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Abstract. In an earlier study of troposphere-to-stratosphere
transport (TST) via the tropical tropopause layer (TTL), we
found that the vast majority of air parcels undergoing TST
from the base of the TTL enter the extratropical lowermost
stratosphere quasi-horizontally and show little or no regional
preference with regards to origin in the TTL or entry into the
stratosphere. We have since repeated the trajectory calcula-
tions – originally limited to a single Northern Hemisphere
winter period – in a variety of months and years to assess
how robust our earlier findings are to change of timing. To
first order, we find that the main conclusions hold, irrespec-
tive of the season, year and phase of the El Niño Southern
Oscillation (ENSO). We also explore: the distribution of TST
between the Northern and Southern Hemispheres; the sensi-
tivity of modelled TST to the definition of the tropopause;
and the routes by which air parcels undergo transport exclu-
sively to the stratospheric overworld. Subject to a dynami-
cal definition of the tropopause, we identify a strong bias to-
wards TST in the Southern Hemisphere, particularly during
the Northern Hemisphere summer. The thermal tropopause,
defined according to the World Meteorological Organization,
lies above the dynamical tropopause throughout the extrat-
ropics. Inevitably, on switching to the thermal definition, we
calculate much less transport across the tropopause, particu-
larly in the subtropics, which could be important with regards
to interpretation of processes affecting ozone chemistry in
the extratropical lowermost stratosphere (ELS). In contrast
to the rather homogeneous nature of TST into the ELS, we
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find that transport to the overworld takes place from rela-
tively well-defined regions of the TTL, predominantly above
the West Pacific and Indonesia, except for an El Niño period
in which most transport takes place from regions above the
East Pacific and South America.

1 Introduction

In a recent study (Levine et al., 2007), we used trajectory
calculations to investigate the routes by which air parcels un-
dergo troposphere-to-stratosphere transport (TST) from the
base of the tropical tropopause layer (TTL), during a base-
line Northern Hemisphere winter period (January 2001). The
motivation for the study stemmed from the potential for halo-
genated very short-lived species, lifted rapidly as far as the
base of the TTL (e.g. by convection), to reach the strato-
sphere, where they could contribute to the depletion of ozone.
One of the main findings of our earlier model study was
that the vast majority of air parcels, approximately 85%,
which undergo TST on short timescales (less than or equal to
four weeks), enter the extratropical lowermost stratosphere
(ELS), that part of the stratosphere which lies below 380 K
in potential temperature, by quasi-isentropic transport across
the subtropical tropopause. This challenges the tacit assump-
tion that TST mainly takes place into the overworld, that
part of the stratosphere which lies above 380 K. We also
found that TST from the base of the TTL (transport into the
overworld and ELS) was remarkably homogeneous, with a
similar fraction of air undergoing TST from each longitu-
dinal region of the TTL to each longitudinal region of the
stratosphere.
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The main aim of the work presented here is to deter-
mine to what extent our earlier findings, based on trajec-
tory calculations in January 2001, prove robust to change
of season, year and phase of the El Niño Southern Oscilla-
tion (ENSO). To this end, the calculations are extended to
each remaining month of 2001 and a selection of months
in 1998 and 1999. As in previous studies (e.g. Fueglistaler
et al., 2004), we take 2001 as a baseline twelve-month pe-
riod that is relatively unperturbed by the ENSO, as evidenced
by the relatively small values of the multivariate ENSO in-
dex (–1.2<MEI<1.4). Through calculations in a variety of
months in 2001, we investigate seasonal variations in TST
in the absence of a strong ENSO influence. In contrast, we
examine inter-annual variations, including those related to
the ENSO, by comparing the results to 2001 with those ob-
tained from calculations in 1998 and 1999; the NH winters of
1997/1998 and 1998/1999 have previously been identified as
El Niño (MEI>1.4) and La Nĩna (MEI<–1.2) respectively
(see e.g., Bonazzola and Haynes, 2004). Besides changing
the timing of the experiment, in an extension of our earlier
work, we compare how much TST takes place in the North-
ern and Southern Hemispheres, and explore the sensitivity of
modelled TST to the definition of the tropopause (see later).

Recent model studies of TST have implicitly studied trans-
port to the overworld (e.g. Hatsushika and Yamazaki, 2003;
Bonazzola and Haynes, 2004; Fueglistaler et al., 2004 and
2005), usually in an effort to explain the very low water
vapour mixing ratios observed in the tropical lower strato-
sphere (see e.g., Mote et al., 1995 and 1996). There have
been relatively few model studies of transport from the TTL
into the ELS (Chen, 1995; Berthet et al., 2007) despite recog-
nition of itspotentialimportance (e.g. Allam and Tuck, 1984;
Holton et al., 1995) and observational evidence of its effects
on the chemical composition of the mid-latitude lower strato-
sphere (e.g. Vaughan and Timmis, 1998; O’Connor et al.,
1999). However, trace gas observations in the lowermost
stratosphere have been used to infer seasonal variations in the
amount of TST into the ELS (see Randel et al., 2001; Prados
et al., 2003; Hoor et al., 2004 and 2005), where an increase
in the concentration of water vapour or carbon monoxide,
accompanied by a decrease in the concentration of ozone,
is indicative of an increase in TST. Here, as in our earlier
study, we explore TST from the base of the TTL, including
transport into the ELS and overworld. However, for compar-
ison with previous studies, we will also briefly examine the
routes by which air parcels undergo transport exclusively to
the overworld.

