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ABSTRACT

The 10-year climatological features related to midlatitude double tropopause events (DTs) are examined using ERA-
Interim data from 2003 to 2012. The analysis is based on tropopauses defined by lapse rate. Results show that DTs are
permanent or semi-permanent in the midlatitudes, and high DT frequency bands move poleward in winter and equatorward in
summer, which is consistent with the seasonal movement of the subtropical jet. Based on our statistics, the second tropopause
is found at about 100 hPa in the subtropics and at slightly lower altitudes in sub-polar regions. The thickness between the first
and second tropopause is smaller in the subtropics and increases with latitude. Next, the origin of air sandwiched between the
first and second tropopause of DTs is studied with a revised version of the UK Universities Global Atmospheric Modelling
Programme Offline Trajectory Code (Version 3) diabatic trajectory model. The results show that, in the lower or middle
troposphere, air is transported into the DTs from lower latitudes, mainly in the tropics. The dominant source regions are
mainly areas of deep convection and steep orography, e.g., the western Pacific and Himalayan Mountains, and they show
strong seasonality following the seasonal shift of these strong upwelling regions.
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1. Introduction

The tropopause is a boundary that separates the statically
unstable troposphere and much more stable stratosphere, and
is a transition layer between radiative–convective balance
in the troposphere and radiative balance in the stratosphere
(Thuburn and Craig, 2002). Two-way transport processes
across the tropopause are an important mechanism that in-
fluences chemical composition in the upper troposphere and
lower stratosphere. However, in the extratropical region es-
pecially, the lapse rate–based WMO (1957) definition of the
tropopause produces more than one tropopause.

Double tropopauses (DTs), or even triple tropopauses,
have been a focus of scientific interest for decades (e.g., Ya-
manaka, 1992; Yamanaka et al., 1996; Schmidt et al., 2006;
Añel et al., 2007; Castanheira et al., 2012). Links between
midlatitude DTs and baroclinic waves have been studied us-
ing idealized model and GPS radio occultation data, reveal-
ing that the location of DTs is associated with baroclinic
Rossby wave breaking in the subtropical upper troposphere
and lower stratosphere (McIntyre and Palmer, 1983; Lamar-
que and Hess, 1994; Newman and Schoeberl, 1995; Vaughan
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and Timmis, 1998; Pan et al., 2009; Castanheira et al., 2012).
Moreover, DT structures are considered to be responsible for
tropical tropospheric air intruding into the stratosphereabove
the subtropical jet core (Randel et al., 2007; Pan et al., 2009,
2010). Subsequent studies have shown that the DT structure
consists of tropospheric air (low in ozone concentration and
static stability) overlapping stratospheric air (high in ozone
and static stability), using modelling results and satellite re-
mote sensing data from Aura/HIRDLS and ozonesonde pro-
files (Olsen et al., 2008; Pan et al., 2009; Homeyer et al.,
2011; Vogel et al., 2011), and that DTs are believed to favor
cross-tropopause exchange in the subtropics (Sprenger et al.,
2003; Bracci et al., 2012).

Recent studies using reanalysis data, GPS radio occulta-
tion, radiosonde profiles and satellite data show that DTs are
prevalent in the midlatitudes of both hemispheres in all sea-
sons, and the maximum occurrence is during late winter and
early spring (Schmidt et al., 2006; Randel et al., 2007; Añel
et al., 2008; Castanheira and Gimeno, 2011; Peevey et al.,
2012). This may indicate, at least from the perspective of
Rossby wave breaking, that there is more subtropical cross-
tropopause transport during DTs’ maximum occurrence sea-
sons (Horinouchi and Boville, 2000; Waugh and Polvani,
2000). However, even though the above studies have shown
that Rossby wave breaking and poleward transport are re-
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sponsible for a significant fraction of DT events, DTs are also
frequently found without the presence of Rossby wave break-
ing (e.g., Biondi et al., 2011) and frequent DT occurrence
years are not necessarily years of frequent irreversible mix-
ing events (Olsen et al., 2010). Also, Lagrangian trajectory–
based studies show that cross-tropopause transport in the sub-
tropics is more vigorous in summer than in winter (Berthet
et al., 2007; Skerlak et al., 2013). This controversy about
the seasonal variation of stratosphere–troposphere transport
raises the question: what role do DTs play in troposphere-to-
stratosphere transport? Peevey et al. (2014) stated that there
is a robust global relationship between the DT and the tropi-
cal inversion layer through the warm conveyer belt, where the
DT frequency increases (decreases) in the extratropics (trop-
ics) as the tropical inversion layer increases in strength.But
these systems all have opposing seasonal characteristics and
formation mechanisms, demonstrating that the DT is more
complicated than previous poleward-transport studies might
suggest.

