<

A Visualization of the Global =
Dynamic Tropopause

John W. Nielsen-Gammon
Department of Atmospheric Sciences, Texas A&M University, College Station, Texas

ABSTRACT

A 20-yr loop of the global tropopause, defined in terms of potentia vorticity (PV), is constructed using the NCEP-
NCAR reanalysis dataset. This method of visualizing observed upper-tropospheric dynamics is useful for studying a
wide range of phenomena. Examples are given of the structure of jet streams and planetary-scale tropopause folds, the
propagation of a high-amplitude Rossby wave packet partway around a hemisphere, several subtropical wave breaking
events, the similarities between exceptional cases of rapid cyclogenesis, favorable regionsfor cross-equatorial propaga-
tion of Rosshy waves, theannual cycle of thetropical tropopause, the structure of the Tibetan anticyclone and equatorial
easterly jet associated with the Asian monsoon, the meridional structure of the upper branch of the Hadley cell, theinter-
action of a hurricane and midlatitude trough to form the “ Perfect Storm,” and the upper-tropospheric PV changes asso-

ciated with El Nifio and La Nifia.

Plumes of anticyclonic potential vorticity are frequently seen to be pulled from the subtropical reservoir and roll up
into large anticyclones. These previously undescribed plumes may be particularly relevant to jet streak dynamics and

stratosphere-troposphere exchange.

1. Introduction

Recent reanalysis projects, such as those by the
National Centers for Environmental Prediction and
National Center for Atmospheric Research (NCEP-
NCAR; Kalnay et al. 1996), the European Centre for
Medium-Range Weather Forecasts (ECMWF; Gibson
et a. 1997), and the National Aeronautical and Space
Administration (Schubert et al. 1993), have generated
global analyses of meteorological variables spanning
severa decades. The use of fixed data assimilation
schemes minimizes artificial discontinuities in the
datasets, although the quality of the analyseswill vary
according to the availability and quality of conven-
tional and satellite data and the underlying numerical
model (e.g., Newman et al. 2000; Randel et al. 2000;
Santer et a. 1999). The visualization of such a con-
tinuous dataset would allow individuals to develop a
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conceptual understanding of the behavior of the atmo-
sphere on avariety of space and time scales, by mak-
ing use of thevisual processing abilities of the human
brain (MclIntyre 1988).

Any such visualization may only depict a small
number of basic or derived parameters. Itiscritical that
the visualized fields convey the maximum amount of
information on the state of the atmosphere, while si-
multaneoudly providing easily assimilated information
on the evolution of the atmosphere. Potential vortic-
ity (PV) possesses most of these desirable character-
istics. PV (on an isentropic surface) is conserved
following the two-dimensional isentropic flow, soits
evolution isvisually intuitive and provides direct in-
formation on the advecting winds. PV isalso related
to the large-scale height or pressure fields through a
bal ance condition, so theinstantaneous distribution of
PV implies a specific configuration of heights, tem-
peratures, and winds: the invertibility principle
(Hoskins et al. 1985; Raymond 1992; Davis et al.
1996; Mclntyre and Norton 2000).

PV isalso compact, inthe sensethat thelargest PV
variationsin the upper troposphere and lower strato-
sphere are concentrated along the tropopause, so up-
per-level synoptic-scale features (troughs, jets, etc.)
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usually can berelated directly to variationsin the lo-
cation of thetropopause PV gradient along isentropic
surfaces (Hoskinset a. 1985). Indeed, the concentrated
PV gradient is often used to identify the tropopause
itself (e.g., Hoerling et al. 1991 and referencestherein),
and we shall adopt that convention here. However,
multiple isentropic surfaces intersect the tropopause,
so severa isentropic mapswould be needed to provide
aglobal specification of the location of this dynamic
tropopavse.

This problem is neatly circumvented if one over-
lays the location of the tropopause at several evenly
spaced isentropic levelsonto asingle map. Such amap,
called atropopause map, isidentical to a map of po-
tential temperature on aconstant PV surfacewithinthe
tropopause, as long as the height of the tropopauseis
singly valued. A tropopause map retains the advan-
tages of isentropic PV maps. conservation (potential
temperature on a PV surface is conserved following
adiabatic and frictionless flow) and invertibility
[directly, asin Thorpe (1986) or Juckes (1994), or in-
directly, by specifying athree-dimensional PV distri-
bution consistent with the tropopause location].
Furthermore, the compactness of PV is exploited by
condensing thethree-dimensional PV distribution onto
atwo-dimensional map. Tropopause mapswereintro-
duced by Hoskins and Berrisford (1988) and have
since been applied to awide range of phenomena. See
Morgan and Nielsen-Gammon (1998) for an extensive
discussion of methods for constructing tropopause
maps, applications of tropopause mapsto diagnosing
synoptic-scale weather systems, and alist of published
papers that make use of tropopause maps.

Tropopause maps form the basis of the 20-yr glo-
bal visualization described in this article. The visual-
ization consequently emphasizes processes taking
placein the upper troposphere. In section 2, the tech-
nique for constructing the global tropopause mapsis
presented and the image format and layout are de-
scribed. In section 3, examples of phenomenaand pro-
cessesvisiblein thetropopauseloop, somewell known
and others poorly understood, are discussed. Finally,
section 4 contains information on acquiring the full
loop or viewing images.

2. Technical detdails
a. Data

The source of data is the NCEP-NCAR reanaly-
sis (Kalhay et a. 1996). For the loop, 6-h reanalysis
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datawere acquired for the period January 1978 through
April 1998. Theincorporation of satellite temperature
retrievals into the globa assimilation data began in
November 1978, although some satellite data were
assimilated in the Southern Hemisphere throughout
1977 and 1978 (Kalnay et al. 1996; Santer et a. 1999).
Thisloop startsin January 1978 rather than Novem-
ber 1978 so as to begin at a new year and to include
significant eastern United States weather events dur-
ing the first two months of 1978.