Some studies of the ENSO have investigated its effect on
the chemical composition of the troposphere, including the
tropospheric ozone column and the concentration of water
vapour in the tropical upper troposphere (e.g. Chandra et al.,
1998; Ziemke and Chandra, 2003). However, more recently,
the effects of the ENSO on the transport of tropospheric wa-
ter vapour into the overworld (e.g. Hatsushika and Yamazaki,
2003; Bonazzola and Haynes, 2004) and the transport of

stratospheric ozone into the troposphere (e.g. Zeng and Pyle,
2005) have been investigated. The findings of these studies
suggest that the ENSO not only affects the vertical distribu-
tion of trace gases within the troposphere, but also the trans-
port of trace gases between the troposphere and the strato-
sphere. We will explore what effect the ENSO has on the
routes by which air parcels undergo TST from the base of
the TTL.

Levine et al. (2007) investigated TST with respect to the
dynamicaltropopause, defined throughout the extratropics as
the level at which the potential vorticity, PV, is equal to 2 PV
units, above which the concentration of ozone is observed to
increase rapidly towards typically stratospheric values (see
e.g., Hegglin et al., 2006; Thouret et al., 2006). Here,
we continue to investigate TST using this definition of the
tropopause. However, we also assess the sensitivity of mod-
elled TST to the choice of tropopause definition by repeat-
ing some of our calculations using the thermal definition of
the World Meteorological Organization (WMO, 1957). Ac-
cording to some observations (e.g. Bethan et al., 1996) and
theoretical studies (e.g. Wirth, 2000), the thermal tropopause
may lie as much as 800 m above the dynamical tropopause
at mid-latitudes. TST calculated with respect to the thermal
tropopause could therefore differ from TST calculated with
respect to the dynamical tropopause.

In Levine et al. (2007) and in this study, we use forward
trajectories to explore the fate of air that has reached the base
of the TTL. This approach is different, in concept, to most
of the earlier trajectory studies, which used backward trajec-
tories to explore the origin of air reaching the lower strato-
sphere. Results obtained by the two approaches must be
compared with great care. We also note that mass fluxes can-
not be calculated by our approach, as it does not account for
longitudinal variations in the flux of air through the base of
the TTL, or the origin of this air. In our earlier study (Levine
et al., 2007), a series of tracer experiments revealed marked
variations in the amount of boundary-layer air that enters dif-
ferent longitudinal regions of the TTL.

The trajectory calculations are described in the next sec-
tion and the results of these calculations are presented in
Sect. 3. We examine variations in the amount of TST from
the base of the TTL in Sect. 3.1. The routes by which
air parcels undergo TST are explored in Sects. 3.2 and 3.4,
focussing on latitudinal and longitudinal structure respec-
tively. In Sect. 3.3, we examine the distribution of TST be-
tween the Northern and Southern Hemispheres, whilst we
explore the sensitivity of modelled TST to the definition of
the tropopause in Sect. 3.5. In Sect. 3.6, we examine the
routes by which air parcels undergo transport exclusively to
the stratospheric overworld (i.e. neglecting transport into the
ELS) and we discuss the results, with reference to the litera-
ture, in Sect. 4.
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2 Method

The trajectory calculations are only described in outline here
as they follow precisely the same format as described in
Levine et al. (2007). For the purposes of this work, the cal-
culations originally performed in January 2001 are extended
to each remaining month of 2001 (February–December) and
a selection of months in 1998 and 1999. To capture seasonal
variations in 1998 and 1999, it was considered sufficient to
repeat the calculations every other month (i.e. in February,
April, June, August, October and December). However, we
explore a number of additional months, including December
1997, in order to cover, comprehensively, the key meteoro-
logical seasons, including the Northern Hemisphere winters
of 1997/1998 (El Nĩno) and 1998/1999 (La Niña).

At the start of each month, the operational analyses of
the European Centre for Medium-range Weather Forecasts
(ECMWF) are used to calculate the height of the dynam-
ical tropopause as a function of latitude and longitude.
Throughout the extratropics, between±(28–90)◦ latitude,
the tropopause is defined as the level at which the potential
vorticity, PV, is equal to 2 PV units. However, in the trop-
ics, between±13◦ latitude, where the PV cannot be used
to define the tropopause, the level of minimum temperature,
or “cold point”, is used instead. To ensure a smooth tran-
sition from one definition to the other, a weighted average
of the two levels is calculated in the subtropics, between
±(13–28)◦ latitude, according to Hoerling et al. (1993). The
tropopause marks the top of the TTL, spanning approxi-
mately 100–200 hPa (roughly 345–385 K in potential tem-
perature). The trajectories are released in a region close to
the base of the TTL, between about 165 and 195 hPa (roughly
345–355 K). In each month, 28 800 three-dimensional tra-
jectories are calculated using Offline 3 (see Methven, 1997)
from points spaced 1◦ apart, between±19.5◦ latitude and
0.5–359.5◦ longitude, on the upper and lower pressure sur-
faces that bound this region. For further details on the pre-
cise definition of this region, see Levine et al. (2007). The
locations of these trajectories are integrated four weeks for-
ward in time, using T106 ECMWF operational analyses, and
recorded every 30 min.

The analyses with which the trajectories are calculated de-
scribe the flow resolved at a horizontal resolution of approx-
imately 1.1◦×1.1◦ and a temporal resolution of 6 h. The
trajectories are therefore believed to be reasonably represen-
tative of the large-scale ascent observed in the tropics. How-
ever, they cannot capture meteorological features occurring
on short spatial and/or temporal scales, including individ-
ual small-scale convective events, the relative importance of
which remains uncertain.

