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A climatology of isentropic cross-tropopause exchange
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Abstract. We present a climatology of cross-tropopause air mass exchange on isentropic surfaces
in the middle world based on a Lagrangian framework. One-month isentropic trajectories are
computed for 8 years from 1992 to 1999 using the United Kingdom Meteorological Office
assimilated data set. This study provides seasonal and interannual variations of isentropic mass
transport between the lowermost stratosphere and the troposphere. The spatial distribution of the
exchange is investigated to infer the primary mechanism for the exchange. The climatology of the
stratosphere-troposphere exchange exhibits a prominent annual cycle of two-way exchange. The
largest downward flux of stratospheric air to the troposphere occurs in late spring to summer in
both hemispheres. The smallest downward flux of stratospheric air into the troposphere occurs
during the fall season in both hemispheres. For the upward flux of tropospheric air to the
stratosphere, the greatest transport appears in fall and winter, and the smallest appears in summer,
in both hemispheres. The preferred routes for downward transport in both hemispheres
correspond to the regions with the highest frequency of Rossby wave-breaking events and with
the storm tracks along the jets, implying that tropopause folding and baroclinic eddy activity are
responsible for the gross horizontal distribution. A notable interannual variation is the existence
of much stronger flux of stratosphere-to-troposphere transport in the northern winter during the
period 1996-1999 than during the period 1992-1995. Increased medium-scale wave activity is the
likely explanation for this interannual variability. An observed increase in the northern
midlatitude total column ozone in 1998 winter/spring may arise partly from the decreased upward

transport of ozone-poor tropospheric air.

1. Introduction

Air mass and trace constituent exchange between the
stratosphere and troposphere has long been a crucial problem in
meteorology, climatology, and atmospheric chemistry. Since
stratospheric air has high potential vorticity (PV) and ozone and
low water vapor and chlorofluorocarbons (CFC) compared with
the troposphere, transport and mixing between the stratosphere
and troposphere can cause changes in the chemical and
dynamical characteristics of the atmosphere. Aircraft emission of
various pollutant species in the midlatitude lower stratosphere
could influence the chemistry of the troposphere and stratosphere
through transport and stirring processes. These affect the
radiative budget, at least locally, which in turn influences the
chemical composition and PV values. Therefore understanding
stratosphere-troposphere exchange (STE) is essential for
understanding the spatial distribution of trace constituents such as
ozone, water vapor, nitrous oxide (N,O), methane (CH,), and
aerosols.

The simplest model of stratosphere-troposphere exchange is
the well-known Brewer-Dobson circulation, which was deduced
from analyses of water vapor and ozone observations in the
stratosphere [Brewer, 1949; Dobson, 1956] by extending the
circulation below the tropopause. The global circulation in the
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stratosphere is driven primarily by Rossby and inertio-gravity

waves, which propagate upward from the troposphere. They

deposit their momentum in the stratosphere through wave

breaking and dissipation. This eddy-driven mean meridional

circulation consists of ascending motion from the tropical

troposphere to the stratosphere and descending motion from the
extratropical stratosphere to the upper troposphere. In such a
way, air mass and accompanying trace constituents are
transported across isentropic surfaces diabatically by a single-cell
circulation in each hemisphere.

Along with diabatic transport, adiabatic quasi-horizontal
transport along isentropic surfaces also plays a critical role in
transporting and mixing trace constituents between the
stratosphere and the troposphere. There is considerable evidence
that exchange between the lowermost stratosphere (the
stratosphere within the middle world [Hoskins, 1991]) and
troposphere takes place isentropically. Numerous observational
studies such as those of Appenzeller et al. [1996a], Lelieveld et
al. [1997], Vaughan and Timmis [1998], and Ray et al. [1999]
have convincingly shown that air mass, water vapor, and
chemical species are transported bidirectionally along isentropic
surfaces crossing the subtropical or midlatitude tropopause. This
exchange is much faster than the meridional diabatic circulation
[Holton et al., 1995]. Our study focuses on short-timescale,
isentropic, cross-tropopause exchange in the middle world.

As an important mechanism of STE in the extratropics,
tropopause folding associated with planetary- or synoptic-scale
Rossby wave breaking has been widely studied in observations
and models [Danielson, 1968; Shapiro, 1980; Appenzeller and
Davies, 1992; Lamarque and Hess, 1994]. In this process, a
tongue of stratospheric air intrudes deeply into the tropical or
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subtropical troposphere in relation to a midlatitude low-pressure
system and cold front, possibly forming a new region of
cyclogenesis [Hoskins et al., 1985] and changing the local
radiative balance. In a vertical crosssection the intrusion appears
as a V-shaped fold, reaching the 500- to 850-hPa level. The
elongated (~2000 km) and narrow (~200 km) streamers induce
local, irreversible mixing of stratospheric air with tropospheric
air. The importance of the streamer-like intrusion in the net
stratosphere-to-troposphere exchange was suggested by
Appenzeller and Davies [1992] and Appenzeller et al. [1996a].
Other recent studies [Hoerling et al., 1993; Chen, 1995; Postel
and Hitchman, 1999] clarify the preferred regions for Rossby
wave breaking or mass exchange, including the role of large-
scale anticyclones in STE [Dethof et al., 1999]. The upper level
baroclinic areas located downstream of the subtropical
anticyclones seem to be the regions of stratosphere-to-
troposphere transport, and the regions upstream of the
anticyclones likely offer the main route for transport of
tropospheric air to the stratosphere. In this study, the localization
of the two-way exchange will be explicitly investigated by a
calculation of air parcel transport.

