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[1] Stratospheric intrusions (tropopause folds) are known to be major contributors to
stratosphere-troposphere exchange. The specific mixing processes that lead to irreversible
exchange between stratospheric intrusions and the surrounding troposphere, however, are
not entirely understood. This study presents direct observations of moist convection
penetrating into stratospheric intrusions. The characteristics of convective injection are
shown by using in situ aircraft measurements, radar reflectivities, and model analyses.
Convective injection is observed at altitudes up to 5 km above the bottom of a stratospheric
intrusion. Aircraft measurements from the Stratosphere-Troposphere Analyses of Regional
Transport 2008 (START08) experiment show that convective injection in stratospheric
intrusions can be uniquely identified by coincident observations of water vapor greater than
about 100 ppmv and ozone greater than about 125 ppbv. Trajectory analyses show that
convective injection can impact transport in both directions: from troposphere to
stratosphere and from stratosphere to troposphere. We present a conceptual model of the
synoptic meteorological conditions conducive to convective injection in stratospheric
intrusions. In particular, convective injection is found to be associated with a “split front”
where the upper-level frontal boundary outruns the surface cold front.
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1. Introduction

[2] The occurrence and impact of stratospheric intrusions
in the upper troposphere and lower stratosphere (UTLS) has
been the focus of many previous stratosphere-troposphere
exchange (STE) studies and aircraft experiments [e.g., Reed,
1955; Danielsen, 1968; Shapiro, 1980; Shapiro et al., 1987;
Browell et al., 1987; Cooper et al., 2004; Appenzeller and
Davies, 1992; Appenzeller et al., 1996; Flentje et al., 2005;
Pan et al., 2007, 2010]. Stratospheric intrusions (or tropo-
pause folds) are one of the key mechanisms of STE and have
a significant influence on the composition of the UTLS,
which in turn affects chemistry, climate, and the radiation
budget [e.g., Hoskins, 1991; Holton et al., 1995; Stohl et al.,
2003]. There are several known processes that lead to irre-
versible exchange (mixing) of air between stratospheric
intrusions and the surrounding troposphere during their life-
cycles. Several of these are collectively referred to as clear air
turbulence [e.g., Shapiro, 1976, 1978, 1980]. Mechanisms
for generation of clear air turbulence include inertio-gravity
waves [e.g., Danielsen et al., 1991], Kelvin-Helmholtz
instabilities [e.g., Shapiro, 1980] and boundary layer mixing

[e.g., Johnson and Viezee, 1981]. Diabatic processes such as
latent heating and radiative cooling associated with clouds
near the tropopause can also be important [e.g., Price and
Vaughan, 1993; Lamarque and Hess, 1994]. Filamentation
and roll-up of intrusions into vortices that interleave tropo-
spheric and stratospheric air masses is a significant mixing
process [e.g., Appenzeller et al., 1996]. Convection is also a
potential source of irreversible mixing during stratospheric
intrusions. The impacts of convective injection could be
large given the deep descent of intrusions into the tropo-
sphere and the ability of convection to rapidly transport air
vertically. Convective injection of tropospheric air into
stratospheric intrusions has been inferred from observations,
but has not been observed directly [e.g., Langford and Reid,
1998; Reid and Vaughan, 2004; Cooper et al., 2005].
[3] Stratospheric intrusions occur outside of the tropics,

and they have distinct climatological characteristics in terms
of their depth and seasonality. The frequency of strato-
spheric intrusions has been found to be highest along the
subtropical jet stream and the magnitude of stratosphere-to-
troposphere transport in general is larger in middle latitudes
and during the winter and spring seasons [e.g., Waugh and
Polvani, 2000; Seo and Bowman, 2001; Olsen et al., 2002;
Wernli and Bourqui, 2002; Sprenger and Wernli, 2003;
Sprenger et al., 2003]. Although they are more common in
the subtropics, individual stratospheric intrusions tend to be
deeper (descend to lower altitudes) and have stronger mass
exchange fluxes along the polar jet stream in midlatitudes
[e.g., Wernli and Bourqui, 2002; Sprenger et al., 2003].
Sprenger and Wernli [2003] show that the deepest exchange
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