We investigate TST over periods of four weeks, motivated
by the need to assess the potential for halogenated very short-
lived species to reach the stratosphere. However, in an ear-
lier study (Levine et al., 2007), we showed that the bulk of
TST from the base of the TTL (in a single-release tracer ex-

periment) is captured within a four-week integration and the
variations in the amount of TST from different regions of the
TTL are established on, if anything, shorter timescales. The
latter were also found to be qualitatively insensitive to the al-
titude of tracer release in the TTL. On longer timescales, we
saw an increase in the relative importance of transport to the
overworld, compared to transport into the ELS. For exam-
ple, we found that the fraction of a TTL tracer transported to
the overworld increased from approximately 2%, after four
weeks, to roughly 6%, after twelve months. In contrast, the
fraction of this tracer found in the ELS peaked after about
three weeks, at approximately 12%, and changed little there-
after. Note that, even after twelve months, two thirds of the
TTL tracer found in the stratosphere was found in the ELS.

Once the trajectories have been calculated, the analyses
are used to identify if, and where, each trajectory enters the
stratosphere and, specifically, the stratospheric overworld.
Most of the results presented in the next section concern the
routes by which air parcels undergo TST (Sects. 3.1–3.5);
these are based solely on the trajectories that are found in the
stratosphere at the end of the integration (i.e. four weeks af-
ter release). Some previous studies (e.g. Wernli and Bourqui,
2002; James et al., 2003) have filtered out air parcels demon-
strating shallow TST (i.e. penetrating only a short distance
into the stratosphere and/or spending only a short time in the
stratosphere before returning to the troposphere), for exam-
ple, by identifying only those air parcels that spend 9 days
or more in the stratosphere as undergoing “significant TST”.
We have not filtered out air parcels undergoing shallow TST,
on the basis that shallow TST could be important in deter-
mining the chemical composition of the lowermost strato-
sphere. Based on a small sample of the trajectories we calcu-
late (those calculated in January and July 2001), 85–90% of
the air parcels we identify as undergoing TST spend a total
of 9 days or more in the stratosphere, integrated over a four-
week period. However, only about a quarter spend at least
9 days in the stratosphere upon first crossing the tropopause,
implying many of the air parcels we identify as undergoing
TST demonstrate shallow TST. We note that shallow TST, in
particular, may be influenced by the resolution and quality
of the available time-varying meteorological fields. Addi-
tional results are presented concerning the routes by which
air parcels undergo transport to the overworld (Sect. 3.6),
based on the subset of TST trajectories that reach potential
temperatures in excess of 380 K; the 380 K isentrope closely
coincides with the tropical cold point.

3 Results

3.1 The fraction of air parcels undergoing TST

Figure 1 illustrates the fraction of air parcels released at
the base of the TTL in each month of 2001, 1998 and
1999, which are found in the stratosphere (subdivided into
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Fig. 1. The fraction of air parcels released at the base of the TTL in
each month of 2001 (baseline), 1998 (El Niño) and 1999 (La Nĩna)
that are found in the stratosphere (subdivided into the stratospheric
overworld and the extratropical lowermost stratosphere) four weeks
later. NB Not all months in 1998 (middle panel) or 1999 (lower
panel) were studied, however, the results for the preceding Decem-
ber (i.e. December 1997 and December 1998; labelled Dec*) are
presented.

the stratospheric overworld and the extratropical lowermost
stratosphere; ELS) four weeks later. We present the results
for 2001 first (top panel) as this “baseline” year is relatively
unperturbed by the ENSO. As discussed in Sect. 1, 1998
(middle panel) and 1999 (lower panel) include El Niño and
La Niña periods respectively. Note that, for 1998 and 1999,
the results for the preceding December (i.e. December 1997
and December 1998; labelled Dec*) are also included.

Irrespective of the season and year, many more air parcels
are found in the ELS than are found in the overworld at the
end of each four-week integration. Indeed, averaged over the
whole of 2001, five times as many air parcels are found in
the ELS (roughly 10% of those released) as are found in the
overworld (about 2%). It would appear therefore that one of
the major findings of our earlier study (Levine et al., 2007)
proves robust to change of timing: the majority of air parcels
undergoing TST from the base of the TTL undergo transport
into the ELS.

The total fraction of air transported to the stratosphere
(overworld + ELS) appears to exhibit an annual cycle be-
tween a maximum in the Northern Hemisphere (NH) winter
and a minimum in the NH summer. Broadly speaking, it
would appear that both the fraction of air transported to the
overworld and the fraction of air transported into the ELS ex-
hibit the same seasonality. As for variations between years,
more TST, particularly transport to the overworld, takes place
at the beginning of 1998 (El Niño) than at the beginning of
either 2001 (baseline) or 1999 (La Niña). However, a longer
multi-annual study (e.g. Fueglistaler et al., 2005) is required
to assess the statistical significance of the link between an El
Niño and an increase in TST.

3.2 The latitudinal structure of TST

Figure 2 illustrates what fraction of the air parcels under-
going TST in each month of 2001, 1998 and 1999 enter
the stratosphere in the tropics between±15◦ latitude, the
subtropics between±(15–35)◦ latitude, and at higher lati-
tudes between±(35–90)◦ latitude. Note that the temporal
variations in the absolute number of air parcels undergo-
ing TST (discussed in the previous section) have been re-
moved. Irrespective of the season and year, the vast major-
ity of air parcels undergoing TST, between 70 and 90%, en-
ter the stratosphere in the subtropics, whilst the remainder
are roughly evenly split between the tropics and higher lati-
tudes. The fraction of air parcels entering the stratosphere at
higher latitudes is relatively small but appears to be greater
in July and August than at any other time of the year. Addi-
tionally, TST at higher latitudes appears to play a somewhat
greater part in 1999 (La Niña) than 2001 (baseline) or 1998
(El Niño). However, the statistical significance of these vari-
ations has yet to be assessed.
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Fig. 2. The fraction of air parcels undergoing TST from the base of
the TTL in each month of 2001 (baseline), 1998 (El Niño) and 1999
(La Niña) that enter the stratosphere (i.e. cross the tropopause) in the
tropics between±15◦ latitude, the subtropics between±(15–35)◦