The study of the annual cycle of transport between the
stratosphere and troposphere has a direct implication to
observations. Appenzeller et al. [1996b] argued that the net mass
flux into the troposphere exhibits a distinct maximum in the late
spring and minimum in fall through a simple budget model using
the UK Meteorological Office (UKMO) 1992-1993 data,
claiming exact consistency with the seasonal variation of the low-
level concentration of the stratospheric debris by Fry et al.
[1960]. The latter authors demonstrated that the fallout by
rainfall of stratospheric radioisotope, strontium 90 (*°Sr),
entrained into the lower stratosphere by the Soviet hydrogen
bomb test series in the fall of 1958, peaks in the spring of 1959.
The same result was retrieved for different years, 1996-1997, of
the Goddard Earth Observing System (GEOS) data by Gertelman
and Sobel [2000].

In relation to the seasonal and spatial variations of the cross-
tropopause exchange, Chen [1995] showed, by using a semi-
Lagrangian transport model and winds from the European Centre
for Medium-Range Weather Forecasts (ECMWF), that cross-
tropopause mass exchange by breaking synoptic-scale waves
takes place vigorously throughout the year below the 330 K
isentropic surface. Above the 340 K isentropic surface, little STE
occurs in the winter hemisphere due to a barrier to mixing along
the strong PV gradient at the tropopause. In contrast, active STE
occurs in the summer hemisphere in relation to the summer
monsoon in Asia, Mexico, Australia, and South America [see
also Haynes and Shuckburgh, 2000]. Postel and Hitchman
[1999] investigated the temporal and spatial distribution of large-
scale and synoptic-scale wave-breaking events along the
tropopause on the 350 K isentropic surface using 10 years of
ECMWEF data. The North Pacific during boreal summer and the
South Atlantic during austral summer are the regions with the
highest frequency of Rossby wave breaking. In these times and
locations, air masses in the tropical troposphere are rapidly
transported from the subtropical high-pressure system into the
midlatitudes in the stratosphere during Rossby wave-breaking
events.

Although the main physics or seasonal variations of STE were
revealed by the aforementioned Eulerian analyses, including
mass budget calculations [Follows, 1992; Hoerling et al., 1993;
Lamarque and Hess, 1994; Appenzeller et al., 1996b; Gettelman
and Sobel, 2000], a semi-Lagrangian transport model [Chen,
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1995], or a combination of the two in the tracer transport budget
calculation [Stone et al., 1999], it is worth investigating the
climatology of seasonal variation of mass flux and diagnosing
exchange using Lagrangian methods. Lagrangian methods can
explicitly show transport pathways. Additionally, even though a
complete understanding of the STE process for air parcels
requires a three-dimensional calculation of the trajectories,
isentropic trajectories can render useful information on this
process and its mechanism, for example, the frequent location of
the occurrence of STE and the major agents responsible for the
exchange.

The aim of this study is to use a Lagrangian framework to
estimate the global-scale isentropic exchange of air across the
tropopause, which is defined here in terms of potential vorticity.
We examine the seasonal and spatial variations of fluxes for both
the intrusion of the stratospheric air into the troposphere and the
extrusion of tropospheric air into the stratosphere. The relation
of actual Lagrangian transport to Rossby wave-breaking events
signified by the reversed gradient of a selected PV threshold on
isentropic surfaces [Baldwin and Holton, 1988; Postel and
Hitchman, 1999] is investigated. Additionally, the interannual
variability of the cross-tropospheric transport is explored with a
discussion of possible causes.

A recent work of isentropic cross-tropopause mass exchange
in the middle world by Dethof et al [2000] is based on the
contour advection technique [Norton, 1994; Waugh and Plumb,
1994]. The surgery procedure for small-scale features is used to
compute transport by small-scale filaments across the dynamical
tropopause. Our method differs from theirs in a few respects.
We are mostly concerned with the larger spatial and longer-
timescale air mass exchange in the sense that our calculation
averages out the small-scale and short-timescale (within a week)
reversible features. We compute transport across the time-
varying dynamical tropopause, as defined by the meteorological
analyses used to compute the parcel trajectories. Furthermore, our
interests include calculation of the principal routes for exchange
and interannual variability.

The paper is organized as follows: In section 2 we describe the
trajectory model and data. The method and diagnostic quantities
are outlined in section 3. The principal results of this work are
presented in section 4, in which Lagrangian cross-tropopause flux
and its annual climatology and interannual variability are
revealed. Section 5 contains concluding remarks.

2. Trajectory Model and Data

Trajectories of idealized passive particles are calculated in
spherical coordinates on isentropic surfaces. Integration of
particle locations is carried out by using a standard fourth-order
Runge-Kutta scheme and analyzed winds [Bowman, 1993]. One-
month trajectories are computed for 8 years (1992-1999) to
provide a climatology of cross-tropopause exchange. Particles
are initialized on a 192 x 384 uniform longitude-latitude grid
covering latitudes from 88°S to 88°N at 320, 330, 350, and 370 K
on the first day of each month. Since each particle is assumed to
represent the corresponding surface area, the large number of
particles is expected to provide a relatively good estimate of the
particle exchange rate. Velocities are interpolated linearly in
space and time from the gridded data to the particles' isentropic
positions. The integration time step used is 45 min.

