S A N D H O D G E S

FIG. 5. Attributes for the tracking of negative, cyclonic MSLP features: (a) feature density, (b) track density,
(c) genesis density, (d) lysis density, (e) mean intensity (hPa), (f ) mean growth rate (day�1), (g) mean velocity
(m s�1), and (h) mean lifetime (days). Feature density suppression threshold is 0.5, track density suppression
threshold is 0.2.

Using ECMWF, MSLP,  
from Hoskins and Hodges, 2002
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Observed features

from Vallis and Gerber, 2008

� = kci ⇡ 0.3 ⇤
fo
N Eddy kinetic energy
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Observed features

from Vallis and Gerber, 2008

eddy momentum flux eddy heat flux
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Observed features
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From Dai Ying, 2011
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Observed features

From Dai Ying, 2011
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Beyond the zonal average: 
Zonal variation 

! Transient eddy transport of vq:  
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Observed features 
- Seasonal variation

is a robust feature of the atmospheric circulation that is
observed in both reanalysis data and in output from
general circulation models (e.g., Nakamura 1992; Zhang
and Held 1999; Chang 2001; Yin 2002).
Numerous publications have evaluated how the mid-

winter suppression may arise through various dynamical
mechanisms that occur within the Pacific storm track. A
large body of work evaluates the possibility that the
faster, narrower, more subtropical wintertime jet stream
causes the midwinter suppression. The strong winter-
time jet stream, which results in 15% faster group ve-
locity of wave packets within the storm track (Chang
2001), causes propagating waves to be advected quickly
through regions of strong baroclinicity and may result in
reduced spatial growth rates. However, Nakamura et al.
(2002) considered both the increase in group velocity and
the increase in expectedEady growth rates and found that
the two together can only explain 5% of the interannual
variability between strong and weak January storm ac-
tivity. Harnik and Chang (2004) explored whether modi-
fications to the linear models accounting for a narrower,
faster jet stream could explain the midwinter suppression.
They concluded that this may be important for inter-
annual variability but the width of the jet stream does not
vary enough from fall to spring for it to be of central im-
portance. Deng and Mak (2005) studied a linear b-plane

model and found that deformation associated with the
strong, narrow wintertime jet stream could be an impor-
tant factor in the midwinter supression. However, other
analyses showed that this processmay actually work in the
wrong direction for the seasonal cycle of the Pacific storm
track (Chang 2001; Yin 2002; Chang and Zurita-Gotor
2007)—transient waves in the Pacific storm track should
lose less energy to the background flow in winter than
in fall or spring. Finally, Nakamura and Sampe (2002)
showed that the equatorward displacement of the win-
tertime jet stream causes disturbances to become trapped
within a strong subtropical waveguide duringwinter. They
point out that the more subtropical nature of the winter-
time jet stream may be important to understanding the
midwinter suppression.
Several studies have evaluated the role of diabatic

effects in modulating the seasonal cycle of storm activity
over the Pacific Ocean. Results drawn from a variety of
analysis methods, a broad range of data sources, and a
comprehensive hierarchy of models show that dry dynam-
ics alone cannot fully explain the seasonal cycle of mid-
latitude storm activity (Zhang andHeld 1999; Chang 2001;
Yin 2002; Chang and Song 2006; Chang and Zurita-Gotor
2007). However, the extent to which moist dynamics is
responsible for the midwinter suppression is still a sub-
ject of debate.

FIG. 1. Midwinter suppression of the Pacific storm track, shown as the variance in geo-
potential height at 300 hPa: (a) Pacific domain (208–708N, 1408E–1808) and (b)Atlantic domain
(208–708N, 308–708W). The contour interval is 1500 m2 starting at 2000 m2. This is an update of
Fig. 2 inNakamura (1992) for theERA-40 dataset between 1958 and 2001. The data are 2–6 day
bandpass filtered using a fourth-order Butterworth filter to obtain daily climatologies. Results
are smoothedwith a 31-day runningmean filter and plotted every five days. Large tickmarks on
the abscissa correspond to the first day of each month.

