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Abstract. Inter-hemispheric transport may strongly affect
the trace gas composition of the atmosphere, especially in re-
lation to anthropogenic emissions, which originate mainly in
the Northern Hemisphere. This study investigates the trans-
port from the boundary surface layer of the northern hemi-
spheric (NH) extratropics (30-90° N), southern hemispheric
(SH) extratropics (30-90° S), and tropics (30° S-30° N) into
the global upper troposphere and lower stratosphere (UTLS)
using simulations with the Chemical Lagrangian Model of
the Stratosphere (CLaMS). In particular, we diagnose inter-
hemispheric transport in terms of the air mass fractions
(AMFs), age spectra, and the mean age of air (AoA) calcu-
lated for these three source regions. We find that the AMFs
from the NH extratropics to the UTLS are about 5 times
larger than the corresponding contributions from the SH ex-
tratropics and almost 20 times smaller than those from the
tropics. The amplitude of the AMF seasonal variability orig-
inating from the NH extratropics is comparable to that from
the tropics. The NH and SH extratropical age spectra show
much stronger seasonality compared to the seasonality of the
tropical age spectra. The transit time of NH-extratropical-
origin air to the SH extratropics is longer than vice versa.
The asymmetry of the inter-hemispheric transport is mainly
driven by the Asian summer monsoon (ASM). We confirm
the important role of ASM and westerly ducts in the inter-
hemispheric transport from the NH extratropics to the SH.

Furthermore, we find that it is an interplay between the ASM
and westerly ducts which triggers such cross-Equator trans-
port from boreal summer to fall in the UTLS between 350
and 370 K.

1 Introduction

The transport from the troposphere to the stratosphere plays
an important role in determining the chemical composition of
the atmosphere and hence radiative features, which can im-
pact atmospheric chemistry and global climate. For example,
ozone-depleting substances (ODSs), greenhouse gases, and
aerosols in the atmosphere are mainly driven by natural and
anthropogenic emissions at the Earth’s surface (e.g., WMO,
2018). Although tropospheric air enters the stratosphere
mainly through the tropical tropopause layer (TTL) (e.g.,
Holton et al., 1995; Levine et al., 2007; Fueglistaler et al.,
2009), which is then transported to the global stratosphere by
the Brewer—Dobson (BD) circulation (e.g., Butchart, 2014),
significant contributions of air mass transport from the tro-
posphere to stratosphere are found through other pathways,
e.g., monsoons (e.g., Randel et al., 2012; Ploeger et al.,
2017), quasi-isentropic transport through the extratropics
(e.g., Hoor et al., 2005; Bonisch et al., 2009; Konopka and
Pan, 2012), and inter-hemispheric transport (e.g., Tomas and

Published by Copernicus Publications on behalf of the European Geosciences Union.



6628

Webster, 1994; Waugh and Polvani, 2000; Orbe et al., 2018;
Wu et al., 2018).

Inter-hemispheric transport is important for understand-
ing the distributions of atmospheric tracers because of the
asymmetry in anthropogenic emissions between the South-
ern Hemisphere (SH) and the Northern Hemisphere (NH),
with generally strongest emissions in the NH caused by the
higher population density. For instance, the anthropogenic
and long-lived greenhouse gas SFg in the atmosphere, which
is widely used in the study of transport (e.g., Maiss et al.,
1996; Denning et al., 1999; Gloor et al., 2007; Patra et al.,
2011; Krol et al., 2018), mostly originates from the NH
(e.g., Ravishankara et al., 1993; Kovics et al., 2017). The
ALE/GAGE experiment showed that nearly 95 % of the re-
ported sources of ODSs (e.g., CH3CCl3 and CFCl3) are in
the NH with maxima centered around the midlatitudes (Wang
and Shallcross, 2000). Besides anthropogenic emissions, nat-
ural emissions in the NH are different from those in the SH
due to the asymmetry of topography and land—sea distribu-
tion between the two hemispheres. Although the source dis-
tributions of many tracers are different in the SH and NH,
the observed trends of the tracers are almost homogeneous in
the global upper troposphere and lower stratosphere (UTLS),
which suggests the key role of inter-hemispheric transport
in regulating the distribution of atmospheric trace gases and
maintaining the mass balance (e.g., Miiller and Brasseur,
1995; Wang and Shallcross, 2000; Liang et al., 2014; Pa-
tra et al., 2014; Chen et al., 2017). Holzer (2009) found
that approximately one-third of the NH extratropical surface
air is transported to the SH extratropical surface. Francey
and Frederiksen (2016) emphasized the importance of inter-
annual variations in inter-hemispheric transport in explaining
the sudden increase of the annual mean CO; difference be-
tween Mauna Loa in the NH and Cape Grim in the SH during
2009-2010. The redistribution of the tracers can strongly af-
fect the dynamical and chemical processes in the atmosphere.

A simplified model including two well-mixed boxes, one
each for the SH and the NH, has been extensively used to
quantify the inter-hemispheric transport in previous stud-
ies (e.g., Czeplak and Junge, 1975; Denning et al., 1999;
Lintner et al., 2004; Patra et al., 2009; Chen et al., 2017;
Krol et al., 2018; Naus et al., 2019). Due to the strong
transport barrier between the tropics and extratropics (e.g.,
Hoskins et al., 1985; Bowman, 2006; Kunz et al., 2011), a
three-box model including the SH extratropics, tropics, and
NH extratropics was suggested to be used in quantifying
inter-hemispheric transport (e.g., Bowman and Carrie, 2002;
Erukhimova and Bowman, 2006). The exchange time (7ex)
across the Equator is one common parameter for quantifying
the inter-hemispheric transport and is defined by the mass
balance equation derived from the difference of mean mix-
ing ratios of tracers in the NH and SH and the net cross-
equatorial flux (See e.g., Jacob et al., 1987; Patra et al.,
2009; Waugh et al., 2013). ¢ is related to the calculation
method and to the hemispheric distribution and emissions of
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the tracer chosen. Values of 7¢x range between 0.8-2.0 years
based on the calculations of different models and passive
tracers (e.g., Maiss et al., 1996; Denning et al., 1999; Peters
et al., 2004; Patra et al., 2011; Liang et al., 2014; Yang et al.,
2019).