Comparisons of parallel assimilations with and
without satellite dataindicate large differencesin tem-
perature and wind inthetropical upper troposphere and
in the distribution and strength of eddies, with fore-
castsinitialized with assimilated satellite data perform-
ing better than forecasts without, even when scored
against no-satellite analyses (Mo et al. 1995). Upper-
tropospheric reanalyses prior to November 1978 rely
heavily on model forecasts over the oceans and over
the Southern Hemisphere, while reanalyses for
November 1978 and beyond rely heavily on retrieved
satellite data in those places. The data discontinuity
produces an artificial analysis discontinuity in fields
such aslower-stratospheric temperature (Santer et al.
1999).

Reanalysis data were obtained in the form of
spherical harmonic coefficients at T62 resolution on
the 28 native sigma surfaces. The datawere then con-
verted to acorresponding Gaussian grid. Next, poten-
tial vorticity was computed on the sigma surfaces, and
the PV and other parameters were then linearly inter-
polated (with respect to sigma) to isentropic surface
from 260 to 370-K at 5 K increments. In order to ex-
clude high values of PV in the lower troposphere, the
PV was flagged as missing wherever isentropic sur-
faces were below 650 mb.

b. Tropopause maps

The tropopause maps were constructed using the
fill overlay method (Morgan and Nielsen-Gammon
1998). Beginning at 370 K, areas with stratospheric
valuesof PV (|PV|> 1.5PVU) are shaded aparticular
color. Thesameisdonefor the next lowest level, with
a dlightly different color. Since the portion of the
365-K surface within the stratosphere is typically
smaller than the portion of the 370-K surface within
the stratosphere, thisleavesanarrow band of the origi-
nal color that represents locations with a tropopause
potential temperature (&) between 370 and 365 K. This
process is repeated for subsequent isentropic levels
down to the 260-K surface, resulting in a map that
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depictsthedistribution of poten-
tial temperature on the tropo-
pause. Since the color bands
simultaneously represent tropo-
pause 6 and upper-tropospheric
PV, the two terms will be used
interchangeably inwhat follows.

A much simpler technique
would have been to interpolate
potential temperature to the
|PV|=1.5PVU surface directly
and color fill the resulting two-
dimensional grid. However, this
method produces an aliased
sawtooth pattern wherever the
tropopause is discontinuous or
folded (Morgan and Nielsen-
Gammon 1998). The contour fill
method preserves the smooth
shape of the actual tropopause
while depicting folds and dis-
continuities as jumps in the
value of tropopause potential
temperature.

Intropical regions, PV isnot
an appropriate delineator of the
tropopause (e.g., Hoerling et al.
1991; Hoinka 1998), since PV
changes sign from one hemisphere to the other. In
order to show equatorial upper-tropospheric dynam-
ics, PV is contour filled between —1.5 and 1.5 PVU
on the 370-K surface. The PV contours merge
seamlessly with the tropopause potential temperature
contours at the intersection of the +1.5 PVU and
370-K surfaces, yielding a continuous depiction of
upper-tropospheric PV over the entire atmosphere.
The 370-K surface is close to the thermally defined
tropical tropopause. According to Hoinka (1999), who
used ECMWF reanalyses, the tropical tropopause av-
erages about 366 K in the boreal winter and 360K in
the boreal summer, with the summertime tropopause
ashigh as380 K on average over the northeastern In-
dian subcontinent. Highwood and Hoskins (1998),
using ECMWF analyses, obtained typical potential
temperature valuesfor the tropical tropopause of 372—
380 K, with higher values again found over northern
India. Gage and Reid (1987) found that the annual
cycle of tropopause potential temperature for western
tropical Pacific rawinsondes ranged between 367
and 376 K, highest in boreal spring and lowest in bo-
real summer.

30° of longitude.
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Fic. 1. Tropopause loop image from 1800 UTC 1 Feb 1997. Colors depict tropopause
potential temperature (and 370-K potential vorticity near the equator); the scale is in the
center of the figure. Black contours in the upper panels (left, Southern Hemisphere; right,
Northern Hemisphere) are 250-mb wind speed at 20 m s increments starting at 30 m s™.
Red contoursin the upper panels are 1000-hPa height contoured every 200 m for values of
0 m and below. Grid linesin the lower panel (Tropics) are every 20° of latitude and 30° of
longitude. Black vectorsin the lower panel are 150-hPa winds; a vector of 60 m s spans

c. Other aspects of theimages

To show the entire globe, the image is broken up
into three panels (Fig. 1). Along the bottom, the Trop-
ics are represented by an equatorial band from 40°N
to 40°S, with the Greenwich meridian at the left and
right boundaries. The upper-1eft and upper-right pan-
els depict the Southern and Northern Hemispheres,
respectively, with polar stereographic projections
aligned with the equatorial band beneath them.

Additional fields are overlaid onto the tropopause
maps. In the equatorial band, the 150-hPa winds are
shown by black vectors. The 150-hPa surface is just
below the 370-K isentropic surfacein the Tropicsand
tends to coincide with the poleward branch of the
Hadley circulation (e.g., Johnson 1989, Figs. 8and 9).
Inthe extratropics, the wind speed at the 250-hPalayer
is contoured in black at 20 m s intervals starting at
30 m s to show the jet stream configuration, and
1000-hPa heights of 0 m and below are contoured in
red every 200 m to show the significant surface cy-
clones. The red contours are poorly visible in video
format, but they are easily seen in the digital images.
Geographical information is provided by continental
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outlines (in white) on all panels and a 20° latitude by
30° longitude grid (in black) on the equatorial band.

d. Loop construction

The images were generated at 640 x 480 resolu-
tion in graphics interchange format (GIF) using a
version of the General Meteorological Package
(GEMPAK) enhanced with masking and maximum
valuegrid functions. Theimageswere then converted
to cyan—magenta—black—yellow format, a black bor-
der was added, and theimagesweretransferred to vid-
eotapewith adwell rate of fiveimagesper second. One
month occupies about 20 s of loop time, and the en-
tire 20-yr loop takes 84 min.