1 FEBRUARY 2010 P ENNY ET AL . 635

Most intense in the 
transition seasons, MAM 

and SON, weaker in 
DJF (mid-winter 

minimum), whose 
variation is not 

consistent with the mean 
flow baroclinicity.

Strongest in DJF and 
least pronounced in JJA, 
with the actual position 

varies little
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is a robust feature of the atmospheric circulation that is
observed in both reanalysis data and in output from
general circulation models (e.g., Nakamura 1992; Zhang
and Held 1999; Chang 2001; Yin 2002).
Numerous publications have evaluated how the mid-

winter suppression may arise through various dynamical
mechanisms that occur within the Pacific storm track. A
large body of work evaluates the possibility that the
faster, narrower, more subtropical wintertime jet stream
causes the midwinter suppression. The strong winter-
time jet stream, which results in 15% faster group ve-
locity of wave packets within the storm track (Chang
2001), causes propagating waves to be advected quickly
through regions of strong baroclinicity and may result in
reduced spatial growth rates. However, Nakamura et al.
(2002) considered both the increase in group velocity and
the increase in expectedEady growth rates and found that
the two together can only explain 5% of the interannual
variability between strong and weak January storm ac-
tivity. Harnik and Chang (2004) explored whether modi-
fications to the linear models accounting for a narrower,
faster jet stream could explain the midwinter suppression.
They concluded that this may be important for inter-
annual variability but the width of the jet stream does not
vary enough from fall to spring for it to be of central im-
portance. Deng and Mak (2005) studied a linear b-plane

model and found that deformation associated with the
strong, narrow wintertime jet stream could be an impor-
tant factor in the midwinter supression. However, other
analyses showed that this processmay actually work in the
wrong direction for the seasonal cycle of the Pacific storm
track (Chang 2001; Yin 2002; Chang and Zurita-Gotor
2007)—transient waves in the Pacific storm track should
lose less energy to the background flow in winter than
in fall or spring. Finally, Nakamura and Sampe (2002)
showed that the equatorward displacement of the win-
tertime jet stream causes disturbances to become trapped
within a strong subtropical waveguide duringwinter. They
point out that the more subtropical nature of the winter-
time jet stream may be important to understanding the
midwinter suppression.
Several studies have evaluated the role of diabatic

effects in modulating the seasonal cycle of storm activity
over the Pacific Ocean. Results drawn from a variety of
analysis methods, a broad range of data sources, and a
comprehensive hierarchy of models show that dry dynam-
ics alone cannot fully explain the seasonal cycle of mid-
latitude storm activity (Zhang andHeld 1999; Chang 2001;
Yin 2002; Chang and Song 2006; Chang and Zurita-Gotor
2007). However, the extent to which moist dynamics is
responsible for the midwinter suppression is still a sub-
ject of debate.

FIG. 1. Midwinter suppression of the Pacific storm track, shown as the variance in geo-
potential height at 300 hPa: (a) Pacific domain (208–708N, 1408E–1808) and (b)Atlantic domain
(208–708N, 308–708W). The contour interval is 1500 m2 starting at 2000 m2. This is an update of
Fig. 2 inNakamura (1992) for theERA-40 dataset between 1958 and 2001. The data are 2–6 day
bandpass filtered using a fourth-order Butterworth filter to obtain daily climatologies. Results
are smoothedwith a 31-day runningmean filter and plotted every five days. Large tickmarks on
the abscissa correspond to the first day of each month.
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DJF (mid-winter 

minimum), whose 
variation is not 

consistent with the mean 
flow baroclinicity.
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FIG. 4. (a) Lat–time sections showing the seasonal march of bar-
oclinic wave amplitude in 300-hPa � 2, filtered using the 24-h dif-
ference filter described in Wallace et al. (1988). The variance has
been averaged over the lon band 180⇤–140⇤W (contour 50 m2 s⇥2).
(b) As in (a) except for the lon band 60⇤–20⇤W. (c) As in (a), except
for vertical shear of the zonal wind between 500- and 925-hPa levels,
averaged over the lon band 120⇤–160⇤E (contour 3 m s⇥1). The plots
are patterned after Figs. 2 and 6 of Nakamura (1992), but a different
parameter is shown here for comparison.

