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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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Figure 1. The horizontal distribution of PV and static stability (N?) at (a and b) 380 K and (c and d)
320 K potential temperature on 18 April 2008. The 2 PVU isopleths for potential vorticity from NCEP
data are marked by white contour lines. The horizontal winds are indicated by white arrows. The flight
path for RFO1 on 18 April 2008 is marked by the black triangle. (e) Static stability (N?) within the curtain
along the flight path (part 3 of the flight) as a function of altitude. The corresponding levels of potential
temperature are marked by thin white lines. Further, the thermal tropopause (white dots), the 2 PVU sur-
face (white thick line), and the flight path (gray thick line) are also shown. The magnitude of horizontal
winds in m/s (black contours) indicates the position of the polar jet.

of approximately 20 K (see Figure le). Further, during
part 3 of the flight, a small tropopause fold was probed
which was characterized by discrepancies between the first
thermal tropopause (Figure 1e, lower row of white dots) and
the 2 PVU surface (white thick line) in the vicinity of the
polar jet (black lines). The fold is characterized by a strong
horizontal PV gradient on the 320 K surface between air
masses inside and outside the tropopause fold marked by the
2 PVU isoline which is associated with the location of the

polar jet (see Figure 1c). Moreover, air masses in the tro-
popause fold are also characterized by higher N* compared to
the tropospheric background. Because RF0O1 probed both a
deep tropospheric intrusion and a tropopause fold during part
3 of the flight (see flight path Figure le, gray line), in the
following analysis we focus on part 3 of the flight.

[11] RF04, performed on 28 April 2008, was flown
roughly along 40° latitude from Broomfield, Colorado (39°N,
107°W), to Indianapolis, Indiana (40°N, 86°W), and back
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Figure 2. Same as Figure 1 but for research flight RF04 on 28 April 2008.

(see Figure 2a). The maximum altitude on this flight was also
nearly 14.5 km. This flight sampled a deep tropopause fold
over the central U.S. on the cyclonic flank of a northerly
polar jet merged with the subtropical jet [Pan et al., 2010].
Air masses within a deep stratospheric intrusion in the
vicinity of the polar jet were sampled during the flight as
shown in Figures 2c to 2e. Here also, the tropopause fold is
characterized by a large difference between the thermal tro-
popause and the 2 PVU surface. A second thermal tropo-
pause exists above the first one in the region above the
tropopause fold. Relatively low values of N* compared to the
stratospheric background are found between the two thermal
tropopauses. In the stratospheric intrusion, N* values are
relatively high compared to the tropospheric background
(see Figures 2d and 2¢).

2.2. Measured CO and O; Correlations

[12] Ozone (0O3) and carbon monoxide (CO) measurements
on board GV are used in this study. The ozone data were
obtained from a new NCAR instrument built for routine use
on the GV. STARTOS is the instrument’s first research
deployment. The measurement principle of the instrument is
based on chemiluminescence from the reaction of nitric oxide
(NO) with ambient O; [Ridley et al., 1992]. A 1 Hz sampling
rate was used for the data presented here. The overall
uncertainty of the Oj is estimated to be +3% of the ambient
measured mixing ratio. The 1 s detection limit is 0.02 ppbv.

[13] The in situ CO measurements used in this study are
from NCAR Research Aviation Facility (RAF) CO instru-
ment. This instrument is a modified version of a commercial
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Figure 3. Observed CO-Oj correlation color coded with the potential temperature (©) for research flight
(a) RFO1 on 18 April 2008 and (b) RF04 conducted on 28 April 2008. The mix-limit lines (dashed black

lines) separate in tracer-tracer space the stratospheric

(CO < 35 ppbv) and tropospheric (O3 < 100 ppbv)

reservoirs from the region where mixing between stratospheric and tropospheric air masses determines
the composition of the air (CO > 35 ppbv and O3 > 100 ppbv). For research flight RFO1 (Figure 3a),
only data from part 3 of the flight (see Figure 1) are color coded. Data from part 1 and 2 of the flight are

shown in gray.

vacuum UV resonance fluorescence instrument [Gerbig
et al., 1999]. The CO instrument is operated at 1 Hz sam-
pling rate and with an estimated uncertainty of + (2 ppbv +
5%) for a 30 ppbv ambient mixing ratio. Postmission com-
parisons show a larger uncertainty for mixing ratios below
20-25 ppbv.

[14] Figure 3 shows measured CO-O; correlations [e.g.,
Fishman and Seiler, 1983] from research flight RF01
(Figure 3a) and RF04 (Figure 3b) color coded by potential
temperature. To focus on air masses with mixed strato-
spheric and tropospheric characteristics, we separate the
air masses into three groups: (1) background stratosphere,
(2) background troposphere, and (3) mixed. Empirical cri-
teria are used to identify the three groups in tracer space.
The stratospheric background is chosen as air with CO <
35 ppbv. The tropospheric background is identified by O; <
100 ppbv. Air with O3 > 100 ppbv and CO > 35 ppbv is
considered to be mixed (see Figure 3). In Figure 3, these

criteria are shown as “mix-limit lines” (dashed black lines) in
the CO-Oj; tracer space. The air parcels between the two
mixing-limit lines have a fairly compact tracer-tracer rela-
tionship. For both flights, the distributions in tracer space
intersect the 35 ppbv CO limit near 450 ppbv of Os, and
intersect the 100 ppbv O3 limit between 100 and 150 ppbv of
CO.