Six-hourly images were needed to produce the vi-
sual illusion of a continuously evolving field. When
12-h images were placed in aloop, the resulting loop
appeared jerky, and the eye did not easily perceivethe
continuity of features from image to image. The
smoothness of the 6-h loop suggests that tropopause
PV features are preserved by the NCEP Global Data
Assimilation System (Kanamitsu 1989; Kanamitsu
et al. 1991; Kalnay et al. 1996) and are not subject to
substantial modifications dueto incorporation of spo-
radic observationsin data-sparse regions. Asidefrom
small-scalefeaturesin the PV field in thetropical up-
per troposphere, the tropopause maps appear to depict
the actual state of the tropopause reasonably well.

Fic. 2. Tropopause loop image from 0000 UTC 10 Jul 1995. Asin Fig. 1 except for bo-
real summer.
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3. Visualized dynamics

a. Jet streams

Jet streams are easily seen in the loop by the iso-
tach contours at high latitudes and thewind vectors at
low latitudes. Had wind not been plotted, the jet loca-
tions would till be apparent in the motion of small-
scale tropopause potential temperature variations,
which are advected by the larger-scale flow. Even a
static image possesses information regarding the jet
stream locations, since thejetstypically correspond to
strong gradients or discontinuities in tropopause poten-
tia temperature (Morgan and Nielsen-Gammon 1998).

Since one year occupies about 4 min of loop time,
the annual variations in jet intensity, location, and
structure are easily seen. Variations are much stron-
ger in the Northern Hemisphere (NH) than in the
Southern Hemisphere (SH); the NH summer jet is
particularly anomalous, consisting of short, narrow
jetlets that seem as likely to be oriented north—south
aseast—west. Figure 1 showsatypical NH wintertime
pattern, while Fig. 2 showsatypical summertime pat-
tern. Ranking the hemispheres by the size and inten-
sity of the tropopause polar vortex, the NH winter
vortex isthe strongest, followed by the SH winter vor-
tex, the SH summer vortex, and the NH summer vor-
tex. The SH winter pattern tends to have a double-jet
structure (e.g., Trenberth 1991), and the NH jet shows
similar tendencies for separate
polar and subtropical jets. The
NH winter jet pattern in this
instance can perhaps best be
described as spiral, with the sub-
tropical jet originating over
Mexico, extending across north-
ern Africa and southern Asia,
becoming strong across the Pa-
cific, continuing across central
North America and the North
Atlantic, and evolving into ase-
ries of high-amplitude troughs
and ridges over northern Europe.
This spiral pattern occurs fre-
quently in the NH (R. L.Panetta
1997, personal communication).

The strong NH wintertime
jet over the Pecific (Fig. 1) cor-
responds to a vertical or folded
tropopause. Near thedateline, a
tropopause potential tempera-
ture discontinuity is present in
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which the tropopause jumps
from 365 to 315 K. Such verti-
cal tropopauses are common
acrossthe North Pacificin win-
tertime. In contrast, the only
fully vertical tropopause associ-
ated with an NH summer jet in
Fig. 2 isover southern Asiaand
is a product of upper-level out-
flow from the Indian monsoon.

Another notable difference
between thetwo hemispheresis
the degree of asymmetry intheir
circulations. TheNH isknown to
have higher-amplitude planetary-
scale waves than the SH, afact
attributed to the larger NH wave
forcing from the topographic
variations. The examples in
Figs. 1 and 2 tell a slightly
different story. The planetary-
scalewaves are not simply low-
wavenumber displacements of
PV, but represent fundamental differencesin the PV
distribution as one circles the globe. Over the west-
ern and central North Pacific in winter (Fig. 1), isen-
tropic PV gradientsare verticaly stacked. Meanwhile,
over the North Atlantic and Europe, two zones of isen-
tropic PV gradients are present with aregion of weak
or reversed gradient in between. A similar zone of
weak gradients is found over Europe and Asiain
Fig. 2. The zones of concentrated and separated PV
gradients might be expected to inhibit the north—south
propagation of all but the longest planetary waves,
since such waves would be evanescent in regions of
zero PV gradients. The explanation of these funda-
mental gradient variations must involve small-scale
eddiesaswell aslarge-scaleforcing.

Interannual variability isalso apparent in the upper-
level jets. The most remarkabl e extratropical jets oc-
curred during the winter of 1997/98, astrong El Nifio
period. Figure 3 showsthe pattern for 1 February 1998,
at which timethe NH subtropical jet stream circled the
globe at low latitudes. The NH circulation hasrarely
been so circularly symmetric. A rarefifth isotach ap-
pearsin the jet off the west coast of North America,
corresponding to wind speeds in the NCEP-NCAR
reanalysis of 110 m s . Thewind speed maximum s
collocated with a discontinuity in tropopause 9, sig-
nifying atropopausefold that extends most of the way
acrossthe Pacific.
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Fic. 3. Tropopause loop image from 1800 UTC 1 Feb 1998. Asin Fig. 1 except for an El
Nifio year.

b. Waveguides

The strong potential temperature gradients (or
discontinuities) along the jets represent waveguides
along which Rossby waves can propagate. Thediffer-
ent velocities of synoptic-scale waves along the jet
stream compared to small-scale“ debris’ embedded in
the jet dramatically illustrate the upstream phase ve-
locity of Rossby waves.

Rosshy wave packets and downstream devel op-
ment (Namias and Clapp 1944; Orlanski and Katzfey
1991; Chang 1993, 1999; Chang and Yu 1999) are
easy to observe in the loop. They appear to be more
common in the SH than the NH. It is frequently pos-
sibleto trace abaroclinic wave packet most of the way
around the hemisphere. A cyclogenesis event will
amplify the upstream trough and downstream ridge.
Farther downstream, atrough forms beyond theridge
and triggers a cyclogenesis event, and the cycle
repeats.

An example of a high-amplitude Rossby wave
packet that propagates halfway around the Northern
Hemisphereisshown in Fig. 4. In the days preceding
the first panel of Fig. 4, a cold tropopause anomaly
(8 <290 K), corresponding to an intense upper-level
trough, has moved southward from the Arctic toward
the Asian jet. Along the jet, the tropopause @ varies
abruptly from 300 to 365 K, signifying astrong, con-
centrated PV gradient that can support Rossby waves.
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Fic. 4. (8)—(i) Northern Hemisphere panels from the period 0600 UTC 5 Dec through 0600 UTC 11 Dec 1996, at 18-h intervals.
Plotting conventions asin Fig. 1; labels A—G indicate successive troughs and ridges in a Rossby wave packet.