shift equatorward in step with the jet stream from fall
to midwinter, and then migrate poleward after January.
However, while the Atlantic storm track attains its max-
imum amplitude around midwinter, the Pacific storm
track is strongest during fall and spring, and shows a
minimum in eddy amplitude during midwinter. This
minimum is not only found in upper-tropospheric ve-
locity and geopotential height variance fields, but also
in sea level pressure variations, transient eddy heat flux-
es, as well as eddy energy. The fact that the atmospheric
condition is deemed to be more unstable during mid-
winter, indicated in Fig. 4c by greater zonal wind shear
over the Pacific during midwinter than in fall or spring,
makes this finding quite surprising. Christoph et al.
(1997) confirm this result using a longer period of an-
alyzed observational data (1946–89), and also found
similar variations in simulations using the Hamburg ver-

sion of the European Centre atmospheric GCM
(ECHAM3) T42 model.
Recently, Nakamura and Izumi (1999) showed that

the midwinter suppression is modulated by interannual
and decadal variations of the midwinter Pacific storm
track intensity, such that during the late 1980s and early
1990s, when the Pacific storm track is stronger than its
climatological average during midwinter, the suppres-
sion is not as apparent as during the 1970s and early
1980s. While the exact mechanisms responsible for this
midwinter suppression in the Pacific are still being ac-
tively debated, several factors that in principle may lead
to such variations have been proposed, and these will
be discussed in later sections.

c. Interannual variability

Lau (1988) examined the month-to-month variations
of the wintertime storm tracks. One of the first two
leading modes corresponds to fluctuation of the storm
track intensity, while the other leading mode corre-
sponds to a north–south shift of the storm tracks. Lau
(1988) also showed that these leading patterns of storm
track variability are linked to larger-scale, lower-fre-
quency variability in the monthly averaged flow. Metz
(1989) used canonical correlation analysis to investigate
the relationship between changes in atmospheric low-
frequency variabilities and eddy flux convergences.
Metz found two robust canonical modes: one apparently
related to Pacific blocking, and the other to a regional
jet anomaly over the Atlantic. Both of these studies
established that storm track variances and covariances
are closely related to mean flow changes.
On interannual timescales, storm tracks change in re-

sponse to the El Niño–Southern Oscillation (ENSO) cy-
cle. Figures 5a,b show that the Pacific storm track shifts
equatorward and downstream during El Niño years (see
also Trenberth and Hurrell 1994; Straus and Shukla
1997; Zhang and Held 1999), apparently in response to
local enhancement of the Hadley circulation over the
eastern Pacific (Bjerknes 1966, 1969), while La Niña
events mark opposite shifts. Although the tropical SST-
induced heating may be the ultimate driver behind these
structural changes, attributing all of these storm track
structural changes to the direct tropical forcing is im-
proper. As stated earlier, Held et al. (1989) suggested
that the direct midlatitude stationary wave response to
tropical SST-induced heating is weak, and eddy forcing
associated with changes in the storm tracks plays an
important role in setting up the extratropical response
to ENSO. Because the storm track eddies are in turn
organized by the stationary wave (Branstator 1995),
nonlinear interaction among the tropical heating, storm
track eddies, and the midlatitude stationary wave must
be accounted for to make correct attributions of the
storm track structural changes.

Mean flow baroclinic zone 
moves equatorward and 

becomes strongest in 
winter.  

Observed features 
- Seasonal variation
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extent of the jet stream is a reasonable first-order ap-
proximation to the meridional wavelength of storms.
Based on these results, previous work concerning the
midwinter suppression assumed that the meridional
wavelength of storms in the Pacific storm track will be
less in winter than it is in the shoulder seasons (Harnik
and Chang 2004), an assumption that does not appear to
be true in this region.