[15] For RF01, only the data from part 3 of the flight are
color coded. Points within the CO-O; correlation with
potential temperatures larger than 360 K (red), low ozone, and
low CO values (O3 <200 ppbv and 30 ppbv < CO < 60 ppbv)
are noteworthy (see Figure 3a). These data are measured
within the tropospheric intrusion, as indicated by low PV and
low N? above the first thermal tropopause (see section 2.1).

[16] Further, it is evident that for both flights the mixed
region consists of two or more separate mixing lines or
segments which have similar slopes. The shift away from
each other indicates that they connect different parts of the
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tropospheric and stratospheric branch. These different seg-
ments are characterized by different levels of potential tem-
perature. Air masses between ~330 and 350 K (green) are
mostly found at the bottom side of the mixing region and air
masses between ~300 and 330 K (blue) are mostly found at
the top edge of the mixing region in CO-Oj; tracer space.

[17] The separation into distinct lines with different colors
is probably largely due to the flight path of the aircraft during
flight RFO1 and RF04. Therefore, the distinct lines represent
very individual air masses probed during the flight. Most
likely the lines would overlap if additional nearby flight
paths were available. However, triggered by the large sep-
aration into distinct lines, the question is raised whether
spatially separated air masses in the CO-O; correlation space
have different characteristics concerning the origin of the air
masses and their spatial location in physical space.

3. The Model Study

3.1. Description of the CLaMS Model

[18] For the STARTO8 campaign, model simulations with
the Chemical Lagrangian Model of the Stratosphere (CLaMS)
are performed. CLaMS was originally developed for the
stratosphere [McKenna et al., 2002a, 2002b; Konopka et al.,
2004] and was recently extended to the troposphere [Konopka
etal.,2007,2010]. Here, we present CLaMS simulations for
the Northern hemisphere that cover an altitude range from
the surface up to the 500 K potential temperature (~20 km
altitude) with a horizontal resolution of 50 km. The model
has 35 vertical levels with a maximum vertical resolution of
200 m at the tropopause. The isentropic advection is driven
by meteorological analysis winds from the National Centers
for Environmental Prediction (NCEP).

[19] Above 100 hPa, the cross-isentropic velocities are
derived from radiation calculations [Morcrette, 1991; Zhong
and Haigh, 1995]. Below 100 hPa, the model smoothly
transforms from the isentropic to the hybrid-pressure coor-
dinate [Konopka et al., 2007]. In this way, the effect of large-
scale convective transport as represented in the vertical winds
(w) of the meteorological analysis (NCEP) is taken into
account. In CLaMS, an initial distribution of the air parcels
is transported according to trajectories with subsequent
mixing. The mixing procedure inserts or removes air parcels
into the irregular grid, where the distances between next
neighbors are larger or lower than a critical value (for details
see Konopka et al. [2004]). Here, we use a critical Lyaponov
exponent A\. = 2.0 as a mixing parameter applied after each
advection step of 6 h. In this way, the mixing processes in
CLaMS are parameterized as driven by vertical shear and
horizontal strain in the large-scale winds, which have their
largest values in the vicinity of the jet streams.

[20] In this work, we are interested in studying the path-
ways of transport and the origins of air masses for air parcels
observed during RFO1 and RF04. For these air parcels
observed CO-0j; correlations are available. Therefore, the
CLaMS simulations are performed with simplified chemistry,
including methane oxidation, which is the most important
chemical source of CO in the stratosphere. Also, loss of
CO by reaction with OH is included in the simulations.

[21] The simulation is initialized on 1 April 2008, with
CO and Oj from a 3-D multiannual, global CLaMS simu-
lation [Konopka et al., 2010] performed from surface up to
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the stratopause, and follows the model setup described
[Konopka et al., 2007]. This multiannual simulation is
available over the time period from October 2001 up to the
present with 100 km horizontal resolution and the highest
resolution of 400 m around 380 K potential temperature.

[22] CO values retrieved by the Atmospheric Infrared
Sounder (AIRS) on the NASA Aqua satellite are used to
prescribe CO sources at the Earth’s surface [Susskind et al.,
2003]. Daytime global gridded data from the AIRS version
5 CO support product (100 vertical layers) are used to infer
lower boundary conditions for noon each day. The AIRS data
are interpolated on the lowest model level depending on
latitude and longitude (3° % 3°) and are updated every 24 h
during the CLaMS simulation.

[23] At the lower boundary ozone is set equal to zero,
which means that no tropospheric source of O; is included
in the simulation. At the upper boundary, O; is taken from
the HALOE climatology [Groof8 and Russell, 2005], while
CO comes from the multiannual, global CLaMS simulation
[Konopka et al., 2010]. In the following, we use passively
transported ozone in CLaMS to compare CLaMS with mea-
surements. That means O; chemistry is neglected over the
short period of the simulations.

[24] A tracer for estimating the mean age of air tracer in
the current simulations is initialized from a climatological
simulation with CLaMS [Konopka et al., 2010]. Within the
climatological simulation, the mean age of air is calculated
from the time lag relative to a linearly increasing source
within the boundary layer [ Waugh and Hall,2002]. The mean
age at 0 = 2500 K is derived from Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) observations of
SF¢ [Stiller et al., 2008]. A perpetual simulation of the first
year (10 times from 1 October 2001 to 30 September 2002)
defines a steady state of the model that is used as the initial
state for the climatological simulation.