Asthe anomaly reaches the jet, the cyclonic circula
tion associated with the anomaly inducesawave aong
the PV gradient, with aridgeto the east of the anomaly
and atrough to itswest (Nielsen-Gammon 1995). The
troughislabeled A andtheridgelabeled B in Fig. 4a,
and the anomaly that induced them lies between them,
shaded purple.

Were this the only source of wave energy, this
might bethe end of wave amplification. But asurface
cyclone has developed simultaneously with the
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trough—ridge couplet. Thiscycloneisindicated by the
red contour centered over northern Japan. Its presence
midway between the trough and the downstream ridge
implies a configuration favorable for the conversion
of available potential energy into eddy kinetic energy.
This provides an additional important energy source
for downstream development of the wave packet
(Orlanski and Katzfey 1991; Chang 2000). Thus, 18 h
later (Fig. 4a), the trough, ridge, and surface cyclone
haveall intensified, and anew trough (labeled C) has
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appeared downstream of theridge. FromaPV perspec-
tive, this trough has formed by PV advection associ-
ated with the northerly winds located downstream of
theanticyclonic PV anomaly B (Nielsen-Gammon and
Lefevre 1996). In adynamical context, trough Cisan
individual wave at the leading edge of aRossby wave
packet consisting of A, B, and C.

Just as a ridge begets a downstream trough, a
trough begets a downstream ridge, as long as the PV
distribution allows for wave growth. Ridge D first
appears in Fig. 4c, trough E in Fig. 4d. As it moves
along, the wave continues to extract energy from the
background shear, as suggested by the small cyclone
that appears between trough C and ridge D in Fig. 4d
and the cyclone that appears between trough E and
newly formed ridge F in Fig. 4e. Our designation of
the formation times of these troughs and ridgesis sub-
jective and somewhat arbitrary, but the overall evolu-
tionisrobust. It isclear (for example) that trough E,
which attains high amplitude over the east-central
United Statesat 0600 UTC 8 December 1996 (Fig. 4€),
did not even exist 54 h earlier (Fig. 4b). Someone fo-
cusing on North Americamight conclude that trough
E was anew development, while according to amore
global viewpoint the energy of trough E was already
present in troughs A and C and waswell onitsway to
North America54 h earlier.

Heretofore the tropopause ¢ gradient at the lead-
ing edge of the Rosshy wave packet has been strong
and localized, a medium well suited for supporting
waves. The situation changes as the wave packet
crosses North America; over Europe, the latitude of
the Rossby wave packet is marked by homogenized
tropopause & of about 320 K, with concentrated gra-
dients displaced well to the north and south. Thus,
while trough G forms on schedule, there is no subse-
guent development of aridge H. Instead, trough G rap-
idly amplifies, breaks, and formsacutoff PV anomaly
vertically superposed with its associated surface cy-
clone. By the end of the sequence it appears that cut-
off G isfar enough south to begin triggering a wave
aong the subtropical jet, but for our purposes cutoff
G represents the end of the wave packet.

Meanwhile, by the end of thistime period, features
A—C have disappeared. Just aswavesform on thelead-
ing edge of a Rossby wave packet, waves dissipate on
the trailing edge of a Rossby wave packet. For ex-
ample, trough C is near the leading edge of the wave
packet in Figs. a—c, and the ridge upstream of C is
stronger than the downstream ridge. Because of the
differencein amplitude of the two ridges, the norther-

Bulletin of the American Meteorological Society

lies associated with B at the trough’ s location should
be stronger than the southerlies associated with D, re-
sulting in net northerlies within trough C and conse-
quent amplification. By Fig. 4d trough C is near the
center of the wave packet, the upstream and down-
stream ridges are similar in strength, and thewinds as-
sociated with the two ridges should cancel at the
trough location. At thistime trough C is at its stron-
gest. InFigs. 4eand f trough C isnear thetrailing edge
of the wave packet, the southerlies associated with
ridge D are stronger than the northerlies associated
with ridge B, and trough C weakens. Of course, trough
C has had its own impact; its associated northerlies
hel ped to weaken upstream ridge B and its associated
southerlies helped to strengthen downstream ridge D.
Not all the energy generated by baroclinic ampli-
fication propagates downstream; someleadsto Rosshy
wave breaking and the ultimate return of some energy
to the mean flow. Troughs C, E, and G al break, but
they break in quite different ways. Trough C resembles
the anticyclonic LC1 life cycle of Thorncroft et al.
(1993), with along PV streamer stretched anticycloni-
cally toward the subtropics. By 1200 UTC 10 Decem-
ber 1996, the streamer reaches more than halfway
acrossthe Pacific. Meanwhile, in Figs. 4g and h, there
isahint of secondary cyclogenesis associated with the
remnants of trough C over the northwestern United
States, which is also reminiscent of theidealized life
cyclein Thorncroft et al. Trough G breaksin the man-
ner of thecyclonic LC2lifecycleof Thorncroftetal.,
with the breaking wave forming a pronounced, sym-
metric cutoff low equatorward of the jet. Thorncroft
et a. obtained these different life cyclesby varying the
background barotropic shear; inspection of Fig. 4 re-
vea sthe presence of asubtropical jet south of trough
G and the absence of a subtropical jet south of trough
C, consistent with enhanced cyclonic shear for the
trough G life cycle. Trough E occupies an intermedi-
ate location both geographically and dynamically,
breaking neither cyclonically nor anticyclonically but
becoming elongated from Hudson’ s Bay to well south
of Bermuda. Hartmann and Zuercher (1998) found that
the transition from cyclonic to anticyclonic life cycle
behavior isabrupt, so that troughslike trough E would
be seen only rarely, but they based this conclusion on
behavior 3-5 days after the waves had attai ned maxi-
mum amplitude in a periodic domain. Thefinite spa-
tial and temporal lengths of real wave packets such as
thisone probably makeit unlikely that individual waves
will survive long enough to produce the clear, abrupt
transition in behavior found in the idealized model.
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c. Wavebreaking

Wave breaking and spinup of small-scale vortices
isafrequent occurrence, particularly inthe SH. Over
the course of about two days, aswithtrough CinFig. 4
above, awavewill become elongated toward the equa
tor (anticyclonic wave breaking is comparatively rare)
and will be stretched to awidth of about 300-500 km.
The entire tropopause filament may continue to nar-

Fic. 5. (a)—(f) Southern Hemisphere panels from the period 0000 UTC 3 Oct through
0000 UTC 8 Oct 1997, at 1-day intervals. Plotting conventions asin Fig. 1; labels A-D in-

dicate breaking Rossby waves.
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row and ultimately become unresolved by the analy-
ses, but more commonly the trailing end of the fila-
ment will wrap up into a vortex. Additional vortices
sometimes form along the filament. The evolution
closely resembles contour dynamics simulations of
wave breaking in the stratosphere, down to the details
of the interactions of the breaking wave and vortex
with successive wavesin the jet stream.