Information on the climatological characteristics of DTs
and the origin of air sandwiched within DTs is crucial for
qualitative estimates of cross-tropopause exchange. How-
ever, there are still different opinions about the origin ofair
between two tropopauses. Wang and Polvani (2011) suggest
that, as shown by an idealized model, air inside the DT struc-
ture originates from high latitudes, which is the opposite to
some other results (Pan et al., 2009; Añel et al., 2012). This
apparent controversy might be caused by different formation
mechanisms of midlatitude DT events, e.g., baroclinic wave
breaking and synoptic events like cut-off lows (Peevey et al.,
2014).

In the present study, we begin by examining the features
of midlatitude DT events using ERA-Interim reanalysis data
from 2003 to 2012, showing a 10-year climatological spatial
distribution of DTs and seasonal variations. Then, the origin
of air in DTs is analyzed based on the results of a diabatic
Lagrangian trajectory model. In section 2, the input data and
trajectory model are described. The results are presented in
sections 3 and 4, and discussed in section 5. A summary is
given in section 6.

2. Data and methodology

2.1. ERA-Interim data and analysis

ERA-Interim is the latest global atmospheric reanalysis
results produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Simmons et al., 2006; Dee et
al., 2011), which covers the period from 1 January 1979 to the
present day. Compared with ERA-40, the ERA-Interim fore-
cast model is run at a higher horizontal resolution of T255
(for the full resolution version). In this paper, our analysis
of midlatitude DT features employs ERA-Interim data over
10 years from 2003 to 2012 on 60 ECMWF model levels
(with a vertical resolution of∼ 1 km in the upper troposphere
and lower stratosphere region). These reanalysis temperature
data, available daily at four analysis times (0000, 0600, 1200,

and 1800 UTC), were utilized to define tropopauses accord-
ing to the definition from the World Meteorological Organi-
zation’s Commission for Aerology (WMO, 1957):

(1) The first tropopause is defined as the lowest level at
which the lapse rate decreases to 2 K km−1 or less, pro-
vided also that the average lapse rate between this level and
all higher levels within 2 km does not exceed 2 K km−1;

(2) If above the first tropopause the average lapse rate be-
tween any level and all higher levels within 1 km exceeds 3
K km−1, then a second tropopause is defined by the same cri-
terion as under (a). This tropopause may be either within or
above the 1 km layer.

However, due to the relatively low vertical resolution of
the ERA-Interim data near tropopauses (∼1 km), a slight
modification was made to criterion (b) based on a lapse rate
of 2.5 K km−1, to generate a reasonable DT occurrence fre-
quency. A similar approach was employed by Randel et al.
(2007) and has been compared with results from GPS radio
occultation data to verify its accuracy. Similar methods were
also used in other studies when using ECMWF reanalysis
data, e.g. Castanheira and Gimeno (2011), Castanheira et al.
(2012) and Peevey et al. (2014). The influence of this method
on the results is discussed in section 5.

Analysis winds, temperature, and ground pressure are
also used to drive the three-dimensional (3D) trajectory
model, which is discussed in the following subsection.