To test the dependence of the results on initialization times, 1-
month integrations initialized 3 days earlier or later than the
nominal initial day are performed for several months of 1997.
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The result shows no more than about 10-20% differences in
derived quantities, implying that the statistics calculated in this
way can be regarded as fairly robust.

The data set used is the UKMO assimilated data set, which are
daily data with a three-dimensional global grid of 3.75° longitude
by 2.5° latitude at 22 Upper Atmosphere Research Satellite
(UARS) pressure levels extending from 1000 to 0.316 hPa
(surface to mesosphere). Winds and temperatures are
interpolated linearly in log 6 onto isentropic surfaces to drive the
off-line isentropic Lagrangian trajectory model and to calculate
instantaneous potential vorticity at air particle locations. A more
complete description of the assimilated data is found in the work
of Lorenc et al. [1991] and Swinbank and O’Neill [1994].

3. Diagnostics

In mass exchange calculations, a dynamical definition of the
tropopause is used. A value of 2 potential vorticity units (PVU)
(1 PVU = 10°K nt'kg's™) of Ertel's potential vorticity is selected
to represent the tropopause in the extratropics. PV values at
particle positions are calculated by linear interpolation in
horizontal space.

We employ a quantity, area flux, which was used before by
Dalhberg and Bowman [1994] in calculation of the amount of air
ejected and entrained across the edge of the lower stratospheric
winter polar vortex on isentropic surfaces. Each particle

represents an area A; ; = a“2 cos(9;) AAAP, where g, is the radius

of the Earth and AA and A¢ denote the longitude and latitude
dimensions, respectively, of the grid box surrounding each
particle at longitude 4 and latitude ¢,. The area flux into the
troposphere (stratosphere) per month is F=3%A; ;, where the
i
summation is over all particles crossing the tropopause from the
stratosphere (troposphere). The area of an isentropic surface
lying within the stratosphere ( Ag) in one hemisphere divided by
the area flux gives a timescale in months for exchange across the
tropopause on that isentropic surface, 7=A;/F. In this study,
all fluxes are divided by the area of the hemisphere
(Ay =2mag?) in order to provide a convenient numerical
magnitude (F = F/ Ag).

The area flux has two components. One is the flux of
stratospheric air into the troposphere (referred to as "downward"
or "S-to-T" flux) and the other is the flux of tropospheric air into
the stratosphere (referred to as "upward" or "T-to-S" flux). The
net downward flux is defined as downward flux minus upward
flux. The two area fluxes are calculated by simply considering
the initial and final values of potential vorticity at the parcel
locations. This comes from the fact that the STE process
involves nonconservation of potential vorticity following
individual air parcels. In the Northern Hemisphere, for example,
suppose that particles initially have a potential vorticity less than
the representative potential vorticity value for the tropopause and
that after 1 month of transport by the wind field, the potential
vorticity of each particle has greater value than the threshold PV.
Then the parcel is considered to have moved from the
‘troposphere to the stratosphere; vice versa for downward flux
cases. This method renders the flux calculation more
straightforward by ignoring most sporadic reversible exchange,
which is on a timescale of a few days, between the starting and
ending dates.

To gain insight into how particles are transported across the
tropopause, the fluxes are calculated across equivalent latitudes
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for the upward and downward fluxes. The width of the curves
shows the degree of penetration of the exchanged air parcels into
the corresponding part of the atmosphere.

Rossby wave breaking and possibly high-amplitude Rossby
waves are known to be one mechanism by which a significant
amount of air is exchanged across the tropopause. In relation to
this, preferred locations for cross-tropopause exchange are
investigated by computing the locations at which parcels cross
the tropopause. This is done by summing the area associated
with particles that cross the tropopause, binned into 5° X 5°
longitude-latitude boxes. Tests show that the major features are
independent of the bin sizes employed. This statistic is
inherently a Lagrangian quantity, providing a favorable
comparison of the abovementioned theory and more specifically
the climatology of Rossby wave breaking on an isentropic
surface shown by Postel and Hitchman [1999]. Greater values of
this quantity are expected near the region of frequent Rossby
wave breaking along the tropopause.

4. Results

One-month isentropic trajectory calculations are computed for
the 8 years from 1992 to 1999. The results at 330 K and 350 K
are primarily discussed here. Although the 350 K surface is
nearly horizontal, it is located at a rather higher altitude than the
approximate location of the center of the lowermost stratosphere,
as shown in the climatological picture of the isentropes [e.g.,
Chen, 1995; Holton et al., 1995]. In contrast, the 320 K or 330 K
surface may be a more proper isentropic surface to be
representative of the cross-tropopause exchange process, and for
a practical purpose, this surface is best correlated with the total
column ozone [Hood et al., 1999, and references therein]. The
average results for cross-tropopause mass exchange are a
combination of the two surfaces: 330 K and 350 K.

4.1. Particle Distributions

Before discussing the area fluxes, we consider the annual
cycle in the global location of the tropopause and the associated
stratospheric area. Bear in mind that 2 PVU is chosen as the
dynamical tropopause in this study. Figure 1 shows the
variations of the climatological stratospheric area at 330 K and
350 K for each hemisphere. The areas of each stratospheric
region exhibit a prominent seasonal cycle. The minima in the
stratospheric areas appear in summer for both hemispheres
following the poleward shift of the jets. The greatest
equatorward movement of the tropopause is found for the
Northern Hemisphere (NH) 330 K surface from late winter to
early spring. At 350 K in the NH the shift does not occur until
late spring. In contrast, the 350 K area in the Southern
Hemisphere (SH) has no distinct maximum value. The seasonal
variability in the average location of the tropopause, and thus the
area of the stratosphere, is greater in the NH than in the SH. In
general, the SH phases are offset from the NH by 6 months at
each level. Shown also in Figure 1 is an equivalent latitude of the
stratospheric area, defined by

9, =sin"1(1- A

ek b
where A(g) is the stratospheric area enclosed by the contour of
potential vorticity, ¢, and q is the Earth’s radius.

