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Transport pathways and signatures of mixing in the extratropical
tropopause region derived from Lagrangian model simulations
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[1] Model simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS)
driven by wind fields of the National Center for Environmental Prediction (NCEP) were
performed in the midlatitude tropopause region in April 2008 to study two research flights
conducted during the STARTO8 campaign. One flight targeted a deep tropospheric
intrusion and another flight targeted a deep stratospheric intrusion event, both of them in
the vicinity of the subtropical and polar jet. Air masses with strong signatures of mixing
between stratospheric and tropospheric air masses were identified from measured CO-O3
correlations, and the characteristics were reproduced by CLaMS model simulations.
CLaMS simulations in turn complement the observations and provide a broader view of
the mixed region in physical space. Using artificial tracers of air mass origin within
CLaMS yields unique information about the transport pathways and their contribution to
the composition in the mixed region from different transport origins. Three different
regions are examined to categorize dominant transport processes: (1) on the cyclonic side

of the polar jet within tropopause folds where air from the lowermost stratosphere and
the cyclonic side of the jet is transported downward into the troposphere, (2) on the
anticyclonic side of the polar jet around the 2 PVU surface air masses, where signatures of
mixing between the troposphere and lowermost stratosphere were found with large
contributions of air masses from low latitudes, and (3) in the lower stratosphere associated
with a deep tropospheric intrusion originating in the tropical tropopause layer (TTL).
Moreover, the time scale of transport from the TTL into the lowermost stratosphere is in
the range of weeks whereas the stratospheric intrusions occur on a time scale of days.

Citation: Vogel, B., et al. (2011), Transport pathways and signatures of mixing in the extratropical tropopause region derived
from Lagrangian model simulations, J. Geophys. Res., 116, D05306, doi:10.1029/2010JD014876.

1. Introduction

[2] Two-way stratosphere-troposphere exchange (STE) in
the extratropical tropopause region plays an important
role in trace gas composition in the upper troposphere and
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lower stratosphere (UTLS). Changes in the concentration
of radiatively active species in this region will affect
radiative forcing. Therefore, quantifying STE is an essen-
tial step toward understanding and predicting future climate
change [e.g., Manabe and Weatherald, 1967; Rind et al.,
1996; Forster and Shine, 2002; Randel et al., 2007,
Intergovernmental Panel on Climate Change,2007; Solomon
et al., 2010]. In order to diagnose and quantify transport and
mixing in the UTLS, model tools are required permitting
observed STE events to be reproduced. Here, the impact of
transport on the chemical composition in the UTLS, in par-
ticular the signature of mixing processes and transport path-
ways, will be analyzed using tracers of air mass origin in
Lagrangian simulations.

[3] In situ measurements of trace gases show that a layer
around the extratropical tropopause can be characterized
as a mixture of tropospheric and stratospheric air masses.
This layer is referred to as the extratropical transition layer
(EXTL) [e.g., Danielsen, 1968; Shapiro, 1980; Kritz et al.,
1991; Hoor et al., 2004; Pan et al., 2004; Hoor et al.,
2005; Pan et al., 2007; Hegglin et al., 2009]. Extratropical
STE is associated with synoptic-scale and mesoscale pro-
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cesses; therefore the EXTL does not have a uniform depth
near the tropopause, but rather has strong spatial variations
[Pan et al., 2007].

[4] For example, tropopause folds, which are also referred
to as stratospheric intrusions, occur episodically and lead to
irreversible transport of stratospheric air into the tropo-
sphere in the vicinity of the jet streams [e.g., Danielsen, 1968;
Shapiro, 1980; Vaughan et al., 1994; Baray et al., 2000;
Sprenger et al.,2003]. In tropopause folds an extensive layer
of mixed stratospheric and tropospheric air is found on the
cyclonic (poleward) side of the jet [Pan et al., 2007]. Here, the
thermal tropopause [World Meteorological Organization,
1957] is less well defined, and there is a substantial vertical
separation between the thermal tropopause and the surface
with a constant potential vorticity of two potential vorticity
units (1 PVU = 10°° Km? kg ' s7") referred to as 2 PVU
surface. Further, there is evidence that mixing processes in
stratospheric intrusions are associated with the wind shear of
the jet streams [Cho et al., 1999; Pavelin and Whiteway,
2002; Pan et al., 2006, 2007].

[5] The lowermost stratosphere (LMS), which is the part
of the extratropical stratosphere where isentropes intersect
the tropopause, is often considered to be bounded by the
380 K isentrope above and the extratropical tropopause
below. In the LMS, measurements show that a significant
influence of tropospheric air is evident far above the extra-
tropical tropopause [e.g., Kritz et al., 1991; Dessler et al.,
1995; Hintsa et al., 1998; Vaughan and Timmis, 1998; Ray
et al., 1999; Hoor et al., 2004, 2005; Bonisch et al., 2009].
This suggests that a substantial fraction of air in the LMS is
isentropically mixed from the tropical upper troposphere
[Rosenlof et al., 1997; Shepherd, 2007; Bonisch et al., 2009].
Recently, deep tropospheric intrusions observed in ozone
measurements by satellites and sondes have been shown to be
associated with low static stability [e.g., Murgatroyd, 1965;
Reid et al., 2000; Tuck et al., 2003] and the presence of a
secondary tropopause [Pan et al., 2009].