An SH event with several si-
multaneous trough wave break-
ing eventsisshowninFig. 5. In
Fig. 5a, the four troughs are la-
beled A-D. Trough A forms a
closed PV center that is subse-
guently drawn poleward and
stretched meridionally ahead of
the next trough. Trough B forms
athicker PV streamer that ulti-
mately wraps up cyclonically
into the shape of an inverted
comma. Trough C curves anticy-
clonically equatorward of the jet
(liketrough Cin Fig. 4), possi-
bly breaking up into several vor-
tices, although the resolution of
thereanalysis dataset makesthe
evolution ambiguous. Finally,
trough D extends anticycloni-
cally equatorward aswell, but its
PV streamer interacts with a
subsequent trough so that apor-
tion of the streamer is drawn
poleward into the developing
ridge. Again, the resolution of
the reanalysis data makesit dif-
ficult to track the streamer after
it thins.

Themodes of wave breaking
manifested by thesefour troughs
aresimilar to the wave breaking
events found throughout the
20-yr dataset. They also appear
remarkably similar to idealized
contour dynamics simulations of
wave breaking. For example, the
evolution of troughs A, B, C,
and D in Fig. 5 appear to corre-
spond to the wave breaking
eventsshown in Figs. 15, 4, 14,
and 10, respectively, of Polvani
and Plumb (1992). Polvani and
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Plumb were simulating a stratospheric vortex per-
turbed by topographic forcing by representing the PV
distribution as two uniform PV regions separated by
a discontinuity. Differing modes of wave breaking
were obtained by Polvani and Plumb by varying the
amplitude of the waves with asingle PV discontinu-
ity, but their results with afive-contour model do not
resemble wave breaking in the tropopause loop so
closely. Apparently the concentrated gradients asso-
ciated with the jet streams along the tropopause are
more appropriately modeled in this context asa zero-
order discontinuity of potential vorticity than as a
broader PV gradient.

d. Anticyclonic PV plumes

Another dramatic sort of evolution that takes place
in either hemisphereiswhat we shall call anticyclonic
PV plumes. In certain regions of the subtropics such
as Southeast Asia, central South America, central Af-
rica, and northern Australia, stationary upper-level
closed anticyclones are present during part of theyear,
being diabatically driven by deep convection.
Frequently, a streamer of anticyclonic PV will be
drawn out of the anticyclonic reservoir and extend
along the adjacent jet. Such plumes can sometimes
extend thousands of kilometers.

One such plumemay beseenin Fig. 4. InFig. 4b,
even as ridge B grows, trough A impinges upon the
very warm tropopause air (6> 360 K) of the subtrop-
ics. Thisair is drawn northeastward along the jet to-
ward ridge B in along, narrow streamer. By Fig. 4e
thewarm, low PV air beginsto roll up anticyclonically
at itsleading edge, and theleading anticyclonic rollup
continuesto grow in size through Fig. 4h. The evolu-
tion of the plume may be contrasted with ridge F in
the samefigure, which resembles an anticyclonic ver-
sion of thewave breaking discussed above. The North
Pacific is a common location for these anticyclonic
plumes, perhaps because the subtropical air is found
in close proximity to polar mobiletroughsand astrong
jet over eastern Asiaand the western North Pacific. It
appearsthat the breaking of trough Ciscaused in part
by the presence of this anticyclonic plume.

Three more anticyclonic plumes are shown in an
example from the SH in Fig. 6. Plume A originates
over Argentina, equatorward of an intense upper-level
trough and surface cyclone. The anticyclonic plume
isdrawn eastward across the Atlantic along the south-
ern edge of the jet, eventually rolling up anticycloni-
cally over South Africain Fig. 6f. Plume B formsto
thewest, ahead of another large-scaletrough. The de-
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velopment and rollup of plume B occurs synchro-
nously with plume A, the only major difference be-
ing that the tropopause 6 associated with plume B is
about 25 K colder. Plume Cistriggered over Austra-
liaby a smaller-scale trough, resulting in a narrower
anticyclonic streamer that first forms an anticyclonic
rollup at itsleading edgein Fig. 6e.

InFig. 6eand f (and probably in subsequent pan-
elsaswell), the leading edge of plume C is obscured
by higher PV air beneath it, plotted asgreenin thefig-
ure. The tendency of these anticyclonic plumesto be
stretched out horizontally and ultimately be sur-
rounded by air with stratospheric values of PV sug-
geststhat they may be animportant mechanism for the
irreversible transport of air from the subtropical tro-
posphere to the lower stratosphere [see the introduc-
tory discussion in Vaughan and Timmis (1998)],
although this mechanism seems somewhat different
from the higher-latitude anticyclonic wave breaking
events (such asridge Fin Fig. 4) studied by Petersand
Waugh (1996), Vaughan and Timmis (1998), and
O’ Connor et a. (1999). In most cases, the rolled-up
anticyclones remain adjacent to the jet and gradually
slow. The exception of this pattern of motionisfound
with anticyclonesthat break off from the west side of
the Indian monsoon anticyclone; these anticyclones
initially move westward before being picked up by the
westerly subtropical jet across central Asia(Hsu and
Plumb 2000).