To illustrate the stratosphere-troposphere exchange process,
Plates 1 and 2 show examples taken from the months when the
greatest exchange occurs. Plate 1 illustrates the locations of air
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Figure 1. Variations of the climatological stratospheyic area at
330 K and 350 K for each hemisphere. The right ordinate is an
equivalent latitude for the stratospheric area.

parcels experiencing cross-tropopause exchange for the month of
peak downward flux (May 1997). Particles transported into the
troposphere are indicated by crosses, and the particles transported
into the stratosphere are shown by triangles. The main sets of
stratospheric particles crossing different tropopause regions are
classified with different colors. At this time of maximum S-to-T
flux, particles transported downward to the troposphere originate
from a broad range of latitudes. Rossby wave breaking over the
Pacific moves stratospheric air parcels downward through the
tropopause. This can be seen in the plot of May 9, 1997, where a
group of the stratospheric particles near the date line (marked as
red) are transported during tropopause folding over the Pacific.
The stratospheric parcels that have penetrated the tropopause also
come from Europe (cyan) and the Atlantic (dark blue) on May 9
and 21, 1997.

From the daily PV maps it can be seen that the most frequent
tropopatse folding regions are in the Pacific and the Atlantic.
Another region of wave breaking, though the amplitude is smaller
than the former two zones, appears in western Europe. PV
analysis and particle locations reveal that major stratosphere-to-
troposphere transport occurs through a series of the intermittent
wave-breaking events and the amplification of nonbreaking
waves that eject stratospheric air into the troposphere in a
sporadic manner.

In contrast to S-to-T parcels, most T-to-S parcels (magenta)
are located initially in close proximity to the tropopause.
Tropospheric air is also exchanged into the stratosphere by
tropopause folding [e.g., Lamarque and Hess, 1994], as indicated
by the particles over the Pacific ocean in Plate 1. Some
tropospheric air is brought deep into the stratosphere following
the cutoff tropospheric PV entities over Asia and western Europe.
However, T-to-S parcels mostly remain near the tropopause at the
end of the 1-month integrations.

For the month of maximum troposphere-to-stratosphere
transport (Plate 2a, October 1997), most tropospheric air parcels
that cross into the stratosphere originate near the tropopause.
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Some, however, come from the tropics and subtropics over
Central America. The latter particles, denoted by a circle in the
plot, are transported northeastward in the confluence region (near
the anticyclone in western Europe) formed during Rossby wave
amplification and breaking in the Atlantic and penetrate the
tropopause. During this time, a quasi-stationary Mexican ridge is
present off the west coast of America. Along the western flank
of the ridge, tropospheric particles initially in the eastern
hemisphere are transported eastward, forming an important
region of upward exchange in the eastern Pacific and western part
of North America.

The maximum downward flux is smaller in the SH than in the
NH at this level (Plate 2b, November 1997). As can be seen in
the PV field, over the oceanic regions from 30°S to 50°S several
wave-breaking events occur, leading to local peaks in the annual
average of the accumulated area flux (Figure 7 below). Plate 2¢
shows the initial and final particle locations for the case of the
maximum SH troposphere-to-stratosphere exchange (April 1997).
A main difference from the NH October or SH November case is
that more subtropical and tropical tropospheric air particles take
part in this exchange. The final penetration of tropospheric air
into the stratosphere is greater than that of stratospheric air into
the troposphere in the previous case (Plate 2b).

Thus the main asymmetry between the hemispheres is that the
latitudinal origin of northern stratospheric air undergoing
downward transport, irrespective of the magnitude of net
transport, is the entire region poleward of the tropopause,
whereas the southern stratospheric air parcels involved are mostly
located at middle latitudes near the tropopause. Another
difference is that more parcels of tropical origin undergo upward
transport in the SH than in the NH at the time of greatest upward
flux.

4.2. Climatology of the Area Flux

The PV gradient in the stratosphere on an isentropic surface is
normally much greater than that in the troposphere on the same
isentropic surface. Owing to this nonuniform PV gradient and
the asymmetric pattern of the extratropical tropopause, it can be
difficult to interpret results using PV as a coordinate. The use of
equivalent latitude allows better insight into transport or
exchange across the deformed parametric surfaces or contours.
Figure 2 shows the distribution of initial and final equivalent
latitudes for particles crossing the tropopause in each direction at
330 K for each hemisphere. The curves are plotted only for
particles that cross the tropopause exchange. They provide a
measure of how far the exchanged particles penetrate into their
new regions, and the magnitude of each curve at the tropopause
(vertical lines in Figure 2) represents the amount of upward or
downward transport. It is evident in all cases that the major part
of the exchange begins and ends in the vicinity of the tropopause
and that each component of the flux is nearly symmetric about
the tropopause latitude (the curves appear asymmetric if PV is
used as the meridional coordinate). It can be seen that for the NH
winter stratospheric air parcels are mixed well into the
troposphere compared with the northern summer. Spring is the
season of greatest transport into the troposphere and weakest
transport into the stratosphere. In this season, stratospheric air
parcels in high latitudes take part in the cross-tropopause
exchange (also illustrated in Plate 1), producing the most skewed
distribution. The net area flux across the tropopause, which is the
difference between the upward flux and downward flux at the
tropopause latitude, is greatest in the NH spring. The exchange
curves during the NH summer season are quite similar to those in
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Plate 1. Locations of air parcels experiencing cross-tropopause exchange for the month with maximum downward
transport at NH 330 K (May 1997). (a) Initial locations, (b and c¢) intermediate locations, and (d) final locations.
The tropospheric air particles transported into the stratosphere are represented by triangles, and stratospheric air
transported into the troposphere is shown by crosses. The stratospheric air patticles marked with different colors

cross different longitudinal regions of the tropopause.