APPENDIX B

Comparing Eulerian Variance with
Feature-Tracking Statistics

Our intention has been to understand how the mid-
winter suppressionmanifests in the individual disturbances
that make up the Pacific storm track. However, it is also
worth considering how the results from feature tracking
compare with Eulerian variance at the same location.
To make a rough comparison we use the simple anal-

ogy of a traveling wave. Consider a single sine-shaped

pulse with period t traveling by a point (take x 5 0 for
simplicity) in the time interval [0, T], where t ! T:

Z5Z0 sin
2pct

l
, 0, t, t. (B1)

The variance at this location owing to a single traveling
pulse is

(Z9)2 5Z2
0 sin

22pct

l
, (B2)

where c and l are the velocity and wavelength of the
traveling wave, respectively, Z0 is its amplitude, and
() 5 T"1

Ð
T () dt is the integral over the time of interest,

T. In this framework, if the number of traveling sine-
shaped pulses (N) doubles, then there is twice as much
variance. Therefore, the total variance must scale line-
arly with the number of disturbances passing overhead.
Noting that

Ð
T sin2(at) dt 5 1/(2a), we see that Eulerian

variance is proportional to feature tracking in the fol-
lowing way:

FIG. A1. As in Fig. 3 but for relative vorticity at 300 hPa. Units in (a) and (c) are 1025 s21.
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Different seasonalities 
between the Pacific 
and Atlantic storm 

tracks.

Observed features 
- Seasonal variation

from Penny et al, JC, 2010
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from Chang et al, JC, 2002

Observed features 
- Inter-annual variation

The Pacific storm track shifts equatorward and 
downstream during El Nino years, which is 
considered in response to the local enhancement 
of the Hadley Cell.



!20授课教师：张洋
from Chang et al, JC, 2002

Observed features 
- Decadal variation

Stronger storm tracks during 1990s in both storm 
tracks, which shows significant interdecadal 
variabilities.
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Observed features
! Summary: 

! Structure: zonally located in the north Pacific and north Atlantic, with 

the mean flow baroclinicity, jet, eddy activity, eddy heat and momentum 
flux in different zonal distribution. 

! Seasonal variation: different variations between the Pacific and 

Atlantic storm tracks; for the Pacific storm zone, mid-winter minimum 
observed. 

! Inter-annual variation: Pacific storm track shifts equatorward and 
downstream during El Nino years. 

! Decadal variation: variations in intensity occur in both storm zones, 
with the storm tracks in the 1990s stronger than in the 1960s.  
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Outline
! Observed features 

! from two basic approaches 

! seasonal variation 

! inter-annual, decadal variations 

! Storm track dynamics 
! Baroclinic eddy life cycle 

! Transient eddy energy budget  

! Summary and discussion 
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Storm track dynamics 
- from the baroclinic eddy life cycle

! Eddies’ development 
with idealized GCM: 

Small amplitude  
perturbations 

Finite amplitude  
perturbations 

Wave breaking

(Thorncroft et al, 1993, Q.J.R.)
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Numerical results from 
Simmons and Hoskins,  

1978, JAS
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Fig. 9.9 Top: energy conversion and dissipation processes in a numerical simulation
of an idealized atmospheric baroclinic lifecycle, simulated with a GCM. Bottom: evo-
lution of the maximum zonal-mean velocity. AZ and AE are zonal and eddy available
potential energies, and KZ and KE are the corresponding kinetic energies. Initially
baroclinic processes dominate, with conversions from zonal to eddy kinetic energy
and then eddy kinetic to eddy available potential energy, followed by the barotropic
conversion of eddy kinetic to zonal kinetic energy. The latter process is reflected in
the increase of the maximum zonal-mean velocity at about day 10.6

From Vallis (2006)

From Vallis (2006)

Storm track dynamics 
- from the baroclinic eddy life cycle
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Storm track dynamics
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Storm track dynamics

Numerical simulation 
from Orlanski
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Baroclinic eddy life cycle in time: 

Storm track structure can heuristically equate with an eddy life cycle in space:

Relatively small  
amplitude pert.