2.2. 3D OFFLINE3 diab trajectory model

To determine the origin of air sandwiched within the DT
structure, 3D trajectory integrations are performed usinga
diabatic trajectory model—OFFLINE3diab. This is a mod-
ification of the third edition of the UK Universities Global
Atmospheric Modelling Programme Offline Trajectory Code
(Methven, 1997), which is a kinematic trajectory model.
Compared with the original kinematic trajectory model, the
main difference in the diabatic model is the vertical veloc-
ity scheme: vertical (cross-isentropic) velocity is expressed
with a diabatic heating rate (a change in potential temper-
ature) instead of being calculated with the horizontal wind
through the continuity equation. Diabatic trajectory models
show air parcels transported along the isentropic surfacesby
large-scale winds and these parcels move across isentropes
only by net diabatic heating or cooling. If the heating rate is
zero, trajectories move under adiabatic conditions and con-
serve potential temperature. A comprehensive review of the
accuracy of the trajectories calculated using this model is
given in Methven (1997) and Stohl (1998). By reducing er-
rors in vertical velocity, diabatic trajectory models can give
better results, especially when the models are driven by me-
teorological fields with low spatial resolutions (Ploeger et al.,
2010, 2011).

The OFFLINE3diab model interpolates 3D gridded
winds to the trajectory locations using bilinear interpolation
(in time and in the horizontal direction) and cubic Lagrangian
interpolation (in the vertical direction), and then the trajecto-
ries are integrated backward using a 4th-order Runge–Kutta
scheme. The backward trajectories were calculated from 6-



1594 CLIMATOLOGICAL FEATURES AND AIR ORIGIN OF DOUBLE TROPOPAUSES VOLUME 32

hourly ERA-Interim data. Three-dimensional off-line mete-
orological data, e.g., wind field and temperature, were inter-
polated to the trajectory locations and values of meteorologi-
cal fields, including potential vorticity (PV), surface pressure,
pressure, temperature, and potential temperature, were as-
signed as attributes for the particles at each integration time.

The trajectories were initialized on grid resolutions of
1◦×1◦×5 K (with 17 vertical levels from 340 K to 420 K)
covering the whole globe (altogether 556 920 particles), and
the initial meteorological data were provided every 6 hours
at 0000, 0600, 1200, and 1800 UTC; particles were released
every 12 hours and the outputs were provided every 3 hours.
The vertical range (from 340 K to 420 K) covers nearly all
DT structures and sensitivity experiments on the spatial res-
olutions specified. Additionally, release intervals of thetra-
jectories showed that the origin of air in DTs is not sensitive
to the initial settings of the trajectories. The settings used in
this study were proved to be sufficient to generate smooth and
robust features and overall physical characteristics.

3. Features of midlatitude DTs

In this section, ERA-Interim data from 2003 to 2012 are
used to reveal the spatial distribution and characteristics of
DTs.

Figure 1 shows a vertical cross section of a typical DT
event. In this case, the spatial extent of a DT event is signifi-
cant and the structure is clearly outlined. This case is located
over the eastern Pacific Ocean and lasts for about 3 days and
extends from about 20◦N to 50◦N. The air between the first
and second tropopauses could be divided into two parts by
the 2 K km−1 isocline. The poleward intrusion contains air
with lapse rate higher than 2 K km−1, and low static stabil-
ity (vertical gradients of potential temperature). The propor-
tional distribution of PV in the poleward intrusion is calcu-
lated with ERA-Interim data and is shown in Fig. 1c. It indi-
cates that PV for the majority of air in the poleward intrusion
is larger than 4 PVU (1 PVU =10−6 K kg−1 m2 s−1), es-
pecially in summer (June–July–August, JJA). And if the dy-
namic tropopause in the midlatitudes is defined by PV values
between 2 PVU to 4 PVU, then air with tropospheric charac-
teristics has notably intruded into the stratosphere. The layer
below the poleward intrusion, which contains air with lower
lapse rate and higher static stability, is more stratospheric in
nature.