the winter season except for the lesser penetration of
stratospheric air toward the equatorial troposphere, while the net
flux in fall is nearly zero.

The right panels of Figure 2 are similar plots for the SH. In
SH winter and spring, the upward and downward fluxes display a
similar distribution and the net flux at the tropopause is small.
For the SH fall, average fluxes reveal that the deepest mixing in
of tropospheric air parcels and the largest negative net mass
exchange take place. However, the stratospheric origin with
which particles enter the troposphere is shallow in comparison
with the NH case for all seasons. In general, the greater the
amount of the exchanged mass in either direction, the deeper the
penetration into the other domain of the atmosphere.

At 350 K (not shown), where the climatological location of the
tropopause is nearer the equator than at 330 K (see Figure 1),
some of the tropopause-penetrated stratospheric air parcels are
mixed into the Southern Hemisphere. This interhemispheric
exchange is the largest in the summer season, when the greatest
stratospheric intrusions take place at this level.

Figure 3 shows the seasonal variation of the area fluxes
averaged over the 8 years in each hemisphere at 330 K and 350
K. Superimposed are the +1 standard deviations of each flux for
the individual months of the period. The NH downward flux
peaks in May at 330 K and in June at 350 K. This late spring
maximum of the stratospheric intrusion brings dry ozone-rich air
into the middle or lower troposphere, which is in good agreement
with observational studies on the concentration of the
stratospheric debris discussed in the introduction. A wintertime
secondary peak in the downward flux is also seen, especially at
350 K.

The SH seasonal cycle of downward flux is less distinct than
that of the NH. However, it seems that the southern maximum
downward transport occurs in spring and summer. On the other
hand, the minimum in the downward flux appears in fall for both
hemispheres.

Similar to the seasonal cycle of the downward flux, the
upward flux generally shows a hemispheric symmetry. The
largest flux of tropospheric air into the lowermost stratosphere
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Plate 2. Locations of air parcels for (a) NH October, (b) SH November, and (c) SH April 1997 at 330 K. Triangles
denote the tropospheric air transported into the stratosphere, and crosses indicate the stratospheric air transported
into the troposphere.
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Figure 2. Distribution of initial and final equivalent latitudes for particles crossing the tropopause at 330 K for each
hemisphere. Solid curves represent the troposphere-to-stratosphere flux, and dotted curves indicate the
stratosphere-to-troposphere flux. Vertical lines indicate the locations of the dynamical tropopause (2 PVU). The
magnitude of each curve at the tropopause corresponds to climatological seasonal average upward or downward
flux (per month).
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Figure 3. Climatological monthly variations of the exchange fluxes in each hemisphere at 330 K and 350 K.
Heavy solid curves denote the troposphere-to-stratosphere flux, dotted curves indicate the stratosphere-to-
troposphere flux, and light curves show net cross-tropopause flux (stratosphere-to-troposphere flux minus
troposphere-to-stratosphere flux). The error bar represents the standard deviation. Note that the abscissa is shifted

6 months between the two hemispheres.

occurs in fall and winter seasons in both hemispheres. This
seasonality in T-to-S transport explains why the lower
stratospheric air was much fresher or younger in fall than in late
spring or early summer, a phenomenon observed by Reiter et al.
[1975]. The smallest upward flux occurs in summer in both
hemispheres.

Thus the annual cycle of the net downward flux shows a late
spring or early summer maximum in the NH. In fall the net flux
is negative (upward) in both hemispheres. For the SH, a positive
(downward) net flux occurs only from midspring through
midsummer. In the SH at 350 K the upward flux from
troposphere into stratosphere dominates throughout most of the
year except for midsummer, when the downward flux is still
small.

Exchange timescales for the stratosphere for each month are
calculated by using Figures 1 and 3 in a way explained in section

3. For the downward flux, the summer exchange time is only 3
or 4 months due to the weakened tropopause mixing barrier.
Mixing times in other seasons are <6 months except for an 8- or
9-month timescale at 350 K in the SH. For the upward transport,
the SH has an exchange timescale of <6 months. The NH has
large variabilities with 2 or 3 months in fall and 5-10 months in
spring and summer seasons.

In order to test the sensitivity of the results to the PV contours
used to represent the tropopause, the upward and downward
fluxes are calculated for PV values ranging from 1.5 to 3.0 PVU
(results not shown). Within this PV range the seasonal cycle of
flux is similar for different PV values, although the fluxes on
higher isentropic surfaces have a somewhat larger annual cycle at
higher PV values. A general feature is that as the PV value
increases, the downward flux increases and the upward flux
decreases. The change in flux per PV unit is less than 20%.
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Therefore the results do not appear to be particularly sensitive to
the choice of PV threshold.