latitude, and at higher latitudes between±(35–90)◦ latitude. NB
Not all months in 1998 (middle panel) or 1999 (lower panel) were
studied, however, the results for the preceding December (i.e. De-
cember 1997 and December 1998; labelled Dec*) are presented.
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Fig. 3. The fraction of air parcels undergoing TST from the base of
the TTL in each month of 2001 (baseline), 1998 (El Niño) and 1999
(La Niña) that enter the stratosphere (i.e. cross the tropopause) in
the extratropics of the Northern Hemisphere (NH) and the Southern
Hemisphere (SH); see text for more details. NB Not all months in
1998 (middle panel) or 1999 (lower panel) were studied, however,
the results for the preceding December (i.e. December 1997 and
December 1998; labelled Dec*) are presented.
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3.3 The distribution of TST between the Northern and
Southern Hemispheres

Until now, we have not differentiated between the air parcels
that enter the stratosphere in the Northern Hemisphere (NH)
and those that enter the stratosphere in the Southern Hemi-
sphere (SH). Figure 3 illustrates what fraction of the air
parcels undergoing TST in each month of 2001, 1998 and
1999 enter the stratosphere in each hemisphere. Note that we
have only included here those air parcels that enter the strato-
sphere in the extratropics (i.e. poleward of±15◦ latitude); the
patterns are near-identical when all air parcels crossing the
tropopause are included. On the whole, more air enters the
stratosphere in the SH than in the NH. The fraction of air that
enters the stratosphere in the SH varies between about 50 and
75%, however, there is not a single month (studied) in 2001,
1998 or 1999 in which more air enters the stratosphere in the
NH than in the SH. In 2001, the hemispheric distribution of
TST appears to exhibit an annual cycle between a fairly even
distribution during the NH winter and one which is clearly
skewed towards the SH during the NH summer. There is a
suggestion of a similar cycle in 1999, however, no such cycle
can be identified in 1998.

We focus in the remainder of this section on the annual
cycle identified in 2001 and, in particular, on how this cy-
cle may be related to seasonal variations in the shape of
the tropopause. Figure 4 illustrates the pressure/latitude
cross-section of the tropopause in each month of 2001 (solid
black line), superimposed by the distribution of TST across
it (dashed black line); see Sect. 2 for the definition of the
tropopause. During the NH winter (e.g. January), the shape
of the tropopause in the subtropics is roughly symmetri-
cal about the equator and a not-dissimilar fraction of air
parcels enter the stratosphere in each hemisphere (58% in
the SH cf. 42% in the NH). However, during the NH sum-
mer (e.g. July), neither the tropopause nor the distribution of
TST is symmetrical about the equator. The tropopause (in
the subtropics) is considerably lower in the SH than in the
NH and many more air parcels enter the stratosphere in the
SH (69%) than in the NH (31%). Evidently, at this time of
the year, air parcels released at the base of the TTL (±19.5◦

latitude) are required to travel, on average, a shorter distance
to reach the stratosphere in the SH. However, neither the con-
centration of TST in the subtropics nor the bias towards TST
in the SH issimplya result of the short (horizontal) distance
between the tropopause and the region in which the trajecto-
ries are released; trajectories originating close to the equator,
between±9.5◦ latitude, exhibit the same qualitative patterns
(see Fig. 4; dotted black lines). By the end of 2001 (e.g. De-
cember, shown in Fig. 4), the symmetry of TST about the
equator is re-established. We discuss the cause of this annual
cycle and the overall bias towards TST in the SH further in
Sect. 4.2.

3.4 The longitudinal structure of TST

Figure 5 illustrates what fraction of the air parcels undergo-
ing TST in each month of 2001, 1998 and 1999 (a) come
from each region of the TTL and (b) enter each region of the
stratosphere; the TTL and the stratosphere are divided into
45◦ intervals in longitude, with “Africa” spanning 0–45◦, the
“Indian Ocean” spanning 45–90◦ and so on (see figure cap-
tion). To first order, irrespective of the season and year, an
appreciable fraction of the air undergoing TST comes from
each region of the TTL and enters each region of the strato-
sphere. To this extent, the homogeneity of TST from the
base of the TTL identified in January 2001 (see Levine et
al., 2007) proves robust to change of timing. However, some
variations can be seen. For example, with the exception of
a period at the beginning of 1998, larger-than-average frac-
tions of the air undergoing TST come from the regions of
the TTL above Indonesia (red) and the West Pacific (dark
yellow); see Fig. 5a. At the beginning of 1998 (El Niño),
less of the air comes from these regions of the TTL, whilst
rather more comes from the regions above the East Pacific
(light green) and South America (dark green); the shift from
the West Pacific/Indonesia to the East Pacific/South America
will be discussed in Sect. 4.4. As for the entry of air into the
stratosphere, larger-than-average fractions of the air under-
going TST enter the stratosphere above Africa (dark blue),
the Indian Ocean (purple), South America (dark green) and
the Atlantic (bright blue), whilst smaller-than-average frac-
tions enter above the West, Central and East Pacific regions
(dark yellow, light yellow and light green respectively).