Figure 2 displays the seasonal geographical distribution
of the DT frequency of occurrence in winter (December–
January–February, DJF) and summer (JJA), showing the pre-
ferred regions of formation and seasonal difference. DTs
are permanent or semi- permanent in midlatitudes for both
hemispheres. And generally, DT frequencies are maximum
(minimum) during the winter (summer) in both hemispheres,
which agrees well with previous studies (e.g., Schmidt et al.,
2006; Añel et al., 2007; Randel et al., 2007; Castanheira and
Gimeno, 2011, Peevey et al., 2012). Moreover, the maximum
frequencies of the Northern Hemisphere in DJF are larger

Fig. 1. Cross section, along 238◦E at 0800 UTC 26 January
2006, of (a) lapse rate (units: K km−1) and (b) static stabil-
ity (units: K km−1). Superimposed are the location of the first
tropopause (blue dots), the second tropopause (red dots), the lo-
cation where the search for second tropopauses started (black
dots), the 2 K km−1 WMO criterion (red contour), potential
temperature (black contours), and potential temperature (white
contours; 2 PVU contour is highlighted as the thicker white con-
tour). Statistics on the proportion of PV values between reddots
and black dots in winter (DJF) and summer (JJA) are shown in
(c).

than the maximum frequencies of the Southern Hemisphere
in JJA. This may be due to the differences in the homogeneity
of the land–sea distribution in the two hemispheres (Schmidt
et al., 2006), i.e., extensive mountain ranges may enhance the
propagation of planetary waves forced by topography in the
Northern Hemisphere (Holton, 2004).

In DJF, DT frequencies between 30◦N and 45◦N are be-
tween 35% and 60%, except for the eastern Pacific and cen-
tral Atlantic region. Frequencies in the northern Atlantic
are relatively high compared to other areas at the same lati-
tudes. In the Southern Hemisphere, maximum DT frequency
is about 15%, which is much smaller than that in the Northern
Hemisphere. In JJA, frequencies are higher in the Southern
Hemisphere, located between 25◦S and 45◦S, and the max-
ima appear at the south of Australia and the sea to its east.
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Fig. 2. DT frequency of occurrence (%) obtained using ERA-Interim data. Plots show data from
2003 to 2012 for (a) winter (DJF) and (b) summer (JJA). Superimposed is the seasonal mean
zonal wind (white contours) with the following levels: 10, 20, 30, 40 and 50 m s−1 on the 200
hPa pressure level.

Notably, there is a band of high DT frequency in the mid-
west Eurasian continent, ranging from about 40◦N to 55◦N
and the maxima can reach about 35%. And over the An-
des Mountains in South America, DT frequency remains rel-
atively high, compared with the rest of the Southern Hemi-
sphere. Some localized maxima of frequencies, such as those
over the Tibetan Plateau and the southern part of South Amer-
ica, also observed in some previous studies (Schmidt et al.,
2006; Randel et al., 2007; Peevey et al., 2012), may be a re-
sult of the summer monsoon circulation (Holton, 2004) or the
summer monsoon anticyclone (Randel et al., 2007), and large
orography like the Tibetan Plateau and the Andes.

In both hemispheres, high DT frequency bands move
poleward in the winter and equatorward in the summer, which
is consistent with the seasonal movement of the subtropical
jet. As seen in Fig. 3, the second tropopause always ap-
pears above and poleward of the subtropical jet core where
the baroclinic instability of the subtropical jet exits (Pan and
Munchak, 2011; Manney et al., 2014). Maxima of occur-
rence frequencies are larger and located at higher latitudes in
the winter hemisphere.