Also, to test the dependence of the results on integration times,
area fluxes are calculated for different lengths of integration
times with a 5-day increment (results not shown). During the
first few days the exchanged areas increase rapidly with time.
This is likely due to uncertainties (errors) in the PV. After about
5 days the exchanged areas increase approximately linearly as a
function of integration time. Therefore the use of 1-month
integrations does not appear to have a significant influence on the
flux calculations.

4.3. Interannual Variability

The error bars in Figure 3 show that there is considerable year-
to-year variability of the upward, downward, and net transport at
330 K and 350 K. Although the standard deviation of the upward
and downward fluxes reaches up to 50% of the means, the
seasonal variation of transport in each direction is persistent
during the 8 years. The error bars on the upward, downward, and
net fluxes in the NH show the higher variability that occurs in the
winter seasons, implying that S-to-T and T-to-S transport might
be dependent upon the strength and frequency of wintertime
baroclinic storm systems. The SH annual variability is also large,
but its magnitude looks similar throughout the year because
baroclinic activity is persistent year-round [Trenberth, 1991]

The wintertime stratosphere is highly variable from year to
year due to variations in wave forcing from the troposphere. This
wave forcing may drive variations in stratosphere-troposphere
exchange. In order to search for a relationship between wave
activity and downward transport, we compare exchange rates
with wave statistics for each year. As an example, in December
at 330 K the downward flux for the last 4 years appears greater
than that for the first 4 years (Figure 4). The reverse is true for
the upward flux. Therefore the net flux undergoes larger
variability than other months. The abscissa in Figure 4 represents
the total wave power for medium-scale waves (zonal wave
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Figure 4. Interannual variation of downward flux and power
integrated over all frequencies of eastward propagating medium-
scale waves (zonal wave numbers 4-7) for December at 330 K.
Asterisks denote the first 4 years (1992-1995), and crosses
indicate the latter 4 years (1996-1999).
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Figure 5. February-March-April mean upward flux summed
over 320, 330, and 350 K for 1992-1999. Asterisks denote
February-March-April mean TOMS total column ozone (Dobson
units) averaged over 30°-50°N. Ozone data are not available for
1995 and 1996.

numbers 4~7) [e.g., Randel, 1990] for the Montgomery stream
function in December at the 36.2°N latitude of the 330 K
isentropic surface (the approximate location of the tropopause at
this level). There is greater wave power during the years 1996-
1999 than during 1992-1995. Although a strict relationship
between the total power and downward flux is not shown, a
signature that the strength of the medium-scale waves can be
proportional to the cross-tropopause mass flux should not be
simply ignored. It is revealed from wave power spectra that the
eastward propagating waves have a period lower than
approximately 15 days (not shown), implying during 1996 to
1999 more synoptic-scale and mesoscale disturbances are
developing and passing in midlatitudes. Hence the most likely
explanation for this variability is that increased baroclinic and
cutoff wave activity accompanies much more frequent and
stronger wave-breaking or wave amplification events resulting in
stronger downward transport of stratospheric air into the
troposphere.

Interannual variability of STE may play a role in the recent
change of stratospheric total column ozone in the northern
midlatitudes (for changes of midlatitude total ozone, see Hood et
al. [1999], and references therein). The stratospheric ozone
amount has decreased by ~5% between 1979 and 1994-1997 in
winter/spring seasons [World Meteorological Organization
(WMO), 1999], but in 1998 a northern stratospheric ozone
increase was observed [WMO, 1999]. Morgenstern and Carver
[1999] and Dethof et al. [2000] have proposed that increased
upward transport during the winter/spring of 1997 is responsible
for this increase. For the period of only 1997 and 1998, they
showed that this change arises from a difference in the mass
transport from the troposphere. To complete this argument and
as an independent check for this variability, the 8-year exchange
results are examined. Figure 5 shows February-March-April
mean upward flux summed over three lower levels (320, 330, and
350 K) for 1992-1999. Also plotted are Total Ozone Mapping
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Figure 6. Horizontal distribution of the climatological springtime and wintertime accumulated area flux at 330 K.
Regions with values greater than 3 units are shaded. Overdrawn are the climatological seasonal mean Montgomery

stream function (x1000 m?s?) and winds.

Spectrometer (TOMS) total column ozone concentrations in
Dobson units averaged over the midlatitude band in the NH.
Ozone data are not available for the 1995 and 1996 winter/spring.
A relatively strong correlation between the upward flux and total
column ozone is clearly evident (the correlation coefficient is -
0.90). The significantly decreased upward transport of ozone-
poor tropospheric air appearing in 1998 spring corresponds to
increased stratospheric ozone amounts. The small upward flux in
1994 is also consistent with a small increase in ozone amount. In
contrast, the large value of upward flux in 1999 is likely to
induce a decrease in midlatitude ozone amount; the observation
shows that total ozone has a level similar to that of the early
1990s. Note that there exists a possibility of changes in the wave
driving resulting in changes to midlatitude ozone via changes to
the mean meridional circulation [Fusco and Salby, 1999]. This
may have a great influence on interannual variations of total
ozone in association with changes in STE. It should be
remembered, however, that interannual variability of the
stratospheric ozone concentration involves complex physical and

chemical mechanisms; radiative and chemical effects, as well as
this kind of dynamical influence, are important in the real
atmosphere.