Age of air (AoA) is another widely used variable for quan-
tifying the inter-hemispheric transport, which provides more
information compared to the inter-hemispheric exchange
time Tex. AOA can be derived from the age spectrum and
has also been determined from observations of species with a
nearly linear growth in mixing ratios such as for CO; and SF¢
(e.g., Hall and Plumb, 1994; Volk et al., 1997; Engel et al.,
2009, 2017, Stiller et al., 2012; Ray et al., 2014) and from
model simulations (e.g., Schoeberl et al., 2005; Garny et al.,
2014; Konopka et al., 2015; Ploeger and Birner, 2016). These
AoA calculations are sensitive to the tracers chosen, to the
method of calculation, and to the models and reanalysis data
used (e.g., Krol et al., 2018; Fritsch et al., 2019; Hauck et al.,
2019; Podglajen and Ploeger, 2019; Ploeger et al., 2019).
Waugh et al. (2013) estimated AoA using SFg observations
and showed that the mean AoA from the NH midlatitude sur-
face to the SH midlatitudes surface is around 1.4 years. Orbe
et al. (2016) and Chen et al. (2017) highlighted the important
role of monsoon circulation in reducing mean AoA in the SH
with respect to the NH. Konopka et al. (2017) and Krol et al.
(2018) recently discussed an interesting asymmetry feature
in inter-hemispheric transport with more effective transport
from the NH surface to the SH than vice versa.

Many mechanisms have been proposed to drive the inter-
hemispheric transport, including transport related to eddies
and wave breaking (e.g., Czeplak and Junge, 1975; Tomas
and Webster, 1994; Staudt et al., 2001), vertical convective
transport (e.g., Prather et al., 1987; Hartley and Black, 1995;
Denning et al., 1999; Lintner et al., 2004; Erukhimova and
Bowman, 2006), seasonal modulation of the Hadley circula-
tion related to the migration of the Intertropical Convergence
Zone (ITCZ) across the Equator (e.g., Bowman and Cohen,
1997; Wang and Shallcross, 2000), and monsoon circulation
(e.g., Orbe et al., 2016; Chen et al., 2017). Zonally resolved
results showed that westerly ducts over the Pacific and At-
lantic regions are favored regions for the inter-hemispheric
transport and redistribution of the atmospheric compositions
(e.g., Webster and Holton, 1982; Tomas and Webster, 1994;
Waugh and Polvani, 2000; Staudt et al., 2001; Ratnam et al.,
2015; Francey and Frederiksen, 2016). The westerly ducts
are strongest in boreal winter and affected by the El Nifo—
Southern Oscillation, being stronger during La Nifia periods
and weaker during El Nifio periods (e.g., Waugh and Polvani,
2000; Staudt et al., 2001; Dlugokencky et al., 2009; Francey
and Frederiksen, 2016; Pandey et al., 2017). Although mul-
tiple mechanisms were suggested to be the generators of the
inter-hemispheric transport, it is still not clear that the inter-
hemispheric transport is driven by each mechanism indepen-
dently or by the combination of different mechanisms.
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Most previous studies have focused on the inter-
hemispheric transport from the NH to the SH in the tro-
posphere using a two-box model based on zonal mean re-
sults, with relatively few analyses investigating the cross-
equatorial transport in the stratosphere (e.g., Lintner, 2003;
Patra et al., 2009, 2011; Holzer, 2009). Complementary to
previous studies, we intend to further examine the inter-
hemispheric transport in the UTLS because of the global
chemical, radiative, and climate effects of atmospheric
species in the UTLS. The contributions, pathways, and mech-
anism from the NH extratropics and SH extratropics to
the upper troposphere and stratosphere driven by the inter-
hemispheric transport have not been well understood hith-
erto. Since anthropogenic emissions are mainly produced in
the NH, the understanding of transport from the NH to the
tropics, the SH, and the global upper troposphere and strato-
sphere is particularly important. In this study, we address the
following questions:

1. How large are the contributions from the NH extrat-
ropics, SH extratropics, and tropics to the upper tropo-
sphere and stratosphere, and what is the respective tran-
sit time?

2. Which regions are favored regions (pathways) for the
inter-hemispheric transport from the NH extratropics to
the SH extratropics?

3. What is the underlying mechanism in terms of dynam-
ics and circulation and in relation to the mechanisms
proposed in past studies?

We investigate the transport from the NH to the SH and
vice versa using the simulations from the three-dimensional
Chemical Lagrangian Model of the Stratosphere (CLaMS)
with the atmospheric source regions divided into three do-
mains (the SH extratropics, the tropics, and the NH ex-
tratropics). We quantify the contributions and age spec-
tra from these different regions to the upper troposphere
and stratosphere using zonally averaged results for the
global view. Particularly, we focus on quantifying the inter-
hemispheric transport and characterizing the pathways of
inter-hemispheric transport by analyzing zonal mean and
zonally resolved model output. Section 2 presents data and
methods for our analyses. In Sect. 3, we diagnose the sea-
sonality of transport from different source regions. We ex-
plore the pathways of inter-hemispheric transport in Sect. 4
and discuss our findings in Sect. 5 before closing with a sum-
mary of the key results in Sect. 6.

2 Data and methods

In this study, the surface is divided into three boxes to investi-
gate the inter-hemispheric transport, which are the NH extra-
tropics (30-90° N), SH extratropics (30-90° S), and tropics
(30° S-30° N). The threshold of 30.0° is a common choice
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to separate tropics from extratropics (e.g., Fueglistaler et al.,
2011) as it divides the Earth’s surface into equal areas of both
regions and further coincides approximately with the hori-
zontal transport barriers of the subtropical jet cores. We cal-
culate age spectra and the air mass fraction (AMF) to study
transport from the surface of the NH extratropics, SH extrat-
ropics, and tropics using the CLaMS model. CLaMS is a La-
grangian chemistry transport model with trace gas transport
driven by horizontal winds and total diabatic heating rates
from reanalysis data (e.g., McKenna et al., 2002; Konopka
et al., 2004; Pommrich et al., 2014).