Baroclinic growth
Finite amplitude 

 perturbation 
Barotropic 

decay

Upstream end: 
perturbations are 
introduced and 
begin develop. 

(entrance region )

Downstream end: 
decay stage of the 

eddy life cycle. 
(exit region) 

develop in space and time

Storm track dynamics 
- from the baroclinic eddy life cycle
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Storm track dynamics 
- Transient eddy energy budget
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Fig. 9.9 Top: energy conversion and dissipation processes in a numerical simulation
of an idealized atmospheric baroclinic lifecycle, simulated with a GCM. Bottom: evo-
lution of the maximum zonal-mean velocity. AZ and AE are zonal and eddy available
potential energies, and KZ and KE are the corresponding kinetic energies. Initially
baroclinic processes dominate, with conversions from zonal to eddy kinetic energy
and then eddy kinetic to eddy available potential energy, followed by the barotropic
conversion of eddy kinetic to zonal kinetic energy. The latter process is reflected in
the increase of the maximum zonal-mean velocity at about day 10.6

From Vallis (2006)

From Vallis (2006)

Numerical results from 
Simmons and Hoskins,  

1978, JAS
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Total eddy energy

For storm tracks, define a total transient eddy energy:

↵ = 1/⇢A0 = A�A , “m” denotes mean quantities,
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Storm track dynamics 
- Transient eddy energy budget

For storm tracks, define a total transient eddy energy:

Transient eddy energy budget:
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.

from Chang et al, JC, 2002
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.

from Chang et al, JC, 2002

Located upstream Positive over the entrance region 
negative over the exit region
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.
from Chang et al, JC, 2002

energy sink
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.
from Chang et al, JC, 2002

15 AUGUST 2002 2177C H A N G E T A L .

FIG. 9. Vertically averaged distributions of (a) EAPE � EKE, (b) EKE, (c) baroclinic conversion, (d)
barotropic conversion, (e) convergence of total energy flux, and (f ) mechanical dissipation (computed as
a residual in the EKE budget). Contour intervals are 20 m2 s⇥2 in (a) and (b), and 20 m2 s⇥2 day⇥1 in (c)–
(f ). The shading in (c)–(f ) denotes regions where the energy conversion rate is greater than 20 m2 s⇥2

day⇥1.

Strongly compensate the baroclinic conversion term in the entrance region. 

The role of energy flux: 
redistribute energy from the 

region where it is generated to 
downstream regions, extending 
storm track in the zonal direction.
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Storm track dynamics 
- Transient eddy energy budget

15 AUGUST 2002 2175C H A N G E T A L .

←

FIG. 8. Vertically averaged rate of generation of EAPE [G(PE)]
due to (a) moist heating, (b) sensible heating, and (c) total (moist
plus sensible plus radiative) heating (contour 5 m2 s�2 day�1). The
heating rates are from the NCEP–NCAR reanalysis product for the
period of Jan 1980–1993. Regions over which G(PE) is greater than
5 and 20 m2 s�2 day�1 are shaded.

observation of diabatic heating rates. Black (1998) used
the Goddard Earth Observing System (GEOS-1) re-
analysis assimilated data, together with the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
data, to estimate diabatic effects on the eddy enstrophy
budget at the 400-hPa level, and found that condensa-
tional heating generally acts as a source of upper-tro-
pospheric enstrophy over the storm track regions. Over
the North Pacific, this contribution is locally of the same
order as the conversion from the mean flow.
The rate of generation of transient eddy available po-