3.2. Tracers of Air Mass Origin in CLaMS

[25] To analyze the transport pathways during the two
STARTOS flights, it is important to know where air masses
originate in the CLaMS model. The CLaMS transport
scheme consists of advection, which is the reversible part of
transport (the trajectory), and mixing, the irreversible part of
transport. Because of the mixing procedure in CLaMS,
identification of the origin of an individual air parcel is not
possible, unlike the case in a pure trajectory calculation,
where air parcels are subject only to advection. However,
this problem can be avoided by the use of artificial tracers
of air mass origin that mark particular regions in the
atmosphere (e.g., tropospheric or stratospheric air masses)
[Giinther et al., 2008]. The idea of using artificial tracers to
identify transport has been used for a long time in both
Eulerian [e.g., Mahlman and Moxim, 1978; Stone et al.,
1999] and Lagrangian models [e.g., Bowman and Cohen,
1997; Bowman and Carrie, 2002]. This technique allows
the relative contribution of air masses of varying origin to be
quantified for every individual CLaMS air parcel. With this
technique it is possible to quantify the origin of air masses
and the pathways of transport leading to the simulated CO-O3
correlation, with a focus on mixed air masses. In particular,
transport pathways can be analyzed to help understand the
observed tracer-tracer relationships.
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Table 1. Definition of Artificial Tracers of Air Mass Origin Used
to Initialize the CLaMS Model Simulations for 1 April 2008*

Tracer of Air Mass Origin Latitude PV (C]
Low-latitude troposphere (LT) 0°-30° <2 PVU <355 K
Midlatitude troposphere (MT) 30°-60° <2 PVU <355 K
Polar troposphere (PT) 60°-90° <2 PVU <355 K
Tropical tropopause layer (TTL) - <2 PVU 355425 K
Midlatitude lowermost stratosphere <60° >2 PVU <380 K

(MLS)
Polar lowermost stratosphere (PLS)  30°-60° >2 PVU <380 K
Lower stratosphere (LS) - >2 PVU >380 K

See also Figure 4.

[26] At beginning of the model run each particle is marked
with a specific artificial tracer. That means, for example, that
the stratospheric tracer (ST) for air parcels in the strato-
sphere is set equal to one and everywhere else equal to zero.
Mixing in ClaMS between a stratospheric (ST = 1) and a
tropospheric (ST = 0) air parcel is implemented by insertion
of a new particle. The stratospheric tracer of the new particle
is then equal to 0.5. Successive mixing processes between
stratospheric and tropospheric air during the course of the
simulation yield a tracer distribution differing from the ini-
tial distribution (ST =1 or ST = 0).

[27] To study and quantify the pathways in CLaMS, a set
of inert artificial tracers is introduced in the model. At the
beginning of the simulation on 1 April 2008 the following
tracers are defined (see Table 1 and Figure 4): tracers for
low-latitude, midlatitude, and polar troposphere (LT, MT,
and PT), tracers for the midlatitude and polar lowermost
stratosphere (MLS and PLS), and tracers for the tropical
tropopause layer (TTL) and lower stratosphere (LS).

[28] Figure 4 shows an idealized dynamical configuration
for the initialization of the tracers of air mass origin. In this
schematic, the polar jet (PJ in Figure 4) is plotted at high
latitudes and the subtropical jet (STJ in Figure 4) at low

pressure A

70hPa /425K

380K
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latitudes. During both RFO1 and RF04, however, the polar
jet over North America was located in midlatitudes while
the subtropical jet shifted poleward so that the two jets
merged (see Figures 1 and 2).

4. Results

4.1. CLaMS Model Representation of CO-0O;
Relationship

[29] To examine how well the CLaMS mixing scheme
reproduces observations, we compare the CO-O; relation-
ship from CLaMS with data from STARTO0S. Since the GV
observations represent roughly 200 m in each 1 s sample,
while the model parcels represent roughly 50 km in the
horizontal dimension, the comparisons involve significant
sampling differences. Instead of interpolating the model
output to the aircraft track, we chose to compare air from the
entire model cross section that contains the aircraft flight
track with that sampled by the aircraft. The comparisons
therefore also serve to extend the observations to a greater
physical space. Therefore, the model results are analyzed in
a vertical plane (same as in Figures le and 2¢) between the
start and end point of the measurement up to the 500 K
potential temperature surface (~20 km altitude). This is
referred to as physical space. Indeed, in the modeled CO-O3
relationship, air masses are included from regions that are
not sampled by the observations. Therefore this is a pure
qualitative comparison between observations and model.
A more quantitative intercomparison follows in section 4.2.