3.5 The sensitivity of modelled TST to the definition of the
tropopause

Until now, we have exclusively studied TST with respect to
thedynamicaltropopause, defined throughout the extratrop-
ics as the level at which the potential vorticity, PV, is equal to
2 PV units; see Sect. 2. However, to explore the sensitivity of
modelled TST to the definition of the tropopause, we have re-
peated some of our calculations using thethermaltropopause
definition of the WMO (1957): the lowest level at which the
temperature lapse rate rises above –2 Kkm−1, and the aver-
age lapse rate between this level and one 2 km above does not
fall below –2 Kkm−1. Analogous to Fig. 4, Fig. 6 illustrates
the pressure/latitude cross-section of the zonal-mean thermal
tropopause in each month of 2001 (thick black line), super-
imposed by the distribution of TST across it (dashed black
line). Much less TST is modelled with respect to the thermal
tropopause, than with respect to the dynamical tropopause,
within each four-week integration; note the change of scale
between Figs. 4 and 6. From Fig. 6, we can see that the ther-
mal tropopause (thick black line) lies above the dynamical
tropopause (thin black line) throughout the extratropics. It
is therefore possible that the reduction in TST at least partly
reflects the increase in the average distance air parcels must
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Fig. 4. The pressure/latitude cross-section of the zonal-mean, monthly-mean dynamical tropopause (solid black line), as defined in Sect. 2,
superimposed by the frequency distribution of the latitudes (5◦ bins) at which air parcels enter the stratosphere (i.e. cross the tropopause) in
each month of 2001; the dashed black lines refer to air parcels released between±19.5◦ latitude, whilst the dotted black lines refer to air
parcels released between±9.5◦ latitude.
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(a) TTL origin of air parcels transported

to the stratosphere

(b) Entry of air parcels into the

stratosphere
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Fig. 5. The fraction of air parcels undergoing TST from the base of the TTL in each month of 2001 (baseline), 1998 (El Niño) and 1999 (La
Niña) that(a) originate in each region of the TTL and(b) enter each region of the stratosphere; the TTL and the overworld are divided into
45◦ intervals in longitude, with Africa=0–45◦, Indian Ocean=45–90◦, Indonesia=90–135◦, W. Pacific=135–180◦, C. Pacific=180–225◦, E.
Pacific=225–270◦, S. America=270–315◦ and Atlantic=315–360◦. NB Not all months in 1998 (middle panel) or 1999 (lower panel) were
studied, however, the results for the preceding December (i.e. December 1997 and December 1998; labelled Dec*) are presented.

travel, from the base of the TTL, to reach the stratosphere.
The latitudinal distribution of TST also changes. Although
roughly the same number of air parcels cross the tropopause
in the tropics subject to either definition, many fewer air
parcels cross the thermal tropopause in the subtropics.

3.6 The longitudinal structure of transport to the overworld

In the preceding sections, TST has included transport into
the ELSand transport to the overworld. However, we fo-
cus in this section on transport exclusively to the overworld.
Figure 7 illustrates what fraction of the air parcels undergo-
ing transport to the overworld in each month of 2001, 1998
and 1999 (a) come from each region of the TTL and (b)
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Fig. 6. The pressure/latitude cross-section of the zonal-mean, monthly-mean thermal tropopause (thick black line), as defined by the World
Meteorological Organization (WMO, 1957), superimposed by the frequency distribution of the latitudes (5◦ bins) at which air parcels enter
the stratosphere (i.e. cross the tropopause) in each month of 2001 (dashed black line). For comparison, the zonal-mean dynamical tropopause,
as defined in Sect. 2, is also illustrated in each month (thin black line).
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(a) TTL origin of air parcels transported

to the overworld

(b) Entry of air parcels into the

overworld
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Fig. 7. The fraction of air parcels undergoing transport to the overworld from the base of the TTL in each month of 2001 (baseline), 1998
(El Niño) and 1999 (La Nĩna) that(a) originate in each region of the TTL and(b) enter each region of the overworld; the TTL and the
overworld are divided into 45◦ intervals in longitude, with Africa=0–45◦, Indian Ocean=45–90◦, Indonesia=90–135◦, W. Pacific=135–180◦,
C. Pacific=180–225◦, E. Pacific=225–270◦, S. America=270–315◦ and Atlantic=315–360◦. NB Not all months in 1998 (middle panel) or
1999 (lower panel) were studied, however, the results for the preceding December (i.e. December 1997 and December 1998; labelled Dec*)
are presented.

enter each region of the overworld. The different longitu-
dinal regions are the same as in Sect. 3.4. With the excep-
tion of a period at the beginning of 1998, a large fraction of
the air transported to the overworld, between about 50 and
75%, comes from the regions of the TTL above Indonesia
(red) and the West Pacific (dark yellow); see Fig. 7a. Pre-
vious studies (e.g. Hatsushika and Yamazaki, 2003; Bonaz-
zola and Haynes, 2004; Fueglistaler et al., 2004 and 2005)
have identified the region of the TTL above the West Pacific

as the predominant region for dehydration and the preferred
origin of air reaching the overworld (as found here). How-
ever, at the beginning of 1998 (El Niño), we find that a much
smaller fraction of the air comes from the regions above In-
donesia and the West Pacific, whilst a larger fraction comes
from the East Pacific (light green) and South America (dark
green). The cause of this shift will be discussed further in
Sect. 4.4. Other variations in the TTL origin of air trans-
ported to the overworld can be identified. It would appear
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that a larger fraction of the air comes from the region above
South America (dark green) during the late summer/early au-
tumn (e.g. August/September) than the rest of the year, at
least in 2001 (baseline) and 1999 (La Niña); in 1998 (El
Niño), this seasonality is obscured by the large fraction of
air transported from the region above South America at the
beginning of this year. Note that we have not assessed the
statistical significance of these features.