We apply the boundary impulse (time-)evolving response
approach to calculate the age spectrum G following Ploeger
and Birner (2016), which is based on the boundary impulse
response method (e.g., Holzer et al., 2003; Haine et al., 2008;
Li et al., 2012; Orbe et al., 2016) but evolves over time in a
transient simulation using quasi-observational winds. Multi-
ple tracer pulses are released in the boundary source region
2;, with i labeling the source domain (e.g., NH extratropics,
SH extratropics, tropics). The passive tracer with mixing ra-
tio x; at location r and time ¢ related to the mixing ratio xo(f)
from the boundary surface of different source regions, which
defines the AMF from source regions, can be expressed as
(e.g., Waugh and Hall, 2002; Orbe et al., 2013; Ploeger et al.,
2019)

o]

Xi(r,t):fthO(Qi,t—r)G(r,t|Qi,t—r). (D)
0

The age spectrum is calculated from 120 pulses of in-
ert trace gas species from 3 source regions, with 40 differ-
ent species pulsed in each region. These pulse tracers ap-
proximate a delta distribution lower-boundary condition xé
(2;,1) =8(t—t;) with j =1, ..., 40 defining tracer pulses at
source times #;. The pulse tracer mixing ratios are set to 1 in
the boundary layer of the source region for 30 d and are set to
0 in the boundary layer outside of the initialization region in
every time step. The first 24 different species (j =1, ...,24)
with transit time less than 2 years are pulsed every month.
The other 16 different species (j = 25, ..., 40) are pulsed ev-
ery 6th month (e.g., 25th species in the 30th month and 26th
species in the 36th month). Hence, all species have been
pulsed after 10 years of model simulations and are reset to
0 in the whole atmosphere and pulsed again subsequently
thereafter.

Therefore, the model simulations provide a monthly res-
olution age spectrum for transit times shorter than 2 years
and a semi-annual resolution age spectrum for longer transit
times. The integration of the spectrum over time generally
yields a value less than 1 and AoA is young-biased caused
by the truncation of the simulations at 10 years. Therefore,
we calculate the mean AoA for each source region by nor-
malizing the age spectrum to unit norm:
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10 10

Fi(r,t)=/tG(r,t|§2i,r)dr//G(r,t|Qi,r)dt. 2)
0 0

The details about the model setup and the calculation of
age spectra from multiple pulse tracers and the mean AoA
from the age spectrum can be found in Ploeger and Birner
(2016) and Ploeger et al. (2019). For the purpose of our study,
the pulse tracer mixing ratios are set to O in the boundary
layer during every time step, which allows us to separate
the transport contributions and pathways in the UTLS from
those of transport in the boundary layer. As inter-hemispheric
transport in the lower troposphere has been the focus of sev-
eral past studies (e.g., Staudt et al., 2001; Orbe et al., 2015;
Chen et al., 2017; Krol et al., 2018), here we focus on trans-
port in the UTLS. Detailed comparisons with previous stud-
ies using different model setups, which are mainly focused
on the inter-hemispheric transport in the troposphere (e.g.,
Orbe et al., 2015, 2016), will be provided later. For this study,
we carried out a simulation covering the period from 1989 to
2017 with transport driven by the meteorological data from
ERA-Interim (Dee et al., 2011). Due to the 10-year spin-up
time for the age spectra, the model data from 1999-2017 are
analyzed in the following to address the questions raised in
the Introduction.

3 Seasonality of transport
3.1 Seasonality of air mass fractions

To evaluate the global contributions from the source regions,
we calculate the zonally averaged seasonal mean AMFs from
the boundary layer of the three source regions. In the follow-
ing, we use the abbreviations of months (DJF, MAM, JJA,
and SON) to represent different seasons. Figure 1 shows the
seasonal variations in AMF originating from the NH extrat-
ropics, SH extratropics, and tropics during 1999-2017. The
sum of the AMF over all three source regions is ~ 1, related
to the limitation of the maximal transit time in our simula-
tions. Note that different color bars are used for the AMF
transported from each source region. The global results show
that the AMFs from the NH extratropics to the troposphere
and stratosphere are about 5 times larger than the correspond-
ing contributions from the SH extratropics. The relative con-
tributions of transport from the NH extratropics to the atmo-
sphere compared to those from the tropics depend on the al-
titude, and they are about 10-15 times smaller than the trop-
ical AMFs in the middle and upper troposphere and around
2040 times smaller in the stratosphere. Although the con-
tributions from the tropics to the UTLS are much larger than
those from the NH extratropics, the annual amplitude of trop-
ical AMFs in the UTLS is comparable to that of NH extrat-
ropical AMFs, related to the small contributions from the SH
extratropics.
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Newly pulsed air masses (younger than 3 months) from the
NH extratropics start to cross the subtropical tropopause in
boreal summer (JJA, Fig. 1g). Three months later, air masses
from the NH extratropics are elevated to the lower strato-
sphere first mainly in the Asian summer monsoon (ASM)
region driven by the monsoon circulation and are then trans-
ported isentropically to the tropical lower stratosphere and
NH extratropical lower stratosphere, covering the latitude
range from 30°S up to the Arctic regions (Fig. 1j). Later
on, the NH extratropical air masses in the upper-tropospheric
and lower-stratospheric tropics driven by the ASM are fur-
ther transported to the tropical pipe and the whole SH in
DJF and MAM (Fig. 1a and d). Note that young air masses
pulsed during boreal winter and spring (DJF and MAM) are
not transported to the subtropical stratosphere.

The seasonality in the transport patterns of AMFs origi-
nating from the SH extratropics is shifted by 6 months com-
pared to those from the NH extratropics. Although the re-
spective contributions of the SH extratropics (i.e., in DJF
and MAM) show some similarities to those from the NH ex-
tratropics (i.e., in JJA and SON), there are few significant
differences between transport from the NH extratropics and
SH extratropics. Crossing of the subtropical tropopause for
SH-extratropical-origin air happens first in austral autumn
(MAM, Fig. le) rather than austral summer (DJF, Fig. 1b),
and the overall impact of the SH extratropical boundary sur-
face tracers on both the tropics and the high latitudes is sig-
nificantly weaker. Most transport of SH-extratropical-origin
tracers is inhibited by the tropopause in the subtropical SH
during DJF (Fig. 1b) and MAM (Fig. le). In particular, the
SH extratropical AMF in the SH lower stratosphere during
austral autumn (MAM) is much smaller than the NH extra-
tropical AMF in the NH lower stratosphere during boreal
autumn (SON). These differences are most likely attributed
to hemispheric differences in the strengths of the monsoons
(e.g., Orbe et al., 2016; Chen et al., 2017) and in the strength
and downward extent of the polar vortices.