[30] The model results are color coded according to the
potential temperatures of the air parcels (Figure 5). Quali-
tatively, the modeled CO-Oj; relationship shows similar
tracer space distributions to the observations (as shown in
Figure 3) for the stratospheric branch and the mixed region.
It is apparent, however, that the model underpredicts tro-
pospheric CO values and the tropospheric branch in the
modeled tracer space is not clearly defined. This is not
surprising since the positive correlation between CO and O3

lower stratosphere

380K

150hPa / 355K

low latitude
troposphere

mid-latitude

mid-lat
troposphere

polar

lowermost|stratosphere
PV = 2PVU

polar
troposphere

0° 30°

—>
60° 90°

latitude

Figure 4. Defined regions marked with artificial tracers of air mass origin at the beginning of the sim-

ulation on 1 April 2008 (see also Table 1).
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Figure 5. Simulated CO-Oj; correlation for all points along
the vertical curtain of research flight (a) RFO1 (part 3) and
(b) RF04 color coded with the potential temperature. The
air masses are separated into three groups: (1) background
stratosphere (CO < 35 ppbv), (2) background troposphere
(O3 <100 ppbv), and (3) mixed (O3 > 100 ppbv and CO >
35 ppbv) marked by mix-limit lines (dashed lines). The box
marks air masses with high potential temperature and both
low CO and low O3 values (see section 4.1).

seen in the observations (Figure 3) is often a result of both
pollution transport (possibly convective) and chemistry
(where CO is an Oj precursor). Neither of these processes
are represented due to the simplified chemistry scheme in
CLaMS model. The insufficient tropospheric CO is also a
main factor for several quantitative differences between
the model and the observation. For example, the modeled
mixing lines have different slopes compared to the obser-
vations. For the two flights the simulated mixing lines in
tracer space intersect the CO mix-limit line (CO = 35 ppbv)
between approximately 300 and 400 ppbv of O;. At the
tropospheric end they intersect the O; mix-limit line (O3 =
100 ppbv) between approximately 70 ppbv and 90 ppbv
of CO. The simulated values intersect the background limit
lines in CO-0Oj3 coordinates at much lower CO and O; levels
than in the observations.

[31] For RFO1, CLaMS reproduces the observed behavior
of the air parcels with high potential temperatures (greater
than 370 K), low ozone and low CO (O3 < 200 ppbv and
30 ppbv < CO < 60 ppbv; red dots within the red box in
Figure 5a). In the case of research flight RF04, the CLaMS
result is similar to the observations showing multiple seg-
ments that span the potential temperature range ~300-350 K.
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[32] Further, the observations show (see Figure 3) that in
tracer-tracer space the mixing region does not appear as
a single mixing line, but rather as two or more separate
mixing lines, which have a similar slope, but are shifted
relative to each other indicating that they connect different
parts of the tropospheric and stratospheric branch. This fact
is also found in the CLaMS simulations. Within CLaMS,
however, this separation is more pronounced than in the
observations. In particular, this is evident for RF04 where
air parcels between 300 and 330 K (blue-purple) are clearly
separated from air parcels between 330 and 350 K (green).
Reasons for this behavior will be discussed in section 5.

4.2. Signatures of Mixing Between Troposphere
and Stratosphere

[33] The tracer space comparison in section 4.1 shows that
CLaMS represents the mixed region well. Now we compare
the modeled mixed region in physical space with the
observation. Similar to the observations (see section 2.2), we
separate the air masses from model simulations into three
groups: (1) background stratosphere (CO < 35 ppbv),
(2) background troposphere (O; < 100 ppbv), and (3) mixed
(O3 > 100 ppbv and CO > 35 ppbv). Projecting this infor-
mation into the physical space, it is possible to compare in
the model and the observation the location of air parcels
exhibiting mixed chemical characteristics between the strato-
spheric and tropospheric reservoirs.

[34] Figures 6a and 6b show the simulated CO-O; cor-
relations, and Figures 6¢ and 6d show the corresponding
vertical cross sections indicating the mixed region in gray.
Figures 6¢ and 6d allow us to compare the region of mixing
inferred from CLaMS (gray) and the region of mixing along
the flight path inferred from observations (yellow). The
intercomparison between CLaMS and observations shows
that for both research flights RFO1 and RF04 the mixed
regions agree qualitatively. However, overall the location of
the mixed regions in CLaMS is slightly lower in altitude
compared to the measurements. For example, on the anti-
cyclonic side of the jet, a mixed region in CLaMS occurred
just below the 2 PVU surface (in this region the thermal
tropopause and the 2 PVU surface are very close to each
other). On the other hand, the observations show a mixed
region at or just above the 2 PVU surface. The reason for
that is that the tropospheric branch in CLaMS is somewhat
underrepresented compared to the observations as discussed
in section 4.1. Despite the vertical offset in the altitude, the
model results show physically realistic mixed regions for
both flights and help expand the observations. The passive
tracers in the model can further quantify the stratospheric
and tropospheric contributions in the mixed region.

