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Abstract. In this study we use the ERA-Interim reanaly-
sis data set from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and a refined version of
a previously developed Lagrangian methodology to compile
a global 33 yr climatology of stratosphere–troposphere ex-
change (STE) from 1979 to 2011. Fluxes of mass and ozone
are calculated across the tropopause, pressure surfaces in
the troposphere, and the top of the planetary boundary layer
(PBL). This climatology provides a state-of-the-art quantifi-
cation of the geographical distribution of STE and the pre-
ferred transport pathways, as well as insight into the temporal
evolution of STE during the last 33 yr.

We confirm the distinct zonal and seasonal asymmetry
found in previous studies using comparable methods. The
subset of “deep STE”, where stratospheric air reaches the
PBL within 4 days or vice versa, shows especially strong ge-
ographical and seasonal variations. The global hotspots for
deep STE are found along the west coast of North America
and over the Tibetan Plateau, especially in boreal winter and
spring. An analysis of the time series reveals significant pos-
itive trends of the net downward mass flux and of deep STE
in both directions, which are particularly large over North
America.

The downward ozone flux across the tropopause is dom-
inated by the seasonal cycle of ozone concentrations at the
tropopause and peaks in summer, when the mass flux is
nearly at its minimum. For the subset of deep STE events,
the situation is reversed and the downward ozone flux into the
PBL is dominated by the mass flux and peaks in early spring.
Thus surface ozone concentration along the west coast of
North America and around the Tibetan Plateau are likely to
be influenced by deep stratospheric intrusions.

We discuss the sensitivity of our results on the choice of
the control surface representing the tropopause, the horizon-
tal and vertical resolution of the trajectory starting grid, and
the minimum residence timeτ used to filter out transient STE
trajectories.

1 Introduction

Stratosphere–troposphere exchange (STE) has important im-
pacts on atmospheric chemistry: it changes the oxidative ca-
pacity of the troposphere (e.g.Kentarchos and Roelofs, 2003)
and potentially also affects the climate system because ozone
and water vapour are potent greenhouse gases (e.g.Gauss
et al., 2003; Forster et al., 2007).

Although it has been known for roughly 50 yr that strato-
spheric ozone can be brought into the troposphere during
STE events (Junge, 1962; Danielsen, 1968) and add to local
photochemical production, the relative importance of these
sources is not yet entirely certain. Modelling studies (e.g.
Roelofs and Lelieveld, 1997) indicate that the stratospheric
contribution to ozone in the troposphere could be as large
as that from net photochemical production, which was also
confirmed in a more recent multi-model ensemble simula-
tion (Stevenson et al., 2006). This contribution, albeit only
known with rather large uncertainty (Wild, 2007), is likely to
increase over the next decades (Zeng and Pyle, 2003; Collins
et al., 2003; Hegglin and Shepherd, 2009), which further em-
phasizes the importance of STE for tropospheric chemistry.

While ozone in the upper troposphere is mainly rele-
vant as a greenhouse gas and oxidizer, deep STE down
to the surface can also contribute to enhanced ozone lev-
els at the ground and affect plant and human physiology
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STT M TST M STT O3 TST O3
TP −0.76 −0.87 −0.77 −0.85
400 hPa −0.58 −0.78 −0.56 −0.75
500 hPa −0.50 −0.68 −0.48 −0.64
600 hPa −0.48 −0.61 −0.45 −0.58
700 hPa −0.48 −0.59 −0.44 −0.57
800 hPa −0.49 −0.59 −0.45 −0.57
PBL −0.50 −0.60 −0.46 −0.58

Table 1: Parameters κ from the power-law fit (c · τκ with some constant c) to globally integrated fluxes
of mass and ozone.
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Figure S 1: Trends of deep STT mass flux into the PBL (top) and deep TST mass flux out of the PBL
(bottom) from 1979 to 2011. Linear regression is applied to monthly averages at every grid point and
regions where the trends are significant on a 1 % level are dashed. The trends in western and central
North America are approximately 0.13 kg km−2 s−1 month−1 and 0.16 kg km−2 s−1 month−1 for deep
STT and deep TST, respectively. The trend in deep STT over the Tibetan Plateau is approximately
−0.19 kg km−2 s−1 month−1 but is only significant at a small number of grid points and does thus not
appear as dashed region.
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Figure S 2: Seasonal cycles of hemispherically integrated deep STT fluxes of mass (top) and ozone
(middle) in the NH (left) and the SH (right) for the year 2010. The three different data sets (“control”,
“highres” and “3.5 pvu”) are described in Sect. 5 of the manuscript. The seasonal cycles are scaled to
their maximum values shown within the individual figures, facilitating the comparison of amplitude and
shape of the cycles. The bottom row shows the seasonal cycles of ozone mixing ratios at the corresponding
control surfaces.
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Figure S 3: Seasonal cycles of hemispherically integrated TST mass fluxes for all exchanges (top) and
deep exchanges only (bottom) in the NH (left) and the SH (right) for the year 2010. The three different
data sets (“control”, “highres” and “3.5 pvu”) are described in Sect. 5 of the manuscript. The seasonal
cycles are scaled to their maximum values shown within the individual figures, facilitating the comparison
of amplitude and shape of the cycles.
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Figure S 4: Seasonal cycles of hemispherically integrated net (STT-TST) fluxes of mass (top) and ozone
(bottom) for the year 2010. The three different data sets (“control”, “highres” and “3.5 pvu”) are
described in Sect. 5 of the manuscript. The seasonal cycles are scaled to their maximum values shown
within the individual figures, facilitating the comparison of amplitude and shape of the cycles.
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Figure S 5: Scaled STT mass flux for 2010 in the “control” setup as described in Sect. 5 of the manuscript.

Figure S 6: Scaled STT mass flux for 2010 in the “3.5 pvu” setup as described in Sect. 5 of the
manuscript.
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Figure S 7: Scaled TST mass flux for 2010 in the “control” setup as described in Sect. 5 of the manuscript.

Figure S 8: Scaled TST mass flux for 2010 in the “3.5 pvu” setup as described in Sect. 5 of the
manuscript.
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Figure S 9: Zonally integrated STT, TST and net(STT-TST) mass fluxes for the three data sets “control”,
“highres” and “3.5 pvu” as described in Sect. 5 of the manuscript. All curves are scaled to the maximum
STT mass flux.
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Figure S 10: Seasonal cycles of the net(STT-TST) fluxes of mass (top) and ozone (bottom) in the NH
(left) and SH (right) averaged from 1979 to 2011. The shaded areas show 5 % and 95 % (light) as well
as 25 % and 75 % (dark) quantiles of the monthly values. The white lines show the mean values of the
33 yr. The horizontal dashed lines are shown for visual guidance.
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