Another common characteristic of anticyclonic
plumes is that they tend to be bounded on their
poleward side by ajet streak. This can be seenin all
four plumes discussed above. Thisbehavior would be
expected from static PV balance arguments, since
aong the poleward side of an anticyclonic plumethe
PV jump acrossthejet islocally enhanced. However,
as seen in the examples, the tropopause potential tem-
peratures poleward of the plumes also tend to be colder
than surrounding values of 6, further enhancing the
cross-jet PV jump. This may be related to the means
of formation of anticyclonic PV plumes, whichinthe
examplesareinitiated when unusually cold tropopause
air extrudes southward toward the jet. The extent to
which long-lived jet streaks may be related to such
plumesis asubject that merits further research.

e. Cyclogenesis

Cyclogenesisisvisuaized in theindividua images
through contours of 1000-hPa height wherever the
height values are zero or negative. Even absent such
height contours, strong cyclogenesis eventstypically
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Fic. 6. (8)—(i) Southern Hemisphere panels from the period 0000 UTC 8 Nov through 0000 UTC 16 Nov 1995, at 1-day inter-
vals. Plotting conventions asin Fig. 1; labels A—C indicate anticyclonic PV plumes.

are marked at the tropopause by the cyclonic wrapup
of PV. These structures devel op over the course of 1—
2 days and have been called bell-and-clapper (Bosart
et al. 1996) or treble clef (Martin 1998) patterns.
Two of the most rapidly deepening storms over
North Americaduring the period of theloop werethe
“Cleveland Superbomb” of 1978 (Salmon and Smith
1980; Hakim et al. 1995, 1996) and the “ Storm of the
Century” of 1993 (Kocin et al. 1995; Huo et al. 1995;
Bosart et al. 1996). Thetwo stormsareshowninFig. 7
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in order to illustrate the structure of the tropopause
map during rapid cyclogenesis and to show how simi-
lar the two events were. Upper-level potential vortic-
ity maps of the full evolution of the 1978 event have
been presented by Hakim et al. (1995), and tropopause
maps of thefull evolution of the 1993 event have been
presented by Bosart et al. (1996).

Both storms involved the merger of two upper-
level disturbances, which are indicated by the dark
blue arrows in the top panels of Fig. 7. The northern
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disturbances are marked by very
cold tropopause potential tem-
peratures. The southern distur-
bances, while cold for their
|atitude, are20-25 K warmer than
the northern disturbances. This
mismatch of tropopause 6 may
beparticularly favorablefor rapid
cyclogenesis because it enables
the two disturbances to become
vertically stacked, maximizing
their combined circulation.

In Figs. 7c and d, the north-
ern disturbances have advected
rapidly southward and arein the
process of merging with the
southern disturbances. This
rapid southward motion may be
interpreted from a PV perspec-
tive as being due to the promi-
nent anticyclonic PV (warm
tropopause) anomaliesimmedi-
ately to the west of each north-
ern disturbance, combined with
the absence of anticyclonic PV
anomalies immediately to their
east. The asymmetry producesa
strong northerly jet that carries
the cyclonic anomaly south-
ward, intensifying it, and also
carriesthe anticyclonic anomaly
southward, weakening it. At the
time of Figs. 7c and d, the cy-
clonesare dready rapidly inten-
sifying, and thefirst red contours
(indicated by the blue arrows,
and signifying 1000-hPa heights
bel ow 0 m) have appeared down-
stream of the troughs. In the
1978 casetheinitialy positively
tilted combined trough has be-
come negatively tilted, whilein
the 1993 casethe original nega-
tivetilt hasincreased.

In Figs. 7e and f, only 18 h after the middle pan-
els, the upper-level disturbances have merged and
wrapped up cyclonically in adramatic spiral pattern.
Thesurfacelows have d so intensified, asindicated by
the appearance of a second red contour. The centers
of the surface circulation are displaced to the east from
the center of the upper-level cyclonic wrapup. The
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Fic. 7. (8)—f) Northern Hemisphere panelsfrom the period 0600 UTC 25 Jan—-1800 UTC
26 Jan 1978 (left column, the Cleveland Superbomb) and from 1200 UTC 12 Mar to 0000
UTC 14 Mar 1993 (right column, the Storm of the Century), at 18-h intervals. Plotting con-
ventionsasin Fig. 1; seetext for meaning of arrows.

upper-level wind patternsare a so remarkably similar:
one jet core, in excess of 70 m s, extends along the
southern perimeter of the upper-level disturbance and
curvescyclonically along itseastern edge, while asec-
ond jet core, in excess of 90 m s, is oriented NW-—
SE downstream of the cyclone. If oneweretotracethe
axes of thejets, one would find a pattern very similar
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to the surface frontal distribution of adeveloping cy-
clone. Thetwo jets agree with the classic jet configu-
ration for East Coast snowstorms (Kocin and Uccellini
1990, 60-63), although it is clear that much of thein-
tensity of the northernjetisdueto low PV aoft (warm
tropopause ¢) generated by diabatic processes during
the cyclogenesisitself and ageostrophic accelerations
associated with the rapid upward motion (see, e.g.,
Bosart et al. 1996; Cammas et a. 1999). The sudden
appearances of light green shadings downstream of the
1978 storm and yellow shadings downstream of the
1993 storm imply nonconservation of PV associated
with midtropospheric diabatic heating.

Almost asif to confirm that the cyclonic wrapup
isnot limited to exceptiona events, similar upper-level
developments associated with single trough cyclogen-
esis events take place over the Pacific Ocean (pink
arrows) during both events.

f. Thetropical tropopause

The tropical tropopause is a quite different place
than the midlatitude tropopause. One key difference
isthedistribution of PV gradients (and potential tem-
perature gradients on the tropopause) and the associ-
ated propagation characteristics of Rossby waves.
While PV variations are present, they tend to belocal
in nature, and most of the globe within 20° of the equa-
tor has little systematic PV gradient and no apparent
propagation of Rossby waves. The only exception is
the PV gradient that is established during the boreal
winter over the eastern Pacific, corresponding to the
so-called cross-equatorial wave duct (Webster and
Holton 1982; Tomas and Webster 1994). A typical
example of such agradient isshown in Fig. 1. While
waves are frequently apparent along this gradient,
there is little or no visual evidence of wave energy
propagating through the Tropics along the tropopause,
athough such waves do show up in bandpass correla
tion analyses (e.g., Tomas and Webster 1994).