[35] The stratospheric tracer (ST), which is the sum of the
midlatitude (MLS) and polar lowermost stratosphere (PLS)
and of the lower stratosphere (LS), is very well suited for
quantifying the relative contributions between the strato-
spheric and tropospheric reservoirs. Figures 6e and 6f show
the stratospheric tracer (color coded) along the vertical cross
section similar to Figures 6¢c and 6d. The mixed region
defined by the CO and O3 mix-limit lines is marked by
white contour lines. An ST value larger than 99% means
that the air parcel in CLaMS consists of pure stratospheric
air, whereby air parcels with a lower fraction of ST tracer
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Figure 6. Simulated CO-O; correlation for all points along the curtain of (a) RFO1 (part3) and (b) RF04.
The stratospheric air masses are shown in blue (CO < 35 ppbv) and tropospheric air masses in red (O3 <
100 ppbv). The region of air masses with signatures of mixing between stratospheric and tropospheric air
is shown in gray (CO > 35 ppbv and O3 > 100 ppbv). Location of mixed air masses in physical space for
(c) RFO1 and (d) RF04 from CLaMS (gray regions: CO > 35 ppbv and O3 > 100 ppbv). Along the flight
path regions of tropospheric (red, O3measured < 100 ppbv), mixed (yellow, COpeasurea > 35 ppbv and
O3measured > 100 ppbv), and stratospheric (blue, COpeasured < 35 ppbv) air masses are marked, deduced
from observations. The corresponding levels of potential temperature are marked by thin black lines.
Further, the thermal tropopause (black dots) and the 2 PVU surface (black thick line) are also shown.
The magnitude of horizontal winds in m/s (black contours) indicates the position of the polar jet. The
stratospheric tracer (ST) along the same cross section shown in Figures 6¢ and 6d for (e) RF01 and
(f) RF04. The mix-limit lines for the stratosphere (CO = 35 ppbv) and for the troposphere (O; = 100 ppbv)
used for the CLaMS simulations are indicated as white contour lines.
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Figure 7. (a and b) Same cross section as in Figures 6¢ and 6d, but the location of mixed air masses in
physical space (gray regions in Figures 6¢ and 6d) are color coded with different artificial tracers of air
mass origin. Also, here, only regions with contributions of the low-latitude troposphere (yellowish/red-
dish), of the TTL (green) and of the polar lowermost stratosphere (blue) greater than 5% are shown to
distinguish more easily between the different regions. (¢ and d) Same simulated CO-O; correlation as in
Figures 6a and 6b, but the region with signatures of mixing between stratospheric and tropospheric air
masses (CO > 35 ppbv and Oz > 100 ppbv) is color coded with different artificial tracers of air mass
origin. Only regions with contributions of the low-latitude troposphere (yellowish/reddish), of the TTL
(green,) and of the polar lowermost stratosphere (blue) larger than 5% are shown to distinguish more

easily between the different regions.

have contributions of the troposphere (sum of low-latitude
(LT), midlatitude, and polar (PT) troposphere) or of the
TTL.

[36] Figures 6¢ and 6f also show that air parcels just above
the thermal tropopause do not consist of pure stratospheric
air masses. This indicates that mixing between stratospheric
and tropospheric air masses also occurred above the tropo-
pause in the model in agreement with the observations. This
shows that some signatures of mixing in physical space are
sensitive to the criterion (mix-limit lines or ST tracer) used
to characterize mixing signatures. However, in general, the
signatures of mixing between stratospheric and tropospheric
air masses show a good overall agreement between model
results and observations.

4.3. Origin of the Air Masses and Transport Pathways

[37] The mixed region in the CO-Oj correlations space for
both observations and CLaMS results appears to have sev-
eral lines or segments each characterized by a distinct range
of potential temperature levels. This behavior suggests that
the different segments in the tracer space may be formed by
the mixing of air masses of different origins (see Figures 3
and 5). To analyze the origin of the air masses the artifi-
cial tracers introduced in section 3.2 are now discussed.

These tracers make it possible to analyze and quantify the
contributions from different global regions.

[38] Within the vertical curtain along the flight, we found
three regions where tracers of air mass origin from several
different, nonlocal regions [e.g., Danielsen, 1968] have
significant contributions as shown in Figures 7a and 7b. In
particular, region 1 (blue dots) has a significant contribu-
tion from the polar lowermost stratosphere and region 2
(yellowish/reddish dots) has a significant contribution from
the low-latitude troposphere for both research flights RF01
and RF04. Region 3 (green dots) has a significant contri-
bution from the TTL. Transforming the contributions of air
mass origin to the simulated CO-O; correlations shows that
the different regions identified in the physical space are
clearly separated in the CO-Oj; correlation as three different
segments (see Figures 7c and 7d). Thus, in tracer space, the
CO-O3 correlations are divided into three segments based
on air mass origin from nonlocal regions. These segments
correspond roughly to the following potential temperature
levels: region 1 ~300-330 K, region 2 ~330-350 K and
region 3 above 350 K). Thus, the regions 1 to 3 are separated
both in the physical space and in the CO-O; correlation space.
A small overlap of the different regions cannot be avoided.
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Figure 8. The horizontal distribution of the fraction of air
masses originating in the tropical tropopause layer (TTL)
at 380 K potential temperature on 18 April 2008. The
2 PVU isopleths for potential vorticity from NCEP data are
marked by white contour lines. The horizontal winds are indi-
cated by white arrows. The flight path for RFO1 on 18 April
2008 is also marked (black triangle).

4.3.1. Research Flight RF01

[39] In research flight RFO1, air masses within the tro-
pospheric intrusion between the first and second tropopause
have fractions of air masses originating from the TTL (green
regions) with contributions of as much as 63%. Air masses
within the tropopause fold have the highest contributions
from the polar lowermost stratosphere of up to 37% (blue
regions). Further, only air masses adjacent to the tropopause
fold have large fractions of air masses from the low-latitude
troposphere (yellowish/reddish regions). Here the 2 PVU
surface constitutes a clear separation between air masses
with fractions of tropospheric air masses from low latitudes,
found below the 2 PVU surface, and stratospheric air masses
above the 2 PVU surface. Analyzing the tropopause region
of RF0O1 in more detail, we found that in the region where
the contributions of the LT are larger than 20% air masses
consist only of air parcels that contain significant fractions
(>25%) of the LT, MT, and MLS. In general, air parcels in
this region have contributions from the stratosphere and the
troposphere in a similar range.