tential energy (EAPE) based on the midwinter heating
rates diagnosed from the NCEP–NCAR reanalysis pro-
vides an alternative perspective on the role of diabatic
processes to storm track dynamics. EAPE generation is
proportional to the product of the eddy temperature per-
turbation and diabatic heating rate; for the purposes
here, the heating rates, derived from the NCEP–NCAR
reanalysis products, are averages from 6-h forecasts
starting from the reanalysis grids. Given the inevitable
uncertainty with such a procedure, the results here pro-
vide only a qualitative representation of the role of dia-
batic heating. However, an estimation of the total EAPE
generation rates based on EAPE budget residuals (not
shown) gives similar results.
For interpretation, the diabatic heating is separated

into three processes: moist heating, including large-scale
condensation and convective heating; sensible heating
associated with surface sensible heat fluxes; and radi-
ative heating. Figure 8a shows that moist heating is
maximum along the storm track in the Pacific and At-
lantic, with maximum generation rates as large as 40
m2 s�3 over the Atlantic storm track entrance region.
This heating is dominated by large-scale condensation
in the warm sector of incipient cyclones, with deep con-
vection actually giving a negative contribution, as it
generally occurs in cold air trailing the cold front. The
locations of this EAPE source agree quite well with the
enstrophy source due to latent heating by Black (1998).
Surface sensible heat fluxes, shown in Fig. 8b, provide
a strongly negative contribution along the continental
east coasts, consistent with strong thermal damping of
cold continental air by the underlying ocean surface.
The contribution is also negative along a band over the
upstream portion of the storm tracks, basically canceling
the positive contribution from moist heating over those
regions. EAPE generation due to radiative heating (not
shown), is an order of magnitude smaller than those due
to moist and sensible heating.
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FIG. 8. Vertically averaged rate of generation of EAPE [G(PE)]
due to (a) moist heating, (b) sensible heating, and (c) total (moist
plus sensible plus radiative) heating (contour 5 m2 s�2 day�1). The
heating rates are from the NCEP–NCAR reanalysis product for the
period of Jan 1980–1993. Regions over which G(PE) is greater than
5 and 20 m2 s�2 day�1 are shaded.

observation of diabatic heating rates. Black (1998) used
the Goddard Earth Observing System (GEOS-1) re-
analysis assimilated data, together with the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
data, to estimate diabatic effects on the eddy enstrophy
budget at the 400-hPa level, and found that condensa-
tional heating generally acts as a source of upper-tro-
pospheric enstrophy over the storm track regions. Over
the North Pacific, this contribution is locally of the same
order as the conversion from the mean flow.
The rate of generation of transient eddy available po-

tential energy (EAPE) based on the midwinter heating
rates diagnosed from the NCEP–NCAR reanalysis pro-
vides an alternative perspective on the role of diabatic
processes to storm track dynamics. EAPE generation is
proportional to the product of the eddy temperature per-
turbation and diabatic heating rate; for the purposes
here, the heating rates, derived from the NCEP–NCAR
reanalysis products, are averages from 6-h forecasts
starting from the reanalysis grids. Given the inevitable
uncertainty with such a procedure, the results here pro-
vide only a qualitative representation of the role of dia-
batic heating. However, an estimation of the total EAPE
generation rates based on EAPE budget residuals (not
shown) gives similar results.
For interpretation, the diabatic heating is separated

into three processes: moist heating, including large-scale
condensation and convective heating; sensible heating
associated with surface sensible heat fluxes; and radi-
ative heating. Figure 8a shows that moist heating is
maximum along the storm track in the Pacific and At-
lantic, with maximum generation rates as large as 40
m2 s�3 over the Atlantic storm track entrance region.
This heating is dominated by large-scale condensation
in the warm sector of incipient cyclones, with deep con-
vection actually giving a negative contribution, as it
generally occurs in cold air trailing the cold front. The
locations of this EAPE source agree quite well with the
enstrophy source due to latent heating by Black (1998).
Surface sensible heat fluxes, shown in Fig. 8b, provide
a strongly negative contribution along the continental
east coasts, consistent with strong thermal damping of
cold continental air by the underlying ocean surface.
The contribution is also negative along a band over the
upstream portion of the storm tracks, basically canceling
the positive contribution from moist heating over those
regions. EAPE generation due to radiative heating (not
shown), is an order of magnitude smaller than those due
to moist and sensible heating.
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FIG. 8. Vertically averaged rate of generation of EAPE [G(PE)]
due to (a) moist heating, (b) sensible heating, and (c) total (moist
plus sensible plus radiative) heating (contour 5 m2 s�2 day�1). The
heating rates are from the NCEP–NCAR reanalysis product for the
period of Jan 1980–1993. Regions over which G(PE) is greater than
5 and 20 m2 s�2 day�1 are shaded.