Based on our statistics, a schematic diagram of midlati-
tude DTs is drawn in Fig. 4. The first tropopause can reach

up to a height higher than 100 hPa in the tropics, and the ver-
tical location of the first tropopause decreases steeply pole-
ward, located between 300 hPa and 200 hPa. DTs are per-
manent or semi-permanent at midlatitudes, with the second
tropopause existing at about 100 hPa in the subtropics and
slightly lower in sub-polar regions. The DT thickness, which
is defined by the height differences between the first and sec-
ond tropopause, is smaller in the subtropics and increases
with latitude. Air within DTs can be divided into two types.
Air in area I is tropospheric, characterized by a high lapse
rate and low static stability, as seen in Fig. 1; air in area II
is characterized by a low lapse rate and high static stability.
High-resolution satellite data also display low ozone concen-
tration for air in area I and there is a large ozone concentration
gradient between area I and area II (Pan et al., 2009).

4. Origin of air between DTs
Determining the origin of the air sandwiched within

DTs is helpful for estimating the significance of DTs in
troposphere-to-stratosphere transport. In this section,air
parcels between DTs in the Northern Hemisphere and South-
ern Hemisphere are tracked separately using backward trajec-
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tories to find out their origin. Thirty-day backward trajecto-
ries are started on 31 December, 31 January, and 28 February
for each year between 2003 and 2012.

Figure 5 shows the composite fraction and geographical
locations of the air parcels crossing the pressure levels of700
hPa, 500 hPa, 300 hPa, 200 hPa and 100 hPa before entering
DTs in winter (DJF). At or below the pressure level of 300
hPa, for the Northern Hemisphere, air is transported from
the western Pacific and central Pacific region in the tropics
and the Amazon basin between the equator and the Tropic of
Capricorn; while for the Southern Hemisphere, air is mainly
transported from the western Pacific region. At the pressure

levels of 200 hPa and 100 hPa, where the DTs exist, air may
be transported into the DTs from both higher and lower lati-
tudes. As shown in Fig. 6, the source regions in summer for
the Southern Hemisphere are dominated by the western trop-
ical Pacific, the Himalayan plateau and Indian subcontinent,
and a thin equatorial source corresponding to the Intertropical
Convergence Zone (ITCZ). For the Northern Hemisphere, the
eastern tropical Pacific between the equator and the Tropic of
Cancer is also a dominant region.

For both hemispheres, air initialized within DTs comes
from regions of strong convection and steep orography, and
paths for the trajectories from the troposphere are relatively
concentrated. Only a fraction of air parcels have existed at
300 hPa and even lower levels in the troposphere before en-
tering into DTs, and the fraction grows as pressure decreases.
For the Southern Hemisphere, the fraction of trajectories is
smaller and the horizontal range of the paths is narrower than
those for the Northern Hemisphere on each pressure surface.

The distribution and strength in Fig. 5 to Fig. 6 show a
strong seasonality following the seasonal shift of the strong
upwelling regions in the tropics and subtropics, as depicted
by the long-term mean outgoing longwave radiation (OLR)
in Fig. 7. The OLR data are from the National Oceanic
and Atmospheric Administration (NOAA) Interpolated OLR
product.

Although the source regions are constrained, the path-
ways of trajectories were not found to enter into DTs di-
rectly in the convective areas. As well-established research
states, only a small fraction of convective systems can over-
shoot the tropopause and inject air into the stratosphere, and
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Fig. 5. Proportion and origin of the air sandwiched within DTs on pressure levels of 700, 500, 300, 200 and 100 hPa in winter (DJF;
30-day backward trajectories are started on 31 December, 31January and 28 February of each year from 2003 to 2012). Figures in
column (a) are for DTs in the Northern Hemisphere and figures in column (b) are for DTs in the Southern Hemisphere. Results are
binned every 5◦ of longitude and latitude. Unit: 0.01%. The DT occurrence frequency of 20% (and 40% in the Northern Hemisphere)
is shown with magenta contours to denote the horizontal destination of the air parcels. Note the color scheme for the pressure levels of
200 and 100 hPa is different from other pressure levels.

the majority of air parcels rising from the troposphere haveto
travel several thousand kilometers before entering the upper-
troposphere–lower-stratosphere (UTLS) region (Fueglistaler
et al., 2004), including DTs.