[6] Mixing in the tropopause region is a key mechanism
in irreversible STE. The effect of mixing is frequently
identified from in situ aircraft measurements using tracer-
tracer correlations [e.g., Danielsen, 1968; Kelly et al., 1989;
Fischer et al., 2000; Zahn and Brenninkmeijer, 2002; Hoor
et al., 2002; Pan et al., 2004; Krebsbach et al., 2006; Pan
et al., 2006; Kunz et al., 2009]. 1t is difficult, however, to
quantify tracer transport resulting from mixing by using
these observations alone. Trajectory studies using three-
dimensional winds from meteorological data sets are often
used to investigate the transport origins or to quantify trans-
port [e.g., Chen, 1994, 1995; Stohl, 1998; Seo and Bowman,
2001, 2002; Wernli and Bourqui, 2002; Sprenger and Wernli,
2003; Stohl et al., 2003; Berthet et al., 2007; Pan et al., 2007,
Bowman et al., 2007, and references therein]. Because pure
trajectory models represent only advective transport by the
resolved flow, trajectories by themselves do not represent or
quantify mixing processes. Quantitative studies of mixing
require models that can compute estimates of mixing. Several
previous studies have shown that the Chemical Lagrangian
Model of the Stratosphere (CLaMS), which uses the shear and
deformation of the large-scale winds to parameterize mix-
ing [McKenna et al., 2002a, 2002b; Konopka et al., 2007],
has the ability to characterize mixing near the tropopause,
in particular in tropopause folds [e.g., Pan et al., 2006].
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[7] Here, we compare CLaMS simulations with observa-
tions obtained during the Stratosphere-Troposphere Analy-
ses of Regional Transport (START08) campaign [Pan et al.,
2010]. The STARTO8 experiment was conducted using
the U.S. National Science Foundation (NSF) Gulfstream V
(GV) research aircraft, operated by the National Center for
Atmospheric Research (NCAR). The experiment is designed
to characterize the transport pathways in the extratropical
tropopause region. A total of 18 research flights were con-
ducted based out of Rocky Mountain Metropolitan Airport,
Broomfield, Colorado, between April and June 2008. The
flights sampled latitudes from 25°N—65°N and altitudes from
the surface to ~14.5 km (~390 K potential temperature).
In addition to meteorological variables, a large suite of chem-
ical species and microphysical parameters was measured on
the GV.

[8] The goal of this paper is to integrate the information
from the aircraft observations and the CLaMS model to
quantify and characterize signatures of mixing between
stratospheric and tropospheric air. In this paper, the term
“mixing” is used in the following senses: (1) mixing between
stratospheric and tropospheric air masses which is evident in
CO-Oj tracer correlation and (2) mixing as result of the
CLaMS mixing scheme that is parameterized by the defor-
mation of the large-scale winds (see section 3.1). Our inves-
tigation focuses on two main questions. First, how well does
CLaMS represent observed mixing in the tropopause region?
Second, what can we learn from CLaMS simulations about
transport and signatures of mixing observed during START08?
The tropopause region is very challenging for global models,
as most Eulerian Chemistry Climate Models (CCMs) are
found to be too diffusive in this region [Hegglin et al., 2010].

[9] The modeling and analysis in this paper focus on two
STARTO8 research flights (RF), RFO1, conducted on 18
April to investigate a tropospheric intrusion event, and RF04,
conducted on 28 April to investigate a stratospheric intrusion
(tropopause fold event). To integrate CLaMS models and
GV observations, we first compare signatures of mixing
processes in CLaMS simulations with those observed using
tracer-tracer correlations. This is followed by the analysis of
artificial tracers of air mass origin in CLaMS simulations
[Giinther et al., 2008]. The artificial tracer technique allows
not only the origin of the air parcels to be identified but
also the contribution of different air masses involved in
observed mixed air.

2. Data

2.1.

[10] Research flight 1 (RF01), targeting a deep tropo-
spheric intrusion, was conducted on 18 April 2008. The flight
path was along a triangle from Broomfield, Colorado (39°N,
107°W), to North Ontario (56°N, 87°W) (part 1), continuing
to near Milwaukee, Wisconsin (43°N, 88°W) (part 2), and
then back to Broomfield (part 3) (see Figure 1a). A maximum
altitude of ~14.5 km was reached. The air mass associated
with the tropospheric intrusion is characterized by low values
of both potential vorticity (2PV) and static stability (buoy-
ancy frequency squared, N°) derived from NCEP data as
shown in Figure 1. A double thermal tropopause (see Figure le,
white dots) encloses the tropospheric intrusion centered
around 380 K potential temperature with a vertical extension
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