On the whole, the entry of air into the overworld exhibits
less longitudinal structure, with an appreciable fraction of air
entering the overworld in each region; see Fig. 7b. However,
that is not to say thesamefraction of air enters each region
of the overworld. In 2001, a larger-than-average fraction of
air enters the overworld above the Central Pacific (light yel-
low), whilst a greater fraction of air enters above Indonesia
(red) in 1998 and 1999. It would also appear that a larger
fraction of air enters the overworld above South America
(dark green) during the late summer/early autumn (e.g. Au-
gust/September) than at any other time of the year.

4 Summary and discussion

In extending our earlier study (Levine et al., 2007) over sev-
eral years, we have found that transport into the ELS con-
sistently comprises the main route by which air undergoes
TST from the base of the TTL. On timescales relevant to very
short-lived species (less than or equal to four weeks), trans-
port to the overworld typically accounts for less than 25%
of total TST (transport into the ELS + transport to the over-
world). However, besides supporting our earlier findings, the
study of a variety of months and years has revealed seasonal
variations in the amount of TST and the distribution of TST
between the Northern and Southern Hemispheres; we will
discuss these variations in Sects. 4.1 and 4.2 respectively.
Of particular interest is the overall bias towards TST in the
SH (integrated over a twelve-month period). We have also
found that the amount of TST calculated in the subtropics
is sensitive to the definition of the tropopause; see Sect. 4.3.
Finally, following on from previous studies of transport to
the overworld, we have examined the routes by which air
parcels undergo transport to potential temperatures in excess
of 380 K. These air parcels mainly come from regions of the
TTL above the West Pacific and Indonesia. However, we
have identified a clear shift in the TTL origin of these air
parcels to the East Pacific and South America during an El
Niño period. In Sect. 4.4, we will show how this shift is
related to changes in cloud cover and convection, accompa-
nying changes in equatorial sea-surface temperatures, char-
acteristic of an El Nĩno.

4.1 The seasonality of TST

Irrespective of the season and year, much more transport
takes place into the ELS than into the overworld, as evi-
denced by the larger fraction of air parcels found in the ELS
(roughly 10%) than are found in the overworld (about 2%)
four weeks after release at the base of the TTL. We conclude
that the dominance of transport into the ELS identified in Jan-
uary 2001 (see Levine et al., 2007) proves robust to change of
timing. However, both the amount of transport into the ELS
and the amount of transport into the overworld vary with sea-
son, exhibiting a maximum in the NH winter and a minimum
in the NH summer; see Fig. 1.

Based on observations of ozone and water vapour in the
mid-latitude lowermost stratosphere, Randel et al. (2001) and
Prados et al. (2003) deduced that more TST takes place into
the ELS during the NH summer than the NH winter. This
seasonality appears to contrast with that which we have iden-
tified. However, the concentrations of trace gases in the ELS
are sensitive not only to the amount of TST from the TTL,
but to the amount of TST from the extratropical troposphere
(Hoor et al., 2004 and 2005), which is not included in our
calculations. Recall that we have used forward trajectories
to investigate the routes by which air parcels undergo TST
from the TTL. We do not calculate mass fluxes, only what
fraction of air parcels in the TTL undergo TST. Furthermore,
we cannot calculate what fraction of air parcels in the strato-
sphere come from the TTL as opposed, for example, to the
extratropical troposphere or the overlying stratosphere (the
overworld). Hoor et al. (2005) used in-situ observations of
carbon monoxide in the northern lowermost stratosphere to
calculate, as a function of season, what fraction of air in the
ELS comes from the tropical troposphere (the TTL), the ex-
tratropical troposphere and the overlying stratosphere. They
report that a larger fraction of air in the ELS comes from the
tropical troposphere during the NH summer (55%) than the
NH winter (35%). However, this is not equivalent to saying
more TST takes place from the TTL during the NH summer
than the NH winter. One possibility is that differences in
our findings arise as a result of including shallow TST; see
Sect. 3.1 for more details.

The seasonality in transport to the overworld, being greater
in the NH winter than the NH summer, is consistent with
the annual cycle in vertical velocities in the tropical lower
stratosphere reported by Mote et al. (1996). Furthermore,
the variations Mote et al. (1996) identified in the speed of
the so-called atmospheric tape recorder are consistent with
the mass-flux estimates of Rosenlof and Holton (1993) and
Rosenlof (1995). The increase in transport to the over-
world during the NH winter is attributed to the stronger win-
tertime Brewer-Dobson circulation arising from increased
wave-driving in the northern mid-latitude stratosphere and
mesosphere (e.g. Holton et al., 1995).
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Fig. 8. The meridional velocity (̄v) at the base of the TTL (150 hPa),
averaged over a region above and downwind of the West Pacific
(45–180◦ longitude), plotted as a function of latitude and time in
2001; the solid contours indicate where air moves towards the north
(v̄>0), whilst the dashed contours indicate where air moves towards
the south (̄v<0). The blue regions indicate where the fastest as-
cent (ω̄<–0.01 Pa/s) takes place, averaged over the region above
the West Pacific (135–180◦ longitude). The data are taken from
the ERA-40 analyses of the European Centre for Medium-range
Weather Forecasts. See text for further details.

4.2 Hemispheric asymmetries in TST

Averaged over each of the three years studied (2001, 1998
and 1999), between 60 and 65% of the air parcels undergoing
TST enter the stratosphere in the SH; see Fig. 3. In 2001,
and arguably in 1999, the hemispheric distribution of TST
exhibits an annual cycle between a fairly even distribution
during the NH winter and one which is skewed towards the
SH during the NH summer. No such cycle can be identified
in 1998 – the El Nĩno year. To understand the seasonality
of TST and the overall bias towards TST in the SH, we have
explored variations in the shape of the dynamical tropopause.
In all three years, the shape of the zonal-mean tropopause is
symmetric about the equator during the NH winter, whilst a
considerably lower tropopause is diagnosed in the subtropics
of the SH, compared to the NH, during the NH summer; see
Fig. 4. Appenzeller et al. (1996) identified a similar cycle.