Figure 1c, f, i and 1 show that the tropical surface air dom-
inates the atmospheric composition in the global UTLS. The
seasonality of the tropical contribution results from the su-
perposition of the Hadley and BD circulations, which are
schematically illustrated in Fig. 2a for DJF and Fig. 2b for
JJA by using the residual mean mass streamfunction. The
upwelling of the Hadley and BD circulations is shifted north-
ward from DJF to JJA. Note the hemispheric asymmetric up-
welling positions of the circulations in winter and summer.
The Hadley cell upwelling is located in the SH tropics around
5° S during boreal winter, while the upwelling is shifted far
into the NH subtropics to latitudes of around 20° N in bo-
real summer. Thus, the strongest contribution of the tropical
surface air to the stratosphere starts in boreal winter (DJF,
Fig. 1c) and peaks in MAM (Fig. 1f) as the result of the
strongest positive coupling between the Hadley and BD cir-
culations. The seasonality, in terms of relative amplitude, of
the air originating from the tropics is less pronounced com-
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Figure 1. Climatological (1999-2017) zonal mean AMFs originated from the NH extratropics (a, d, g, j), SH extratropics (b, e, h, k),
and tropics (c, f, i, 1) for different seasons (rows). The AMFs for all three source regions add up to ~ 1. The white line shows the WMO
tropopause.
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Figure 2. Climatology (1999-2017) of the residual mean mass streamfunction (color shading with a subset of values highlighted in black
contours). The grey line shows the WMO tropopause. White contours show potential temperature levels in kelvin. The thick black arrows
illustrate the upwelling of the Hadley circulation and the shallow branch of the BD circulation (around 400 K).
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Figure 3. Climatological (1999-2017) zonal mean AMF departure from the annual average. The absolute AMF contributions from Fig. 1
are shown as black contours. Grey contours show the mean zonal winds. The thick black line is the WMO tropopause.

pared to that from the NH extratropics and SH extratropics.
The evolution of the tropical source air shows similar pat-
terns to those from the SH extratropics. The transport pattern
is significantly different from the transport of the NH extrat-
ropical source air. It is especially remarkable how the north-
ward shift in the boreal summer Hadley cell weakens up-
ward transport from the tropics during JJA and SON (Fig. 1i
and 1) while favoring upward transport from the NH surface
(Fig. 2b), whereas this effect is much weaker during the aus-
tral summer (DJF and MAM, Fig. 1c and f).

To further explore the seasonal variations of transport from
the boundary layer, we remove the annual mean of the con-
tributions from each source region. These seasonal anoma-
lies of climatological zonal mean AMF are shown in Fig. 3
from the NH extratropics (Fig. 3a, d, g and j), SH extratrop-
ics (Fig. 3b, e, h and k), and tropics (Fig. 3c, f, i, and 1). Note

Atmos. Chem. Phys., 21, 6627-6645, 2021

the different color bar for NH extratropical air and SH extrat-
ropical air. Clearly, the amplitude of the AMF seasonal cycle
in the global UTLS originating from the NH extratropics is
comparable to that from the tropics and about 5 times larger
than that from the SH extratropics. The transport features of
the NH extratropical AMF anomalies starting from boreal
summer (JJA) again show similar patterns to those from the
SH extratropics starting from austral summer (DJF), with a
shift of 6 months and much smaller absolute anomalies, al-
though the relative anomalies are comparable.

There are also few new structures in Fig. 3 compared to
the absolute contributions in Fig. 1. A pronounced positive
anomaly in the lower stratosphere over the NH extratrop-
ics and tropics in SON (Fig. 3j) is related to the isentropic
transport directly above the ASM region after the elevation
of NH extratropical air by the monsoon circulation, which

https://doi.org/10.5194/acp-21-6627-2021
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again suggests that the tropospheric air in the NH extratrop-
ics is mainly transported to the NH and tropical lower strato-
sphere via the ASM circulation. The positive anomaly of NH
extratropical air also crosses the Equator and extends south-
ward into the SH subtropics from the middle troposphere to
the stratosphere. We will further explore the mechanism driv-
ing the inter-hemispheric transport in the UTLS using zon-
ally resolved data later. Another striking feature is the neg-
ative anomaly of the NH extratropical air mass in the layer
around 320 K in the NH during boreal autumn (Fig. 3j). This
signature might be associated with the combination of less
convective activity in boreal autumn in the NH extratropics;
with the suppression of horizontal transport from the sub-
tropical troposphere in the layer around 320 K; or, finally,
with the southward movement of the Hadley cell, enhancing
isentropic, poleward transport from the tropics and across the
still-weak summer—autumn jet (see Fig. 31).

In contrast to the NH case, the anomaly for SH extratrop-
ical air masses shows negative values almost throughout the
SH extratropical lower stratosphere during austral autumn
(Fig. 3e). This difference to the NH extratropical air (Fig. 3j)
is mainly related to the weak convection and the strong in-
hibition (strong zonal jet) of horizontal transport from the
subtropical region in the SH during austral autumn (MAM).
In the NH, the tropopause barrier is weak and upward motion
over the ASM region is strong, and a substantial amount of
NH-extratropical-origin air can be transported to the lower
stratosphere driven by monsoon circulation.

3.2 Seasonality of age spectrum and age of air

In Sect. 3.1, we quantified transport using the AMF, which
measures the contribution from different source regions to
the air composition in the UTLS. In this section, we provide
a complementary view of transport in terms of the age spec-
trum derived from the same simulations and for the same
source regions as in Sect. 3.1. Figures 1 and 3 show that
strong isentropic transport across the tropopause occurs in
the layer around 360 K. Hence, we consider the age spectrum
at 360K as a reference location for the UTLS.

The age spectra of air from the NH extratropics, SH extra-
tropics, and tropics are illustrated in Fig. 4. Note the differ-
ent color bars used for the three source regions. The trans-
port seasonality is evident for the NH-extratropical- and SH-
extratropical-origin air, even stronger than the seasonality for
the age spectra with tropical origin, which is consistent with
the results based on the AMF (Fig. 1). The first peak of the
NH extratropical age spectrum during boreal summer and au-
tumn (Fig. 4g and j) is a very strong signature compared to
the SH extratropical age spectrum during austral summer and
autumn (Fig. 4b and e), which means that much more young
air can be expected in the NH compared to the SH. The age
spectrum of NH-extratropical-origin air always shows large
PDF values at young transit times during boreal summer and
nearly O during boreal winter, which suggests that the pollu-
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tants from the NH extratropics are transported to the global
UTLS primarily during boreal summer.