[40] Analyzing the tropospheric intrusion of RF01 in more
detail, we found that in the region where the contributions of
the TTL are larger than 20% the air masses contain only
fractions of the TTL, MLS, and LS. It should be noted that
there are no fractions of the PLS indicating that a transport
barrier exists between the PLS and MLS. Most air parcels in
this region have larger fractions (>50%) of stratospheric
contributions compared to fractions of the TTL. This illus-
trates that mixing between air from the TTL and from the
stratosphere occurred at the edge of the filament. In the core
of the filament, there are still air masses with a high per-
centage of TTL air (up to 60%).
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[41] Further, CLaMS simulation shows that 8-10 days
before the tropospheric intrusion was observed during flight
RFO01, a filament of tropical air was separated from the TTL
over Southeast Asia. During the first days of the simulation,
air masses from the TTL (defined by PV < 2 PVU) are
mixed with stratospheric air (PV > 2 PVU), thus the 2 PVU
isopleth of the potential vorticity is not a strict transport
barrier at altitudes around 380 K. The filament was then
transported to midlatitudes over the Pacific Ocean to North
America (see Figure 8). The fraction of air masses from the
TTL within this filament has clearly decreased over time
indicating that mixing with stratospheric air occurred. After
18 April 2008 the filament moves further eastward to the
Atlantic Ocean and dissipates within approximately 10 days
through mixing processes (see auxiliary material).'

[42] Moreover, the age of air in CLaMS is consistent with
the results deduced from the analysis of the tracers of air
mass origin as shown in Figure 9. Namely, air masses in the
tropospheric intrusion are younger than the surrounding
stratospheric air masses consistent with the notion that the
air masses originate from the TTL. Further, air masses in the
tropopause fold are older than air masses in the surrounding
area indicating that the air masses have descended from the
stratosphere into the polar lowermost stratosphere in the
polar region.

4.3.2. Research Flight RF04

[43] Research flight RF04 observed a different dynamical
situation than RFO1, namely a deep stratospheric intrusion
(see section 2). Nevertheless, the same types of air mass
origin are found in research flights RFO1 and RF04. Our
simulations show that within the deep tropopause fold, up to
60% of the air masses originate from the polar lowermost
stratosphere (see Figure 7b, blue region). Analyzing the
stratospheric intrusion of RF04 in more detail, we found that
in the region where the contributions of the PLS are larger
than 20% air masses consists only of air parcels containing
significant fractions (>25%) of the PLS, MLS, and MT.
Most air parcels in this region have larger fractions (>50%)
of stratospheric contributions compared to fractions of the
troposphere indicating that air masses from the lowermost
stratosphere were transported downward into the tropo-
sphere within the tropopause fold.

[44] Air masses on the anticyclonic side of the jet (west-
ward of the tropopause fold) show a large contribution
of tropospheric air from low latitudes (yellowish/reddish
region).

[45] Model simulations show that air masses with small
fractions from the TTL are found above the first tropopause
between 380 and 400 K potential temperature (see Figure 7b,
green region marked with black contours). Unfortunately, no
observations are available in this region. These air masses are
associated with low static stability (lower than in the sur-
rounding stratospheric air; see Figure 2e) [e.g., Murgatroyd,
1965; Reid et al., 2000; Tuck et al., 2003] and low strato-
spheric tracer (see Figure 6f). These air masses are remnants
of a filament originating in the TTL (see auxiliary material).
This filament was separated from the TTL approximately
20 days before it was seen within the vertical cross section
of flight RF04.

'Auxiliary materials are available in the HTML. doi:10.1029/
2010JD014876.
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Figure 9. Mean age of air simulated with CLaMS for RFO1 within the curtain along the flight path
(part 3 of the flight) as a function of altitude. The remaining notation is the same as in Figure le.

[46] Similar to RFO1, the age of air in CLaMS is consis-
tent with the results deduced from tracers of air mass origin
for research flight RF04 (not shown here). Air masses within
the stratospheric intrusion are older (=20 months) than
the tropospheric air next to the fold, indicating that older
stratospheric air masses were transported downward into the
troposphere. Further, the small intrusion of air masses from
the TTL above the thermal tropopause is also noticeable in
the simulated mean age of air. Here, the air masses are
younger (=5 months) than the surrounding stratospheric air
indicating that the air originates from the TTL.

5. Discussion

[47] In section 5.1, we will present the common princi-
ples found in CLaMS simulations for both research flights
RFO1 and RF04. In section 5.2, several open issues will be
discussed.

5.1.

[48] In general, in both flights, three different regions
characterized by a different tracer of air mass origins are
found: stratospheric intrusion (region 1), the tropopause
region (region 2), and tropospheric intrusion (region 3). Each
region is characterized by specific transport paths.