Another related source of seasonal and hemispheric dif-
ferences in TST is the annual cycle in large-scale winds.
Here, we describe the annual cycle of averaged vertical (ω̄)

and meridional velocities (v̄) (Fig. 8) to characterise the
large-scale (Eulerian) dynamical setup of the circulation in
which the individual (Lagrangian) air parcel trajectories are
embedded. ERA-40 data are used for the description of
time-averaged large-scale dynamics, even though the trajec-
tories were calculated using the 6-hourly operational analy-
ses of the ECMWF. For the features we highlight, the agree-
ment between ERA-40 and operational analyses is more
than adequate and additional climatological information can
be obtained from the ERA-40 Atlas (http://www.ecmwf.

int/publications/library/do/references/show?id=86620). Our
analysis focuses on the 150 hPa level – approximately the
base of the TTL.

In Fig. 8, the regions of fastest ascent at 150 hPa (zon-
ally averaged between 135 and 180◦ longitude and defined
by ω̄<–0.01 Pa/s) are shaded blue. Pronounced regions of
ascent are found 5–10◦ north of the equator during the NH
summer and 5–10◦ south of the equator during the NH win-
ter. The isolines in Fig. 8 show meridional velocities (v̄)

at the same level, averaged over a somewhat broader region
above, and downwind of, the West Pacific (between 45 and
180◦ longitude). Note the relative positions of the regions
of strongest ascent and the regions in which air is predom-
inantly transported to the north (solid contours) and south
(dashed contours). During the NH summer, southward veloc-
ities are predominantly encountered in the region of strongest
ascent, whereas during the NH winter, a mixture of north-
ward and southward velocities is encountered. This may be
indicative of ascending air parcels standing a higher prob-
ability of undergoing transport to the south during the NH
summer, in contrast to more similar probabilities of transport
to the north and to the south during the NH winter.

The onset of the Indian summer monsoon in June is
a major contributor to the seasonality exhibited by the
longitudinally-averaged meridional velocities illustrated in
Fig. 8 and, hence, contributes to our heuristic explanation of
the bias in TST towards the SH. However, no distinct mon-
soon signature is evident from our transport diagnostics. Our
trajectories originate at the base of the TTL, within a latitude
band south of the monsoon area. We thus examine where air
from the TTL enters the stratosphere. The use of backward
trajectories initialised in the stratosphere, used to examine
where air in the stratosphere comes from in the troposphere
(e.g., most recently, Berthet et al., 2007), will provide inde-
pendent, complementary information.

The discussion of the annual cycle in meridional ve-
locities does mirror the annual cycle as depicted by an
isentropic mass-weighted meridional streamfunction (see
ERA-40 Atlas (http://www.ecmwf.int/publications/library/
do/references/show?id=86620) and Juckes et al., 1994 for
the relation to the transformed-Eulerian mean (TEM) for-
malism). In comparison to the long term averaged ERA-
40 Atlas streamfunction, the seasonality inv̄ as illustrated
in Fig. 8 is more pronounced, partly due to the fact thatv̄ is
only averaged over a certain range of longitudes and partly
due to interannual variability; the interannual variability in
the streamfunction is of the order of 10–20% in this region.
In addition, zonally averaged vertical velocities around the
equator are not expected to differ significantly from the resid-
ual mean vertical velocities as defined in the TEM formal-
ism (Garcia et al., 2007). Undoubtedly, caution is paramount
as we combine the Eulerian and Lagrangian frameworks of
tropical motion in a heuristic explanation of trajectory be-
haviour. It is nevertheless safe to say the region of maxi-
mum ascent changes position (latitude) relative to the region
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of strongest meridional motion and the prevalent meridional
wind direction changes as a function of season, with impli-
cations for the sideways transport modelled.

Two model studies (Chen, 1995; Dethof et al., 2000)
have previously examined the hemispheric distribution of
TST from the tropical upper troposphere into the ELS, in-
cluding how it varies with season. Chen (1995) used a
two-dimensional isentropic transport model to investigate
transport between the troposphere and the stratosphere dur-
ing 1993. Integrations using a tropical tracer at 350 K in-
dicated that more TST took place in the NH during the
NH summer. Using a contour advection technique, De-
thof et al. (2000) studied the seasonality of troposphere-
to-stratosphere (TS) and stratosphere-to-troposphere (ST)
mass fluxes on isentropic surfaces across the dynamical
tropopause in 1997/1998. Notably, no pronounced season-
ality in the NH was found at 345 K, but the ST mass flux
in the SH did show a maximum at this level in September.
The tropically-confined release region we have chosen has its
lowermost boundary at around 345 K and extends upwards;
see Fig. 9. The seasonality we identify in Fig. 3 shows a
pronounced hemispheric asymmetry similar to that apparent
in Dethof et al. (2000) at 345 K (see Fig. 5 of Dethof et al.,
2000) but seems to conflict with the findings of Chen (1995).