The age spectrum and mean AoA from the SH extratrop-
ics show a lot of similarities to those from the NH extratrop-
ics shifted by 6 months. However, NH-extratropical-origin
young air (< 6 months) shows peak values around the ASM
region (Fig. 4g and j). The flushing of the NH lowermost
stratosphere with NH-extratropical-origin air during boreal
summer and autumn (JJA and SON) is more pronounced
compared to the flushing of the SH lowermost stratosphere
with SH-extratropical-origin air during austral summer and
autumn (DJF and MAM). The mean AoA shows that inter-
hemispheric transport proceeds faster from the SH extrat-
ropics to the NH extratropics than from the NH extratropics
to the SH extratropics, in qualitative agreement with results
found by Konopka et al. (2017, their Fig. 5) related to the
weaker barrier along the jet in the NH (see Fig. 3) which al-
lows faster horizontal transport. Another important asymme-
try is that, with exception of MAM, the mean AoA is always
older in the SH than in the NH for all other seasons and for all
source tracers. This is mainly a consequence of hemispheric
differences in the wave-driven eddy mixing, being stronger in
the NH throughout the year (Rosenlof, 1995; Konopka et al.,
2015).

Figure 5 confines the global age spectrum shown in Fig. 4
to partial age spectra at the latitude of 60° N, which defines
the spectra from individual source region without normaliza-
tion to 1. The age spectrum for the NH-extratropical-origin
air (Fig. 5a) shows multiple peaks caused primarily by the
interplay between Hadley and BD circulations. The Hadley
cell upwelling is shifted to the NH subtropics during boreal
summer, which is the season favoring upward transport from
the NH surface, and peaks in the spectrum are related to air
originating at the NH surface in early summer. The youngest
peak is in JJA at transit times of around 2 months as a re-
sult of an “in-phase” interaction between the Hadley and the
lower branch of the BD circulation. The respective first peaks
in the following seasons are shifted accordingly, which sug-
gests that most of the air in the NH high-latitude region with
its origin in the NH extratropical boundary layer is emit-
ted during boreal early summer. Although the tropical up-
welling has its maximum in boreal winter and spring, it does
not significantly transport the NH-extratropical-origin air to
the high-latitude lower stratosphere. This is mainly because
the Hadley cell supports such a transport pathway rather in
summer than in winter and spring (Fig. 2). In addition, trans-
port of the NH-extratropical-origin air to the high latitudes
reaches its maximum in boreal autumn. Note that the sec-
ond peak in JJA resulting from the NH-extratropical-origin
air is higher than the first peak. The mean AoA shows the
youngest value in boreal autumn (SON) and oldest value in
boreal spring (MAM).

Although the structure of the age spectrum of the SH-
extratropical-origin air (Fig. 5b) also includes multiple peaks
like that from the NH extratropics, its total contribution is al-
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Figure 4. Age spectra as (partial) transit time probability density functions (PDFs), calculated for air originating from three source regions:
NH extratropics, SH extratropics, and tropics. Age spectra are shown at =360 K (destination region) for all seasons. For each season, the
sum of the integral of the age spectra over all three source regions (i.e., over all partial contributions) is ~ 1, with deviations caused by our
approximation limiting the maximal transit time to 10 years. The black line shows the mean AoA as derived from the age spectrum. White

dashed line marks 60° N latitude.

most 10 times smaller than the respective contribution from
the NH extratropics. The first peak in age spectra in each
season from MAM to DJF is delayed by around 3 months
accordingly, which again suggests that the main contribution
from the SH extratropics originates in austral summer. The
mean AoA from the SH extratropics is older than that from
the NH extratropics during each season except in JJA.

The age spectrum of tropical origin (Fig. 5c) shows by far
the highest partial contribution (10 and 100 times larger than
that of the NH and SH, respectively). Unlike the age spec-
trum of the NH-extratropical- and SH-extratropical-origin
air, the tropical age spectrum in JJA and SON has only one

Atmos. Chem. Phys., 21, 6627-6645, 2021

clear peak at transit time around 6 months. During DJF and
MAM the tropical age spectrum shows more a multimodal
shape with the primary peak at transit time around 6 months
and a secondary peak delayed by a few months. The first peak
might be related to the Hadley and BD circulations com-
bining with the rapid isentropic transport. The second peak
shows a similar transit time to the air originating from the SH
extratropics, which suggests that the peak might be driven by
recirculation within the shallow branch of the BD circulation.
The age spectra along 60° S on the 360 K isentropic surface
shows similar patterns with a 6-month shift and different am-
plitudes (not shown).
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Figure 5. Partial age spectra of the air with the origin in NH extra-
tropics (a), SH extratropics (b), and tropics (¢) calculated at 360 K
along 60° N (destination region). Different colors represent differ-
ent seasons. Vertical dashed lines indicate the mean AoA. Note
different ranges of the y axis (tropics = 10 x NH; NH = 10 x SH),
which quantify relative differences of the considered source regions.

Finally, to get the global view of the mean transit time sea-
sonality from the three source regions, we calculate for each
season the mean AoA from the respective age spectrum using
Eq. (2). The mean AoA for each source region and season
with and without the annual mean removed is compared in
Fig. 6. A similar picture emerges of the well-known season-
ality and hemispheric asymmetries of the Hadley and BD cir-
culations (e.g., Konopka et al., 2015, and citations therein).
While the seasonality of the tropical upwelling dominates the
tropical features, the strength of isentropic poleward trans-
port and polar vortices explains the patterns at high latitudes.
The highest amplitude in the AoA anomalies for NH sources
can be diagnosed in the polar SH, and vice versa for the
SH sources in the polar NH. The amplitude of seasonality
in the tropics, especially of the air originating in the tropics,
is much smaller compared to that in the NH extratropics and
SH extratropics.
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The tropospheric air originating from the NH extratrop-
ics shows younger mean AoA during boreal summer (JJA)
mainly in the NH (negative anomalies in Fig. 6g) leading to
the flushing with fresh air and the propagation of young air
upward and southward to the global stratosphere in the fol-
lowing seasons. Mean AoA patterns from the SH extratropics
show a lot of similarities to those from the NH extratropics
with a 6-month shift. The young tropospheric air originat-
ing from the SH extratropics starts filling the UTLS from
austral summer (DJF) in the SH and is transported upwards
and northwards in the following seasons. Besides the simi-
larities, SH-extratropical-origin air shows an old layer (about
20 months) around the NH extratropical tropopause (around
the altitude range of 320-350 K) during JJA (Fig. 6h) linked
to the flushing of the NH lowermost stratosphere with NH
extratropical air (Fig. 1g). This old layer also exists in the
distribution of tropical-origin air over high-latitude regions
(Fig. 61).