[49] 1. On the cyclonic side of the polar jet, air masses
from the midlatitude and polar lowermost stratosphere are
well mixed within the four weeks of simulation. Thus, after
approximately 4 weeks of simulation, the lowermost strato-
sphere on the cyclonic side of the polar jet consists of roughly
half polar and half midlatitude air from the lowermost
stratosphere. Therefore, air in the stratospheric intrusions
observed during RFO1 and RF04, lying on the poleward side
of the jet, has contributions from the polar lowermost
stratosphere (see Figures 7c and 7d) and the midlatitude
lowermost stratosphere.

Common Principles

[50] Results from both flights show that the air masses
from the lowermost stratosphere were transported down-
ward into the troposphere within the tropopause fold. This is
consistent with previous studies [e.g., Danielsen, 1968;
Shapiro, 1980; Vaughan et al., 1994; Baray et al., 2000;
Sprenger et al., 2003; Pan et al., 2006, 2007]. The strato-
spheric intrusion yielded a deep extratropical transition
layer, which is strongly influenced by mixing, in agreement
with Pan et al. [2010]. In region 1 the stratospheric and
tropospheric air are still separated. Integration of mixing
events in CLaMS along 10 days backward trajectories shows
that the stratospheric intrusions observed during RF01 and
RF04 are not older than a few days associated with the
lifetime of the tropopause fold.

[5s1] 2. The regions around the tropopause (outside the
tropopause folds) on the equatorward side of the jet are
characterized by air parcels with high fractions of the low-
latitude troposphere (LT). This illustrates that in the model
air masses from the low-latitude troposphere were trans-
ported into the midlatitude troposphere in agreement with
previous studies [e.g., Bowman and Carrie, 2002].

[52] In general, air parcels in this region have contribu-
tions from the stratosphere and the troposphere in a similar
range indicating that stratospheric and tropospheric air
masses make a roughly equal contribution to mixing pro-
cesses in the tropopause region. That means that air masses
in region 2 are well mixed between stratospheric and tro-
pospheric contributions. Mixed region 2 corresponds to the
EXTL in the spatial extension observed during STARTOS
and other observations [Hoor et al., 2004; Pan et al., 2004;
Hoor et al., 2005; Pan et al., 2007].

[53] 3. CLaMS simulations illustrate that in tropospheric
intrusions air from the TTL is transported into the lower and
lowermost stratosphere and is still separated from strato-
spheric air. Our model results show that tropospheric intru-
sions into the lowermost stratospheric midlatitudes are not
a singular event but rather a phenomenon that frequently
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occurs in April over the Northern Hemisphere (see Figure 8 and
auxiliary material). Further, our simulations show that
the tropospheric intrusions observed during RFO1 have a
lifetime of approximately 20 days, in contrast to strato-
spheric intrusions.

[54] Our simulations support results from previous aircraft
observations indicating that in the lowermost stratosphere a
significant amount of tropospheric air is present [e.g., Ray
et al., 1999; Hoor et al., 2004, 2005]. Our findings dem-
onstrate that the origin of tropospheric intrusions is the
tropical tropopause layer, as previously suggested [Reid et al.,
2000; Bonisch et al., 2009].

5.2. Open Issues

[55] 1. Three tracers of air mass origin for the troposphere
are introduced into CLaMS with boundaries at 30° and 60°
latitude to divide the troposphere into different geographical
regions. Our findings show that a very high percentage of air
in region 2 originates in the low-latitude troposphere (LT),
which is defined as less than 30°N and 2 PVU. The question
is whether these air mass originate deep in the tropics or in
the subtropics. To answer this question we analyzed further
artificial tracers of air mass origin, which are also included
in CLaMS in addition to the tracers described in section 3.2.
Artificial tracers that mark latitudes <20°N and latitudes
between 20°N and 30°N show that the main contributions of
tropospheric air from low latitudes are from the subtropics
(20°N-30°N) and not from the deep tropics. Nevertheless,
for both flights air from equatorward of 20°N has a signif-
icant impact on region 2 in the range between 10% and
50%. In contrast, for RFO1 the impact of air masses with
latitudes <20°N is somewhat lower.

[s6] 2. In CLaMS regions 1 and 2 are located at slightly
lower altitudes than observed. Previous studies show that
the extratropical tropopause layer (EXTL) extends about
25 K in potential temperature or 2—3 km altitude above the
local tropopause (represented by 2 PVU surface) and is
mainly influenced by the extratropical troposphere [Hoor et al.,
2004; Pan et al., 2004; Hoor et al., 2005; Pan et al., 2007].
Thus, region 2 corresponds to the EXTL in spatial extent, but
in the model it is approximately 20 K too low compared to
observations from STARTOS and previous campaigns. The
reasons for this are most likely uncertainties in the vertical
velocities [Ploger et al., 2010; Konopka et al., 2010] and
insufficient representation of the tropospheric CO source
yielding stratospheric signatures that are too high in the
lowermost stratosphere in CLaMS.

[57] In detail, the concept of the hybrid vertical velocity
discussed by Konopka et al. [2007] is used in CLaMS. Here,
above 100 hPa, the cross-isentropic velocities are derived
from radiation calculations [Morcrette, 1991; Zhong and
Haigh, 1995]. Below 100 hPa, the model smoothly trans-
forms from the isentropic to the hybrid-pressure coordinate
derived from NCEP [Konopka et al., 2007]. In this
approach, it is not guaranteed that the zonally and annually
averaged total mass fluxes vanish at each © level [Rosenlof,
1995]. Thus, uncertainties in the vertical velocities remain
[Konopka et al., 2010]. Further, in the current version of
CLaMS the diffusive flux from the troposphere into the
stratosphere is underestimated because mixing is only driven
by the deformation in flow and not by the static stability as
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expected from the definition of the gradient Richardson
number.