4.4. Spatial Distributions of the Area Flux

Figure 6 shows the locations at which particles cross the
tropopause in each direction at 330 K. Only spring and winter
seasons are presented. First, for March-April-May (MAM),
when northern stratospheric transport into the troposphere is
strongest, distinct peaks appear over the Pacific and the eastern
part of North America/western Atlantic, with the former much
greater. These peaks correspond to the regions of the highest
occurrence of Rossby wave-breaking events identified by Postel
and Hitchman [1999]. A relatively weak peak appears over the
edge of the Mediterranean and southwest Asia. The relative
strengths of the area fluxes are also approximately the same as
the relative frequencies of the Rossby wave-breaking events for
these three different peak regions. The downward exchange
regions are well correlated with the NH storm tracks, whose
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Figure 6. (continued)

activity is greatest at the tropopause level as shown in the
variance plots of geopotential, horizontal wind component, or
other atmospheric variables by Trenberth [1991]. This indicates
the importance of baroclinic activity in mass exchange across the
tropopause. On the other hand, upward transport from the
troposphere into the stratosphere in the NH is concentrated over
the western hemisphere with very small fluxes.

The December-January-February (DJF) climatology for
downward flux shows the same three major peak areas. The
primary peak over the Pacific is a bit weaker than the counterpart
for the MAM case. Upward transport of tropospheric air occurs
mainly out of phase with the peak regions of downward flux. For
the June-July-August (JJA) statistics (not shown), the downward
flux peaks near the Altay Mountains of Asia (~90°E, ~48°N),
over the North American continent, and the east coast of North
America, with their strength much weaker than the MAM
average. These are shifted poleward to 40°-60°N as the
tropopause moves northward in summertime (see Figure 1). The
distribution of downward transport closely follows the
summertime cyclogenesis statistics compiled by Whittaker and
Homn [1984]. Thus the peak regions represent the principal

cyclogenesis areas in the primary baroclinic storm tracks in the
respective seasons.

In the SH during September-October-November (SON), when
downward transport is greatest, the peak regions of the downward
flux are located over the south Indian Ocean, the east coast of
Australia, the South Pacific Ocean, and the South Atlantic Ocean.
Their magnitude is small and less well organized than the NH
case due to the greater zonal symmetry in storm tracks in the SH
than in the NH. The results also agree with the distribution of the
accumulated frequency of tropopause folds calculated by Postel
and Hitchman [1999]. Upward fluxes of tropospheric air parcels
have local peaks between the downward flux maxima. The JJA
patterns of upward and downward transport bear a close
resemblance to the SON distributions, similar to those shown in
the NH. A main difference is that the largest values are located at
the eastern coast of Australia. The strong downward flux region
is formed by the increased baroclinic activity supported by the

‘strong subtropical jet in this region [Trenberth, 1991;

Frederiksen and Frederiksen, 1993]. Other peak regions are also
associated with the local tracks of transient waves. This shows
again that baroclinic storm activity is closely related to STE
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Figure 7. Same as in Figure 6 except for horizontal distribution of the annual mean season total area flux at 330 K

and 350 K.

processes. For the flux distribution at 350 K, the summertime
patterns are similar to the springtime distribution patterns at 330
K in both hemispheres.

The annual mean downward flux is shown in Figure 7. In
general, the peak regions in stratosphere-to-troposphere transport
are formed in the primary cyclogenetic areas along the major
baroclinic storm tracks in or just downstream of the jet stream
maxima. Upward transport mainly occurs downstream of the
storm tracks. Therefore it can be said that mass exchange across
the tropopause is likely due to Rossby wave breaking or
cyclogenesis associated with synoptic-scale and mesoscale
transient waves.

Note that the STE region is confined in the latitudinal belt of
25°-50°N for the NH and 30°-45°S for the SH. This difference of
the STE widths between the hemispheres can be accounted for by
the difference of wave-breaking occurrence regions as shown by
Postel and Hitchman [1999].

The magnitude of the area flux is greater at 350 K than at 330
K, as is the variability of the tropopause location. This implies
that the exchanged area flux is distributed over a broader and
wider longitudinal and latitudinal zone than the lower isentropic
surfaces. However, the essential distributions of the peak
locations for the upward and downward mass fluxes are
analogous to those of 330 K, as revealed by the annual average of
the seasonal total mass fluxes (Figure 7).

5. Summary and Conclusions

An estimate is made of global-scale air parcel exchange across
the tropopause on isentropic surfaces in the middle world using a
Lagrangian trajectory model. One-month isentropic trajectories
are computed for 8 years from 1992 to 1999. The mechanism by
which STE occurs is explored through the analysis of the particle
trajectories, the Montgomery stream function, and the horizontal
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distribution of accumulated seasonal total area fluxes. This
Lagrangian study on isentropic exchange between the
stratosphere and troposphere is consistent with many earlier
observational facts.

The climatology of stratosphere-troposphere exchange
displays an annual cycle. The largest transport of stratospheric
air to the troposphere occurs in late spring or early summer, and
the smallest transport is in fall for both hemispheres. This is
consistent with observational evidence of Fry et al. [1960] and
the Eulerian budget result of Appenzeller et al. [1996b].