Beyond these known features, some interesting asymme-
tries of the cross-hemispheric transport can be diagnosed.
Comparing the left and middle column of Fig. 6, we find that
the age of SH-extratropical-origin air in the NH is younger
than the age of NH-extratropical-origin air in the SH, associ-
ated with the fast flushing of the NH lower stratosphere with
young air in summer (Hegglin and Shepherd, 2007; Bonisch
etal., 2009; Orbe et al., 2016; Konopka et al., 2017). The lati-
tudinal mean AoA gradients in the tropical upper troposphere
are weak because of the increased latitudinal transport caused
by the upper branch of the Hadley circulation and isentropic
mixing. The latitudinal mean AoA gradients of the NH ex-
tratropical tracer in the SH during JJA are larger than those
of the SH extratropical tracer in the NH during DJF caused
by the stronger barrier along the jet in the SH during austral
winter.

4 Pathways of inter-hemispheric transport

In Sect. 3, we discussed the transport from the three source
regions based on zonal mean results. Clear hemispheric
asymmetry features of transport were noticed in AMFs and
age spectra. The transit time from the SH extratropical sur-
face to the NH is shorter than that from the NH extratropical
surface to the SH. The contributions (AMFs) of the NH extra-
tropical air to the global UTLS are around 5 times larger than
those from the SH, associated with the stronger monsoons
and weaker transport barriers in the NH during boreal sum-
mer, which allow strong meridional and inter-hemispheric
transport. To gain deeper insights into these hemispheric
asymmetries in transport, we disentangle the transport path-
ways in this section using zonally resolved data. Since most
of the anthropogenic pollutants are emitted in the NH and the
contributions from the NH extratropics to the SH are much
larger than vice versa, the transport pathways from the NH to
the SH are of our particular interest.
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Figure 6. Climatology of the mean AoA (1999-2017, black contours) and the AoA anomaly with respect to this climatology (color shading)
from the NH extratropics, SH extratropics, and tropics for each season. The black line shows the WMO tropopause.

The monthly evolution of young air (AoA less than
3 months) from the NH extratropics for the longitude—
pressure cross section along the latitude of 10° S is illustrated
in Fig. 7. We choose 10° S to reduce the influence of re-
versible transport across the Equator. The AMF from January
to May is nearly 0, and therefore only May is shown (Fig. 7a),
which is different from the previous results (e.g., Holzer,
2009, their Fig. 3; Orbe et al., 2016, their Fig. 5a—e). This
difference is likely caused by the model setup in our simula-
tions with the species set to 0 in the boundary layer outside
of the source region in each time step, which eliminates the
cross-equatorial transport from the NH extratropical surface
to the ITCZ region in the boundary layer and then ascent
over the tropics and SH subtropics. The convection in boreal

Atmos. Chem. Phys., 21, 6627-6645, 2021

winter is not strong enough to lift abundant NH extratropi-
cal air to high altitude for isentropic transport in the UTLS,
which suggests the lack of inter-hemispheric transport driven
by convective divergent outflow during winter. First signif-
icant signatures become evident in June—July, reach maxi-
mum in August-September, and vanish in November. There
is almost no inter-hemispheric exchange in the lower tropo-
sphere. Despite the model setup, this is probably related to
stable easterlies, which are less disturbed by Kelvin waves
and which effectively act as a meridional transport barrier.
Young air masses from the NH extratropics are trans-
ported to the SH from June to October (Fig. 7b—f) mainly
along two distinct pathways: between 0 and 120°E (de-
noted as the ASM region) in the altitude range of 340-
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Figure 7. Longitude—pressure cross section along the latitude of 10° S of monthly mean NH extratropical young (< 3 months) AMF (color
shading) during 1999-2017. White lines show isentropic levels; the black line shows the WMO tropopause. ASM, PD, and AD respectively
indicate the rough locations of the Asian summer monsoon region, Pacific westerly ducts, and the Atlantic westerly ducts.

390K and above the Atlantic (around 20° W) and Pacific
(around 80° W), denoted as regions of westerly ducts (AD
and PD for Atlantic and Pacific ducts, respectively). The
cross-equatorial transport over the Atlantic and Pacific peaks
at lower altitudes mainly in the upper troposphere between
340 and 350 K compared to the cross-hemispheric transport
over the ASM region. The relative importance of the inter-
hemispheric transport through the ASM pathway compared
to those over the Atlantic and Pacific seems to be stronger in
our study than in Orbe et al. (2016, c.f. their Fig. 5f—j). To
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disentangle which flow properties in the NH cause this pat-
tern of inter-hemispheric exchange, zonally revolved views
of both the AMF (less than 3 months) and the zonal wind
overplotted with potential vorticity (PV) contours are shown
in Figs. 8 and 9, respectively. Here, monthly means (July,
September, and November) of young AMF are plotted at 340
and 360 K potential temperature levels. We still stick to our
simplified notation (UTLS); even a significant part of trans-
port occurs within the TTL.