observation of diabatic heating rates. Black (1998) used
the Goddard Earth Observing System (GEOS-1) re-
analysis assimilated data, together with the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
data, to estimate diabatic effects on the eddy enstrophy
budget at the 400-hPa level, and found that condensa-
tional heating generally acts as a source of upper-tro-
pospheric enstrophy over the storm track regions. Over
the North Pacific, this contribution is locally of the same
order as the conversion from the mean flow.
The rate of generation of transient eddy available po-

tential energy (EAPE) based on the midwinter heating
rates diagnosed from the NCEP–NCAR reanalysis pro-
vides an alternative perspective on the role of diabatic
processes to storm track dynamics. EAPE generation is
proportional to the product of the eddy temperature per-
turbation and diabatic heating rate; for the purposes
here, the heating rates, derived from the NCEP–NCAR
reanalysis products, are averages from 6-h forecasts
starting from the reanalysis grids. Given the inevitable
uncertainty with such a procedure, the results here pro-
vide only a qualitative representation of the role of dia-
batic heating. However, an estimation of the total EAPE
generation rates based on EAPE budget residuals (not
shown) gives similar results.
For interpretation, the diabatic heating is separated

into three processes: moist heating, including large-scale
condensation and convective heating; sensible heating
associated with surface sensible heat fluxes; and radi-
ative heating. Figure 8a shows that moist heating is
maximum along the storm track in the Pacific and At-
lantic, with maximum generation rates as large as 40
m2 s�3 over the Atlantic storm track entrance region.
This heating is dominated by large-scale condensation
in the warm sector of incipient cyclones, with deep con-
vection actually giving a negative contribution, as it
generally occurs in cold air trailing the cold front. The
locations of this EAPE source agree quite well with the
enstrophy source due to latent heating by Black (1998).
Surface sensible heat fluxes, shown in Fig. 8b, provide
a strongly negative contribution along the continental
east coasts, consistent with strong thermal damping of
cold continental air by the underlying ocean surface.
The contribution is also negative along a band over the
upstream portion of the storm tracks, basically canceling
the positive contribution from moist heating over those
regions. EAPE generation due to radiative heating (not
shown), is an order of magnitude smaller than those due
to moist and sensible heating.

from Chang et al, JC, 2002

Sensible heating: a strongly negative contribution along the continental east coasts. 

Moist heating: strong along the storm tracks, with the maximum generation rate over the 
storm track entrance region. (large-scale condensation dominant)

Total effect: difference between Pacific and Atlantic region. In the mid and exit regions of 
Pacific storm track, latent heating dominant and enhancing the eddy energy; in the Atlantic 
region, sensible heating dominant.  
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Discussions
! Though the structure of the storm tracks can be partially understood from the 

view of baroclinic energy cycle occurring in space, many questions are left: 

! Structure: a (causal) relationship between the variability eddies and that 

of the background flow; the feedbacks between storm track anomalies and 
the slowly varying planetary-scale flow? e.g. what determines how far downstream of 
the region of the max baroclinicity the storm tracks extend? Whether the storm track properties 
can be solely determined by the mean flow? The group propagation of storms... 

! Seasonal variation: the reason of mid-winter minimum? 

! Inter-annual variation: the detailed mechanism of Pacific storm track 
shift between El nino and La nina years? 

! Decadal variation: the reason for decadal variation and its relation to 
the global warming? 

! Simulations: AGCM and storm track model 
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