Theannual cycle of midlatitude jetsisaprominent
aspect of theloop. Even more prominent, however, is
the less familiar annual cycle in the tropica tropo-
pause. It isnot surprising that there arelocal increases
in the potential temperature of the tropopause during
seasonal tropical convection, but a more widespread
variation takes place over the equatorial Pacific. The
NH tropical tropopause hasits highest potential tem-
perature during winter and spring and its lowest po-
tential temperature during summer. This effect is
concentrated over the oceans, particularly the subtropi-
cal Pacific (cf. Figs. 1 and 2), and is consistent with

1162

annual variations in low-level equivalent potential
temperature (Reid and Gage 1981).

The seasonal variations in tropical North Pacific
tropopause height have been extensively documented
and discussed by Reid and Gage (1996). The tropo-
pause potential temperature variationsin thisloop are
consistent with those height variations and with the
potential temperature variations found by Highwood
and Hoskins (1998) and Hoinka (1999). The exact
cause of this annua fluctuation has not been deter-
mined; Reid and Gage (1996) attribute it to a combi-
nation of extratropical wave driving and tropical
convection.

Another prominent annual cycleisthe Asian mon-
soon. The monsoon is manifested in the tropopause
loop in two ways. First, a prominent anticyclone de-
velopsrapidly and nonconservatively (Hoskins 1991)
in the form of a tropopause potential temperature
maximum over the northern Indian subcontinent and
Tibet (Fig. 2). The monsoon anticyclone has atypical
east—-west dimension of 4000-6000 km and a north—
south dimension of 2500 km. Occasionally, as de-
scribed in section 3d, large pieces of the anticyclone
are shed to the west and move to the west and north.

The second manifestation of the monsoon cycleis
the devel opment of thetropical easterly jet stream over
the northern Indian Ocean and northern Africa. This
jet, whichisremarkably unperturbed by wavelike dis-
turbances, developsin early June at the same time as
the Indian anticyclone at alatitude of about 10°. The
entrance and exit regions of thisjet are areas of strong
deformation, as tropopause potential temperature
anomalies are drawn into the jet from the tropical
North Pacific and are gjected over the tropical North
Atlantic. Theentrance region has been studied recently
by Postel and Hitchman (1999), who declared it are-
gion of Rosshy wave breaking because the northward
PV gradient becomes negative there. However, the
mean PV gradient north of thejet is necessarily nega-
tive on average throughout the season to support the
strong easterlies of the jet, so it is not clear to what
extent the gradient reversals relate to ordinary wave
breaking.

The standard version of the secondary tropical cir-
culation consists of aseasonally varying pair of Hadley
cells, with strong upward motion on the equator and
strong downward motion on the winter side of the
equator. In the global visualization it is apparent that
this zonally symmetric view of the Hadley circulation
bears scant resemblance to the actual flow patterns
near the tropopause in the equatorial region at any
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giventime. TheHadley circula-
tion is most easily seen in the
loop along the equator, where it
is possible to infer net cross-
equatorial transport and conse-
guently to diagnose the upper
branch of the Hadley circulation.

A typical snapshot is shown
in Fig. 2. Since this is during
boreal summer, the expected
cross-equatorial transport aloft
is from north to south. A net
north—south transport is indeed
observed, but is seen to be con-
centrated in a narrow latitude
band between 60° and 120°E.
Over therest of the equator, there
is little or no cross-equatorial
transport. The situation is simi-
lar during boreal winter (Fig. 1),
except in this instance the pri-
mary cross-equator transport
(from south to north) is between
30° and 90°E. These imagesiil-
lustrate the general tendency for
the upper portions of the Hadley
circulation to be confined to a
small fraction of the equatorial
domain.

g. Hurricanesand
extratropical transitions
Hurricanes are not among

thefeaturesintended to be visu-

alized through tropopause maps.

They appear because the strato-

sphereisassumed to include any

air above 650 hPawith an abso-
lute value of PV greater than

1.5 PVU. The strongest hurri-

canes and typhoons generate

strong and deep columns of

diabatically generated PV (e.g.,

Shapiro and Franklin 1995) that

frequently exceed this threshold and appear as (usu-

ally) green vortices within an otherwise very high-0
tropopavse.

Apart from the entertainment value of watching
strong tropical cyclonestraverse the oceans and make
landfall, the tropopauise visualization al so shows many
interesting dynamical aspects of the transformation of

fect Storm.”
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Fic. 8. (8)—(f) Northern Hemisphere panels from the period 0600 UTC 27 Oct through
0000 UTC 31 Oct 1991, at 18-hintervals. Plotting conventionsasin Fig. 1; red arrow indi-
cates developing trough, pink arrow indicates upstream developing ridge, and blue arrow
indicates potential vorticity initially associated with Hurricane Grace and later with the“ Per-

tropical cyclonesinto extratropical westher systems.
An outstanding example of this phenomenon is the
“Perfect Storm” (Junger 1997) or “Halloween storm”
(Cardone et al. 1996) of October 1991 (Fig. 8). In
Fig. 8a, Hurricane Grace (blue arrow) appearsasadark
blue and green blob near Bermuda. The colorsimply
that the 325- and 330-K surfacesare above the 650-hPa
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level and contain PV greater than 1.5 PVU. Itislikely
that the large horizontal scale of the high PV isan ar-
tifact of the low resolution of the analysis; the true
isentropic PV distribution about Hurricane Grace is
probably more compact and more intense.

The other players in the event are a weak upper-
level trough (red arrow) and an upstream ridge (pink
arrow). The ridge grows rapidly between 27 and
29 October; by Fig. 8d tropopause potential tempera-
turesin excess of 340 K extend to northern Hudson's
Bay. While adetailed analysis of this ridge devel op-
ment is beyond the scope of this paper, it appearsthat
its growth is a combination of downstream develop-
ment (note the high-amplitude trough and ridge up-
stream that also amplify), cyclogenesis (note the red
contour, signifying anintense surface cyclone, over the
central United Statesin Figs. 8a—c), and diabatic heat-
ing (note the rapid expansion of tropopause & values
between 340 and 360 K). Whatever the cause of the
ridge amplification, it isamost unavoidably followed
by downstream trough amplification as discussed in
section 3b. In this case, the amplification of thetrough
appears to also be aided by the growth of the down-
stream ridge, which itself is probably aided by the
upper-leve outflow from Hurricane Grace.