To unravel the apparent inconsistency, we analyse the ver-
tical position of the 350 K surface during 2001; see Fig. 9.
The relative position of isentropic surfaces with respect to
pressure surfaces shows a pronounced annual cycle and the
location in which a chosen isentropic surface (e.g. 350 K) in-
tersects the tropopause varies significantly in the NH, with
the 350 K surface intersecting the dynamical tropopause at
higher pressures during the NH summer than the NH win-
ter. In conjunction, strong sub- to extra-tropical meridional
PV gradients (blue shading in Fig. 9) exist in both hemi-
spheres along the tropopause (see e.g., Hitchman and Hues-
mann, 2007). The PV gradients are to some extent indica-
tive of meridional transport barriers and show pronounced
asymmetries between the two hemispheres. For example,
maximum values of scaled monthly mean PV gradients on
pressure surfaces are always larger in the NH than the SH
at 150 hPa, during 2001. Recall that our experiments probe
the tropical region with a narrow one-off release of three-
dimensional trajectories from the base of the TTL (around
345 K) in hybrid-pressure space, whereas previous experi-
ments (e.g. Chen, 1995) used advection on isentropic sur-
faces. The perceived effectiveness of meridional transport
barriers around and above 345 K or 200 hPa will depend on
where surfaces of constant pressure or potential temperature
lie relative to the areas of strong PV gradients and might
therefore differ significantly between methods. The rela-
tively small size of the PV gradient feature, its 3-D structure
and the shallow nature of the TTL highlight the importance
for future studies of modelling transport at higher spatial res-
olutions in order to accurately quantify transport through this
region.

Fig. 9. Schematic to illustrate the position of the 350 K isentrope
relative to the regions of strong potential vorticity (PV) gradients
(blue shading) encountered at, or close to, the dynamical tropopause
in January and July 2001. NB The dynamical tropopause is defined
as the level at which the potential vorticity, PV, is equal to 2 PV units
throughout the extratropics; the tropical tropopause is defined as the
level of minimum temperature (cold point) that closely coincides
with the 380 K isentrope.

4.3 The definition of the tropopause

We have mostly quantified TST with respect to the dynamical
tropopause, defined throughout the extratropics as the level
at which the potential vorticity, PV, is equal to 2 PV units.
We have done so because, ultimately, our motivation stems
from the potential for halogenated very short-lived species to
contribute to the depletion of ozone in the lowermost strato-
sphere and the concentration of ozone is observed to increase
rapidly with increasing altitude above the 2 PV unit level
(e.g. Hegglin et al., 2006; Thouret et al., 2006). The main
difference on switching from this definition of the tropopause
to the thermal definition proposed by the WMO (1957) is
that much less TST is modelled in the subtropics; compare
Figs. 4 and 6. Our results suggest that studies of TST with
respect to the thermal tropopause will significantly underesti-
mate the amount of transport into the region characterised by
typically stratospheric ozone concentrations. We therefore
concur with Hegglin et al. (2006) and Thouret et al. (2006)
that the dynamical tropopause definition is most appropri-
ate for chemical studies, particularly those related to ozone.
The choice of definition could also have implications for the
amount of transport modelled from the stratosphere into the
troposphere, relevant to tropospheric ozone budget assess-
ments.
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a

b

Fig. 10. (a) The vertical velocity (ω) at 150 hPa, averaged be-
tween 5◦ N and 15◦ S, plotted as a function of longitude in Febru-
ary 2001 (red line) and February 1998 (black line).(b) The differ-
ence between the vertical velocities (ω) at 150 hPa in February 1998
and February 2001 plotted as a function of latitude and longitude;
the orange and red regions indicate where faster ascent (or slower
descent) takes place in February 1998 relative to February 2001,
whilst the blue and purple regions indicate where slower ascent (or
faster descent) occurs. The data are taken from the ERA-40 analy-
ses of the European Centre for Medium-range Weather Forecasts.

4.4 Routes of transport to the overworld

Our calculations suggest the routes by which air parcels un-
dergo transport to the overworld contrast with those of trans-
port into the ELS (the main route by which TST takes place)
described in Sect. 3.4. Throughout 2001 (baseline) and 1999
(La Niña), between 70 and 90% of the air undergoing trans-
port to the overworld comes from the regions of the TTL
above Indonesia and the West Pacific; see Fig. 7a. However,
at the beginning of 1998 (El Niño), much of the air comes
not from these regions of the TTL, but from those above the
East Pacific and South America. In Sect. 4.2, we identified a
similar shift, albeit less pronounced, with regards to the TTL
origin of air undergoing TST (i.e. including transport into the
ELS). In an effort to explain these changes, we have again ex-
amined the large-scale ERA-40 wind fields. Zonal averaging
conceals the longitudinal structure in the vertical velocities
encountered close to the base of the TTL (150 hPa). Fig-
ure 10a illustrates the monthly-mean vertical velocity at this
level, averaged between 5◦ N and 15◦ S, as a function of lon-
gitude in February 2001 (red line) and February 1998 (black
line). We can see that in 2001, the fastest ascent takes place
between about 100 and 170◦E, broadly above Indonesia and
the West Pacific; similar patterns are observed in 1999. In
1998, the fastest ascent occurs further east, between about
150◦ E and 120◦ W, above the Central and East Pacific. We

can thus explain an eastward shift in the predominant origin
of air undergoing transport to the overworld and, hence, TST.
The difference in vertical velocities at the base of the TTL,
between February 2001 and February 1998, is illustrated as a
function of latitude and longitude in Fig. 10b; the orange and
red regions indicate where faster ascent (or slower descent)
takes place in 1998 (El Niño) relative to 2001 (baseline). The
increase in rates of ascent above the Central and East Pacific
is consistent with an increase in total- and high cloud cover
in this region modelled by the ECMWF. We can thus link
the change we have identified in the TTL origin of air trans-
ported to the overworld to changes in convection and vertical
velocities resulting from changes in equatorial sea surface
temperatures characteristic of an El Niño (the warming of
the equatorial Pacific towards South America).
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