Atmos. Chem. Phys., 21, 6627-6645, 2021
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Figure 8 shows that the time evolution of the AMF cross-
ing the Equator is caused by the combination of two dynam-
ical processes: (i) ASM anticyclonic flow and related eddy
shedding, mainly at 6 =360 K (Popovic and Plumb, 2001;
Orbe et al., 2016), and (ii) the eastward-propagating Rossby
wave dynamics across the Equator in regions of westerly
winds (westerly ducts), mainly over the Pacific and the At-
lantic. In July, the peak of the young air (less than 3 months)
at 340K is located over the Tibetan Plateau and is related to
the elevated orography over Tibet, which is very close to the
340K level, so the peak is strongly affected by the released
boundary tracers. A second peak is located in the subtropics
of the western Pacific and can be attributed to the outflow
from the monsoon circulation at a lower level. The ASM cir-
culation keeps supplying the NH extratropical young air from
a lower level (Fig. 8a and c) and isolates most of the young
air inside the center of the ASM anticyclone at 360 K (Fig. 8b
and d) during July—September. Part of the NH-extratropical-
origin air which was entrained into the ASM anticyclone
moves southward and westward along with the ASM circu-
lation and is then transported to the SH by eddy shedding
detaching ASM air from the anticyclone and subsequently
being transported into the SH (Orbe et al., 2016, their Fig. 7)
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and to the Atlantic by the easterly flow on the southern edge
of the ASM anticyclone.

The westerly ducts can be clearly seen in the respective cli-
matology of the zonal wind and PV shown in Fig. 9. The ex-
istence of westerly ducts is altitude dependent. The tongues
of PV and the related anomalies of the westerly wind can be
diagnosed in the NH, over both the Pacific and the Atlantic,
from July to November at the potential temperature level of
360K, while at 340 K westerly ducts only appear in boreal
autumn and winter (starting from October; not shown). Note
that the westerlies in the NH become stronger from July to
November. The impact of the westerly ducts on the cross-
hemispheric transport can be deduced from the time evolu-
tion of the AMF at 340K (Fig. 8a, c, and e) with some dis-
tinct signatures over the Atlantic and slightly weaker signa-
tures over the Pacific. Although the westerly ducts do not ex-
ist in July and September at 340 K, weak westerlies at levels
below allow cross-equatorial transport over the Atlantic.

The picture changes at 8 =360 K (Fig. 8b, d, and f). While
the eddy shedding mechanism plays an important role from
July to September, there is only weak transport from the NH
to the tropics and to the SH through the westerly ducts dur-
ing this time. This implies the important role of the ASM
circulation in the asymmetry of inter-hemispheric transport
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Figure 9. Climatological (1999-2017) horizontal distribution of zonal wind on the 340 and 360 K isentropic surface during July, September,
and November. The potential vorticity is indicated by the black contours.

at the 360K level. However, starting from September, the
westerly ducts start to drive the cross-hemispheric transport
(Fig. 8d and f). On the one hand, the westerly ducts are get-
ting stronger in boreal autumn and winter (Fig. 9d and f)
compared to boreal summer (Fig. 9b). On the other hand,
most of the tracers transported across the Equator through
the westerly ducts originate from ASM regions following
the evolution of the ASM anticyclone. This suggests that
the westerly ducts alone would not transport a substantial
amount of young air masses from the NH extratropics to the
SH. Significant inter-hemispheric transport through westerly
ducts only happens when the NH extratropical air has been
transported into the UTLS by the ASM aforehand. Hence, it
is the interplay between the ASM anticyclone and the west-
erly ducts which drives the inter-hemispheric transport from
boreal summer to autumn.

The monthly evolution of zonal winds along the Equator
and young AMF from the NH extratropics over the region
of [6° N, 20° N] are illustrated in Fig. 10. Only the results
from every second month are shown here to reduce the redun-
dancy. Westerly ducts in the UTLS (350-380 K) are strongest
in January and weakest in September. However, we find that
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the largest inter-hemispheric transport happens in September
(Fig. 7e) with neither the strongest ASM nor the strongest
westerly ducts. Figure 10 shows that the largest amount of
NH extratropical air (highest AMFs) is transported to the
UTLS over the southern ASM region, Pacific, and Atlantic
in September by the ASM circulation and eddy shedding be-
fore crossing the Equator. And they are larger than the AMFs
in July (strongest ASM) and in January (strongest westerly
ducts), which again suggests that neither the westerly ducts
nor the ASM alone determine cross-equatorial transport. We
examine the monthly evolution of young (< 3 months) AMFs
from the NH extratropics on the isentropic surface between
340 and 420 K from May to December (not shown) and no-
tice that the coupling effect between ASM and westerly ducts
is time and altitude dependent. The interaction between ASM
and westerly ducts mainly drives the inter-hemispheric trans-
port during autumn in the UTLS due to the coincidence of the
westerly ducts and a significant amount of NH air at UTLS
levels, which was transported upwards by the ASM during
the previous months. This coupling effect plays an impor-
tant role in the inter-hemispheric transport from summer to
autumn at the altitude level between 350 and 370 K.

Atmos. Chem. Phys., 21, 6627-6645, 2021
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Figure 10. Longitude—potential-temperature cross section along the Equator of monthly mean zonal wind overplotted with the monthly zonal
mean of NH extratropical young (< 3 months) AMF (contours) over the domain of [6° N, 20° N] during 1999-2017.

5 Discussion

The air contributions and age spectrum (or AoA) from dif-
ferent source regions to the destination regions in the atmo-
sphere provide valuable information for understanding the
effect of natural and anthropogenic emissions on the atmo-
spheric composition and climate. However, recent studies
show substantial transport uncertainties depending on the
methods, models, and meteorological reanalyses used (e.g.,
Krol et al., 2018; Ploeger et al., 2019).

Recently, Hauck et al. (2020) estimated the age spectra and
AMF also using simulations from CLaMS but with the pulse
tracers released from the tropopause level over the NH ex-
tratropics (30-90° N), SH extratropics (30-90° S), and trop-
ics (30° S-30° N). The first obvious difference to our results
is that the NH-extratropical and SH-extratropical-origin air
pulsed in the boundary layer contributes much less to the
lower stratosphere compared to air originating at tropopause
level (Hauck et al., 2020, their Fig. 2). However, the trac-
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ers pulsed at the tropopause level are more latitudinally con-
fined compared to the results here. Furthermore, the inter-
hemispheric transport is more symmetric and nearly negli-
gible based on the pulse tracers from the tropopause, while
the tracers pulsed from the boundary layer show substantial
inter-hemispheric transport, especially from the NH extrat-
ropics to the SH. This is presumable because the hemispheric
differences in transport mainly result from the hemispheric
asymmetry of the upward motion of the Hadley circulation
in boreal and austral summer; of the land—sea distribution;
and of the orography, whose importance decreases with al-
titude. Note that the strongest cross-hemispheric transport
from the NH extratropics to the SH was diagnosed here be-
low the tropopause at potential temperature levels 340 and
360 K. As recently discussed in Yan et al. (2019), the Asian
and North American summer monsoon tracers released at a
lower level (350-360 K) and upper level (370-380 K) show
similar results, with upper-level tracers being more confined
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in the NH and with lower-level tracers significantly crossing
the Equator.