Whatever the specific mechanisms, the upper-level
trough and the hurricane are on a collision course by
thetime of Fig. 8c. Grace has developed a closed red
contour, indicating 1000-mb heights below 0 m at the
resolution of the analysis. From this point onward, the
situation evolves rapidly. Figure 8d shows that the
trough has begun to cut off from the polar high
PV reservoir and the PV remnants of Grace have
begun to stretch north—south under the influence of
the nearby upper-level trough. The 0-m contour hasa
double-lobed structure suggestive of the merger of
the extratropical and tropical cyclonesthat isabout to
take place. By Fig. 8e, all tropopause potential
temperatures below 330 K have cut off from the po-
lar vortex, and the upper-level jet around the cutoff
has become nearly circular. Finaly, in Fig. 8f, the
entire system has become almost perfectly symmet-
ric, with matching banana-shaped jets to the east and
the west of the upper-level cutoff and a surface cy-
clonelocated directly beneath the center of the upper-
level cutoff.

h. El Nifio and La Nifia

Because ayear occupies4 min of theloop, itisnot
easy to perceiveinterannual variations associated with
such phenomenaasthe El Nifio—Southern Oscillation
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(ENSO) cycle. However, the global circulation
changes associated with ENSO are associated with
substantial PV changes and consequently appear inthe
visualization as changes in the potential temperature
and winds at the tropopause.

Figure 3 was a plot of the global tropopause in
boreal winter during a strong El Nifio event, while
Fig. 1 wasaplot during aneutral period. For compari-
son, Fig. 9 showsthe equatorial band during two other
years. oneastrong El Nifio, the other astrong LaNifa
Thedifferencein the equatorial tropopauseisdramatic.
During El Nifio, the PV of the 370-K surface over the
tropical North Pacific is almost entirely less than
1.5PVU; during LaNifia, the 370- and 365-K surfaces
are greater than 1.5 PVU except directly along the
equator and over the Maritime Continent. As Arkin
and Webster (1985) and Tomas and Webster (1994)
have noted, the upper-tropospheric westerlies in the
eastern tropical Pacific are weak or nonexistent dur-
ing El Nifio events, inhibiting cross-equatorial propa
gation of stationary Rossby waves. The tropopause
maps show that, in addition to a weakening of the
westerlies, El Nifio also brings a weakening of the
cross-equatorial PV gradient in the upper troposphere,
making cross-equatorial propagation of any Rossby
waves in the upper troposphere especially unlikely.

Previous studies of changes in the potential tem-
perature of the boreal winter tropical tropopause dur-
ing El Nifio (Gage and Reid 1986, 1987) have found
that the tropopause dincreases over the western tropi-
cal Pacific and decreases over the eastern tropical Pa-
cific. A morerecent study using both rawinsonde and
NCEP-NCAR reanalysis data (Randel et al. 2000)
examined tropopause pressure and temperature varia-
tions; using this datato compute tropopause potential
temperature, we find that Randel et a.’s climatology
confirms the drop in tropopause 6 over the eastern
tropical Pacific during El Nifio while changesin tropo-
pause & over the western tropical Pecific are not sig-
nificantly different from zero. In contrast, the
tropopause loop shows little change of tropopause &
in the western tropical Pacific but significant warm-
ing over the eastern tropical Pacific. Since both the
Randel et a. (2000) study and the present study use
NCEP-NCAR reanadysisdataover similar periods, the
apparently conflicting results must be related to dif-
ferences in the definition of the tropopause. Randel
et a. (and Gage and Reid) use alapse rate definition,
while our maps show potential vorticity, afunction of
both lapse rate and vorticity. Indeed, thevorticity con-
trastin Fig. 9 over the eastern tropical Pecific (between
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Fic. 9. Tropical panels from 0000 UTC 2 Feb of an El Nifio year (top, 1983) and aLaNifiayear (bottom, 1989). Plotting conven-

tionsasinFig. 1.

120° and 150°W) is even more dramatic than the
tropopause 6 contrast, with anticyclonic relative vor-
ticity at 150 hPaeverywhere between 30°N and 30°S
inthe El Nifio year and cyclonic relative vorticity ev-
erywhere between 30°N and 30°SintheLaNifayear.
Two lessons from Highwood and Hoskins (1998)
come to mind: first, that different definitions of the
tropopause relate to different physical processes such
that no single definition is always “correct”; second,
that there is much about the dynamics of the atmo-
sphere in the tropical upper troposphere that remains
to be understood.

4. Summary

We have described a20-yr visudization of theglo-
bal tropopause. This visualization presents observed
dynamical aspectsof avariety of midlatitude and tropi-
cal weather phenomena, aswell asfeatures of the gen-
eral circulation. The visualization videotape is useful
as aresearch tool, asit presents anovel and dynami-
cally appealing way of viewing common features of
the global circulation, as well as strikingly illustrat-
ing some less widely known aspects such as anticy-
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clonic PV plumes and the annual cycle of thetropical
tropopause. The visualization videotapeisalso useful
as ateaching tool, asit allows students to develop an
intuitive conceptual model of potential vorticity,
Rosshy waves, jet streams, and the Hadley circulation
based on the real atmasphere rather than simplified
interpretations of the real atmosphere.

Selected individual images are posted online
(http://www.met.tamu.edu/tropopause). The images
are in GIF format; each image is 60—70 kb and the
complete set of images for 20 yr and 4 monthsis ap-
proximately 3 Gh. No loopsare posted at the Web site,
but users are encouraged to construct their own short
loops using programs with animation capabilities.

Copies of the videotape are available from the au-
thor for the cost of reproduction and mailing. To re-
quest one or more videotapes, visit the Web page or
contact the author at the address given on thetitle page
of thisarticle.
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