[s8] 3. CLaMS simulations show a stronger separation of
segments describing regions 1 and 2 within CO-O; corre-
lations than observed. The individual segments have a tro-
pospheric end point between approximately 80 and 100 ppbv
CO in the simulations and between approximately 100
and 120 ppbv CO in the observations. This shift between
measurement and model result is caused by the simplified
representation of CO in the simulation causing an underes-
timation of tropospheric CO compared to observations.
Further, in CLaMS at the lower boundary, we do not use
the terrain-following vertical coordinate (¢ = p, rather than
¢ = o). This weakness of the model at the lower boundary
could be a further reason for the underestimation of CO in
the model. Additionally, uncertainties in the vertical veloc-
ities or in the mixing scheme could also contribute to the
more pronounced separation of mixing regions 1 and 2 in
CLaMS compared to the observations.

[s9] 4. Finally, the question remaining open from our
studies is: How representative are our findings in a clima-
tological sense? In particular the question of how repre-
sentative the separation of mixing region 1 and mixing
region 2 is in CLaMS and in the observations for spring
conditions. In our study, we analyzed two very special
dynamical situations. In both cases, the jet streams are not
westerly winds (flowing west to east) as for idealized con-
ditions. On the contrary, the jet streams have a meandering
shape. During research flights RFO1 and RF04 the jets flo-
wed in a north to south direction and vice versa. Further, the
polar jet and the subtropical jet were combined into one
stream. Therefore the dynamical situation of both flights
was atypical.

6. Summary and Conclusions

[60] Simulations were performed with the Chemical
Lagrangian Model of the Stratosphere (CLaMS) with a
horizontal resolution of 50 km and 35 vertical levels driven
by wind fields of the National Centers for Environmental
Prediction (NCEP). The results of the simulations were
compared with CO and O; measurements from research
flights RFO1 and RF04 of the STARTO08 campaign. RFO1
was conducted on 18 April 2008 investigating a deep tro-
pospheric intrusion and RF04 on 28 April 2008 observing a
deep stratospheric intrusion. The model simulations were
performed to accomplish two related objectives. The first one
was to evaluate whether the observed mixed regions were
adequately reproduced by the model. The second one was to
characterize, using the model simulation, the transport path-
ways targeted by the aircraft observations. Our findings show
that CLaMS is able to reproduce the characteristics of the
observations in regions of mixed stratospheric and tropo-
spheric air masses. Using measurement-based tracer criteria,
the model results show a physically realistic extratropical
transition layer. Contributions of different source regions are
quantified by using seven inert artificial tracers. The transport
pathways that contributed to mixing between stratospheric
and tropospheric air masses are identified. Our model simu-
lations show that the distinct mixing lines in CO-Oj tracer
correlations are results of mixing processes involving air
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Figure 10. Locations of mixing (hatched areas) and transport pathways (arrows) found in CLaMS simu-

lations (see section 6).

masses from different atmospheric regions nonlocal to the
region of measurement.

[61] The CLaMS simulations show that for both research
flight RFO1 and RF04, which have different dynamical
situations, the transport pathways and air mass origins in
the mixed region can be characterized as shown in the
schematic in Figure 10. Three components are identified
based on their locations in tracer space and their isentropic
ranges. Each has unique characteristics in its air mass ori-
gins, as follows.

[62] 1. Within stratospheric intrusions or tropopause folds,
denoted as region 1 (see Figure 10, blue hatched area), air
has significant contributions from the polar lowermost
stratosphere, the midlatitude lowermost stratosphere, and the
troposphere. Our simulations show that stratospheric air is
transported downward into the troposphere within the tro-
popause fold. A mixing layer extends at an altitude of about
5—-6 km altitude within the tropopause fold.

[63] 2. Air around the 2 PVU surface on the anticyclonic
side of the polar jet corresponds to the EXTL (region 2; see
Figure 10, orange hatched area). Our simulations show that
air in this region is a mixture of stratospheric and tropo-
spheric air masses and is strongly influenced by tropo-
spheric air masses from low latitudes (<30°N) and from air
masses from the midlatitude lowermost stratosphere.

[64] 3. Observations and model simulations show that
deep tropospheric intrusions found above the first tropo-
pause, denoted by mixed region 3 (see Figure 10, green
hatched area), originate in the TTL (see Figure 10, green
arrow). Filaments of TTL air separate from the TTL and
move to higher latitudes in the stratosphere. Within these
intrusions, mixing between air masses from the TTL and
stratospheric air masses from the surrounding area occurs.
Simulated tropospheric intrusions studied in this work have
a lifetime of up to approximately 20 days before they can no
longer be identified.

[65] Signatures of mixing processes between stratospheric
and tropospheric air masses and the transport pathways in
the EXTL and the lowermost stratosphere were identified for

two research flights during STARTOS. This extends our
current knowledge about the extratropical UTLS region, in
particular, it is confirmed by CLaMS simulations that
tropospheric intrusions found in the lower stratosphere
originate in the TTL.
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