Upward transport of tropospheric air to the stratosphere is
greatest in midfall and smallest in late spring or early summer for
both hemispheres. This annual cycle agrees well with a previous
study of stratospheric residence time by Reiter et al. [1975]. The
lowermost stratosphere is composed of much fresher or younger
air mass in fall than in spring or summer. In situ measurements
of long-lived gases such as CFC-11, CFC-12, halon-1211, and
water vapor in the upper troposphere and lower stratosphere by
Ray et al. [1999] provide additional evidence of the seasonality.
They showed that the photolytic trace gas and water vapor
profiles have nearly the same mixing ratio in the northern
lowermost stratosphere as in the troposphere in September due to
quasi-isentropic transport into the lowermost stratosphere from
the tropical or subtropical troposphere. In contrast, the NH May
and June profiles have a large decrease of mixing ratio just above
the local tropopause, typically due to downward advection from
the overworld by the large-scale circulation coupled with weak
incursion of tropospheric air into the lowermost stratosphere.
Similar to these features, a finite layer of very low ozone
concentrations created by poleward Rossby wave breaking was
observed over Europe in the upper part of the lowermost
stratosphere (360-380 K) from January 1992 ozonesonde
measurement [Vaughan and Timmis, 1998)]. In addition to this
observational evidence of a winter maximum in upward flux, the
fact that the isentropic area having the tropospheric origin for
latitudes poleward of 40°N at 370 K (which is well inside the
stratosphere) peaks in winter is well matched with our
troposphere-to-stratosphere flux calculation at this level (not
shown), which reveals a winter maximum as well.

Isentropic mass exchange across the tropopause is
characterized as a two-way process throughout the annual course,
as pointed out by Dethof et al. [2000]. In this sense, the
extratropical tropopause seems to act as a rather leaky barrier to
Lagrangian transport. Tropospheric and stratospheric air is
thought to be coexistent and relatively well mixed in the vicinity
of the tropopause. Indeed, this presumably produces a laminated
structure in the upper troposphere as well as in the lowermost
stratosphere, as shown by Appenzeller et al. [1996a], and a high
concentration of water vapor in the lowermost stratosphere
observed by Hintsa et al. [1998].

Interannual variability of the NH midlatitude stratospheric
total column ozone in winter and spring may be related to
changes in troposphere-to-stratosphere transport. The relatively
high ozone amounts in 1998 may be due in part to decreased
upward isentropic transport of ozone-poor tropospheric air.
Another example of interannual variation in the mass flux is a
stronger secondary peak of stratosphere-to-troposphere transport
in the NH winter for the last 4 years (1996-1999) than during the
first 4 years (1992-1995). This winter secondary peak in mass
influx into the troposphere can be found in the budget result for
1997 by Gettelman and Sobel [2000].

The mechanism for exchange between the stratosphere and
troposphere is investigated by identifying primary corridors for

28,171

transport. The preferred routes for transport of stratospheric air
into the troposphere in the NH lie over the Pacific and the
western Atlantic Oceans. A third peak is found over southern
Europe and North Africa. The formation of the peak regions is
associated with the general pattern of the Northern Hemisphere
circulation, which is strongly influenced by zonally asymmetric
topography and diabatic heating; that is, the major troughs
develop in the lee of the Himalayas, Rockies, and Alps and the
east coastal areas (see the Montgomery stream function fields of
Figure 6). The latter provides a favorable environment for
baroclinic storm development by the supply of water vapor from
the relatively warm waters. The ridges are created over those
mountains or upstream [Wallace, 1983]. The SH downward flux
peaks over the south Indian Ocean, South Pacific, east coast of
Australia, and South Atlantic.

All of these locations correspond to the principal storm tracks,
the regions of strongest cyclogenesis [Whittaker and Horn, 1984;
Trenberth, 1991; Frederiksen and Frederiksen, 1993], and the
regions of highest frequency of Rossby wave-breaking events
[Postel and Hitchman, 1999], thereby implying that medium-
scale waves are the main agents in isentropic exchange between
the stratosphere and the troposphere. Accordingly, this justifies
the fact that the monthly or annual total mass flux estimated by
the extrapolation from observations of tropopause folding events
[Reiter et al., 1975; Danielson and Mohnen, 1977] falls within
the range of other estimates, for instance, from changes in CFC-
11 concentration [Follows, 1992] and a Eulerian budget
calculation [Appenzeller et al., 1996b].

The major downward transport takes place in breaking Rossby
waves that intrude dry stratospheric air into the middle or upper
troposphere in a sporadic manner. Poleward and upward
transport of moist, ozone-poor tropospheric air occurs mainly
inbetween regions of the main Rossby wave-breaking or
cyclogenetic areas. This longitudinal distribution is relatively
persistent throughout the annual cycle, except for summertime.

It should be noted that the annual cycle of mass exchange does
not follow either the seasonal cycle of the frequency of cyclone
or of Rossby wave breaking. Rather, the actual cross-tropopause
transport on an isentropic surface is determined by the relative
importance of the two factors at that height since, generally,
midlatitude baroclinic activities are greatest in wintertime,
whereas Rossby wave-breaking events are greatest in
summertime. Meanwhile, the SH summertime storm-track
activity is revealed to be as strong as wintertime at the tropopause
level [Trenberth, 1991], thus producing the maximum phase of
downward flux cycle in summer at both 330 K and 350 K. The
South Atlantic is an area of persistent downward transport
throughout the year, although this is not the strongest
cyclogenesis region. Instead, Rossby wave breaking might play a
dominant role in the exchange process.

Consequently, the detailed mass exchange between the
troposphere and the stratosphere is contingent upon location,
latitudinal extent, and frequency of extratropical cyclone
development and Rossby wave breaking, and thus the complete
statistics of storm tracks and wave breaking are necessary for
understanding the cross-tropopause mass exchange process.
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