The age spectra with respect to the NH extratropical
tropopause in the high-latitude lower stratosphere (Hauck
et al., 2020, their Fig. 3) show a less distinct multimodal
shape with much weaker seasonality compared to spectra
with respect to the NH extratropical boundary layer, which
are strongly affected by the seasonal variation (Fig. 5a). The
age spectra for the NH extratropical boundary origin at 60° N
on the 360K surface peak at about 2-month larger transit
times compared to age spectra related to the tropopause due
to the extra vertical transport from the boundary layer to
the tropopause. Both the NH extratropical boundary air and
the NH extratropical tropopause air in the NH high-latitude
lower stratosphere originate at the respective surface in early
summer.

AMFs from the planetary boundary layer to the tropo-
sphere were calculated by Orbe et al. (2015) using simula-
tions from the Goddard Earth Observing System Chemistry
Climate Model (GEOSCCM). They divided the Earth into
NH, SH, and tropics regions, corresponding to 10-90° N, 10—
90° S, and 10° S-10° N, respectively. Although the domains
are different to our choice here, the seasonality in the trans-
port patterns of AMFs (their Fig. 3) shows some similarities
to our results in the UTLS (Fig. 1), e.g., the AMFs originat-
ing from the NH and SH being transported upward mainly
in summer and autumn and clear influence of the Hadley cell
on the tropical origin AMFs. Despite the similarities, signif-
icant differences are found between Orbe et al. (2015) and
our study. Their results show that the AMFs from the NH
to the global lower stratosphere are comparable to the cor-
responding contributions from the SH (their Figs. 2 and 3),
while we find that the contributions from the NH extratrop-
ics to the global lower stratosphere are about 5 times larger
than those from the SH extratropics. Hence, the asymmetric
features of transport between NH and SH are more signifi-
cant in middle-high-latitude regions. The contributions from
the NH and SH surface (tropics) to the atmosphere in their
study are much higher (lower) than the results presented here.
Crossing the subtropical tropopause transport for SH origin
air happens in DJF in their study instead of MAM here. These
differences are mainly attributed to the different ranges of the
origin regions, the different model setup for the air mass ori-
gin in the boundary layer, and the different parameterized
processes in GEOSCCM and CLaMS such as convection.

A different model setup in the boundary layer from pre-
vious studies (e.g., Orbe et al., 2016, their Fig. 5) allows us
to separate the contributions from different pathways in the
boundary layer and the upper level. The inter-hemispheric
transport from the NH extratropics to the SH during boreal
winter just happens in the boundary layer, mainly caused
by the convergence from the NH extratropical surface to
the ITCZ region, and then the air is transported upward and
southward by Hadley and BD circulations. There is almost no
inter-hemispheric transport driven by the convective outflow
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at high altitude during boreal winter. The cross-equatorial
transport from the NH extratropics to the SH during bo-
real summer and autumn through UTLS is comparable to
the inter-hemispheric transport through the boundary layer.
Simulations from a two-box model show that the transit time
of the NH-origin air to the SH is shorter than vice versa
associated with the different strength of the seasonal cycle
and the asymmetric position of the ITCZ (Chen et al., 2017;
Krol et al., 2018). However, our simulations based on three
source domains show that the mean AoA from the NH extra-
tropical surface to the SH is longer than vice versa (Fig. 6).
The discrepancy is mainly caused by different definitions of
the domains, which are 30-90° N and 30-90° S in our study,
while Chen et al. (2017) and Krol et al. (2018) define the
whole hemisphere to represent the NH and SH. Hence, cau-
tion should be taken regarding the asymmetric transit time.

6 Conclusions

This paper presents AMFs and age spectra with respect to the
different surface latitude bands: NH extratropics (30-90° N),
SH extratropics (30-90° S), and tropics (30° S—-30° N) source
regions. The CLaMS model is used for carrying out simula-
tions covering the period 1989-2017. We find that air orig-
inating at the NH extratropical surface shows about 5 times
larger amounts in the UTLS compared to air from the SH
surface. Although the tropical-origin air dominates the atmo-
sphere, the amplitude of seasonal variation is comparable for
transport from the tropics and from the NH extratropics.

Both the SH extratropical and NH extratropical age spectra
show more pronounced seasonality compared to the season-
ality of tropical age spectra. Air in the northern high-latitude
regions originating from the NH extratropics is mainly trans-
ported into the UTLS from early summer to autumn, mak-
ing this season particularly important for transport of anthro-
pogenic pollutants into high-latitude regions. The transit time
of NH-extratropical-origin air to the SH extratropics is longer
than vice versa, although the ASM helps to reduce this transit
time.

Further analyses suggest that the cross-hemispheric trans-
port of fresh air (AoA less than 3 months) from the NH ex-
tratropics to the SH mainly occurs in the altitude range of
320-420K. The ASM circulation has been recognized as an
important driver for cross-hemispheric transport in simula-
tions (e.g., Orbe et al., 2016) and observations, i.e., aerosol
data from a wildfire plume (e.g., Kloss et al., 2019) and vol-
canic plume (e.g., Wu et al., 2017). In agreement with these
previous studies, we confirm the crucial role of the ASM cir-
culation during summer in causing the cross-equatorial trans-
port. The westerly ducts have been reported as another driver
of inter-hemispheric transport during winter (e.g., Webster
and Holton, 1982; Tomas and Webster, 1994). Here, we find
that the westerly ducts during summer and autumn also allow
inter-hemispheric transport, although they are much weaker
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than during winter. However, it is neither the ASM circu-
lation nor the westerly ducts alone but the interplay be-
tween ASM and westerly ducts that matters for the inter-
hemispheric transport from summer to autumn in the UTLS
between 350 and 370 K. In particular, it is not the region of
strongest westerly ducts (Pacific) which allows the strongest
transport but the Atlantic region, where the westerlies are
weaker but which is closer to the ASM, coupling with the
ASM and causing strongest cross-equatorial transport.
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