Figure 8 gives the total fraction of air parcels that have ex-
isted at specified pressure levels before entering DTs for four

scenarios. The black and red solid lines denote the Northern
Hemisphere in winter (DJF) and summer (JJA), respectively,
and the black and red dashed lines are for the Southern Hemi-
sphere. As seen in this figure, no more than 15% of the air
between DTs has existed at 300 hPa or even lower in the tro-
posphere. From 300 hPa up to about 150 hPa, the fraction
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Fig. 6. As in Fig. 5 but in summer (JJA; 30-day backward trajectoriesare started on 30 June, 31 July and 31 August of each year from
2003 to 2012). The DT occurrence frequency of 20% (and 40% in the Southern Hemisphere) is shown with magenta contours to denote
the horizontal destination of the air parcels.

for the four scenarios increases and peaks at about 150 hPa,
which is not unexpected because this is the altitude where
air between a DT is mostly likely to reside. From 150 hPa
to 100 hPa, the fraction begins to decrease. For the North-
ern Hemisphere, the fraction in summer is much larger than
that in winter; for the Southern Hemisphere, the difference
between the fraction in winter and summer is very small, ex-
cept that between 400 hPa and 200 hPa, the fraction in winter
exceeds that in summer. Overall, in the summer hemisphere,
a larger fraction of air within DTs is transported from below

300 hPa, but it should be noted that there are almost twice as
many DTs in winter as in summer.

5. Discussion
The climatological features in section 3 are all based

on DTs derived from ERA-Interim data using the modified
WMO (1957) criteria stated in section 2. Similar modifica-
tion has been applied in previous studies when defining the
second tropopauses of DTs with reanalysis data (e.g., Randel
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et al., 2007; and Castanheira and Gimeno, 2011). To ver-
ify the accuracy of the modification, the frequencies of oc-
currence were also calculated using the temperature profiles
from GPS radio occultation measurements from the Constel-
lation Observing System for Meteorology, Ionosphere, and
Climate (COSMIC) mission (Anthes et al., 2008) between
December 2006 and August 2012, as shown in Fig. 9. The
wet temperature profiles were downloaded from the COS-
MIC Data Analysis and Archive Center of the University
Corporation for Atmospheric Research. The precision of
each radio occultation (RO) profile could reach∼ 0.05◦C in
the UTLS region (Anthes et al., 2008) and the vertical reso-
lution is 0.1 km.

Comparing with Fig. 9, the frequencies in Fig. 2 show
similarities both in horizontal range and magnitude, suggest-
ing it should be reasonable to use the reduced (2.5 K km−1)
constraint when using ERA40 data for identifying DT occur-
rences.

Derivation of DT statistics from reanalysis data using the
standard WMO (1957) criteria gives far fewer occurrences
(Randel et al., 2007), and the reason may be two-fold. The
WMO (1957) criteria are very sensitive to temperature pro-
files (Zängl and Hoinka, 2001). The ERA-40 or ERA-Interim
data with low vertical resolution probably lose large tempera-
ture gradients above the first tropopause (Randel et al., 2007).
Also, the accuracy of temperature profiles may have effects
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on the frequencies of DTs. As an updated version of ERA-
40 data, the ERA-Interim data could produce DT frequen-
cies comparable to RO data by reducing the constraint to 2.5
K km−1 (Castanheira and Gimeno, 2011; Castanheira et al.,
2012), while the constraint for ERA-40 should be reduced to
2 K km−1 to obtain reasonable DT frequencies. Overall, the
large DT frequencies in Fig. 2 agree well spatially with pre-
vious results from reanalysis or observation data (Schmidtet
al., 2006; Añel et al., 2007; Castanheira and Gimeno, 2011;
Peevey et al., 2012), albeit there are minor differences in the
values that may result from different data and calculating al-
gorithms.

For the results in section 4, there is an important point to
be made about the time length of the backward trajectories
used to examine the origin of air within DTs. To verify the
effectiveness of the 30-day backward trajectories, the calcu-
lations were repeated with backward trajectories of 15 days
and 60 days. The results (not shown) indicated that the hor-
izontal origin of air within DTs was unaffected by trajectory
length changes within the above ranges (15 days, 30 days,
and 60 days). The proportion of air in Fig. 5 and Fig. 6
also remained largely unaltered when using 30-day and 60-
day backward trajectories; but when using 15-day backward
trajectories, the proportion did reduce a little from the 30-day
cases. This might be attributable to the fact that the 15-day
trajectories may ignore a minority of air transported over a

longer period from the troposphere to the extratropical UTLS
region (Fueglistaler et al., 2004). So, 30-day trajectories is an
appropriate choice to balance the computation cost and trans-
portation time of air parcels.

As stated in section 4, the geophysical location and pro-
portion of the origin of air within DTs vary between seasons.
Moreover, they may also vary substantially from year to year.
Since the main sources of transport from the lower or middle
troposphere to DTs are associated with regions of deep con-
vection, i.e., the western tropical Pacific and Maritime Conti-
nent, the Himalayan plateau, and a thin equatorial source cor-
responding to the ITCZ, any event that may influence these
areas would have effects on the air source. For instance, El
Niño–Southern Oscillation (ENSO) circulation is one of the
most effective factors. ENSO’s effects on the strength of trop-
ical upwelling and stratosphere–troposphere exchange have
been clearly demonstrated (Scaife et al., 2003; Zeng and Pyle,
2005). Plus, there have been studies on the origin of air in the
tropical tropopause layer showing that, in positive phasesof
ENSO (El Niño years), the source region is shifted towards
the eastern Pacific in all seasons, while in negative phases of
ENSO (La Niña years) the Himalayas contribute more as a
source region of boundary layer air in the Northern Hemi-
sphere summer. To further study the main factors influencing
the origin of air in DTs, data over a longer time range are
needed.
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6. Summary
The 10-year climatological features of midlatitude DT

events have been analyzed using ERA-Interim data from
2003 to 2012. The results show that, in the midlatitudes, DTs
are permanent or semi-permanent and occur throughout the
year. In the Northern Hemisphere winter, high DT frequen-
cies happen between 30◦N and 45◦N; while in the Southern
Hemisphere winter, high DT frequencies are located between
25◦S and 45◦S. High DT frequency bands move poleward in
winter and equatorward in summer, which is consistent with
the seasonal movement of the subtropical jet. Based on our
results, the second tropopauses of DTs exist at about 100 hPa
in the subtropics, and slightly lower in sub-polar regions.The
DT thickness, which is defined by the height differences be-
tween the first and second tropopause, is smaller in the sub-
tropics and increases with latitude.

A 3-D trajectory-based Lagrangian model was then em-
ployed to track the origin of air sandwiched within DTs. The
results show that only a fraction (less than 15%) of air sand-
wiched within DTs originates in the lower or middle tro-
posphere. Additionally, the fraction of air within Northern
Hemisphere DTs coming from 300 hPa or even lower in the
troposphere is larger in summer (JJA) than in winter (DJF),
while this difference is not clearly observed in the Southern
Hemisphere. The dominant source regions vary with season
following the seasonal shift of strong upwelling regions in
the tropics and subtropics, and they are all located over deep
convection and steep orography, e.g., the western and central
Pacific, the Amazon basin and Himalayan plateau.

Acknowledgements. We thank Dr. Sue Yu LIU for pro-
viding the OFFLINE3diab model and for her helpful sugges-
tions. The ERA-Interim data were obtained from the ECMWF via
www.ecmwf.int. The COSMIC data were obtained from the COS-
MIC Data Analysis and Archive Center via http://cdaac-www.cos-
mic.ucar.edu/cdaac/index.html. The OLR data were obtained from
the NOAA Earth Science Research Laboratory via http://www.esrl.
noaa.gov/. This work was supported by the Special Fund for Strate-
gic Pilot Technology of the Chinese Academy of Sciences (Grant
No. XDA05040300).

REFERENCES
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