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Abstract. Remote sensing measurements from the Cryo-
genic Infrared Spectrometers and Telescope for the Atmo-
sphere – New Frontiers (CRISTA-NF) during a flight on 29
July 2006 are presented. This flight is part of the AMMA-
SCOUT-O3 measurement campaign, where CRISTA-NF
was deployed on the high-flying research aircraft M55-
Geophysica. The flight path was located over Italy and the
Mediterranean Sea and crossed over the subtropical jet twice.
Measurements of temperature, and the volume mixing ratios
of water vapor (H2O), ozone (O3), nitric acid (HNO3) and
peroxyacetyl nitrate (PAN) are available with a vertical res-
olution of up to 500 m between about 6 to 21 km altitude.
CRISTA-NF observes these trace gases simultaneously and
provides a quasi-2-D view of the transition region between
the troposphere and the stratosphere. The observation of
these different trace gases allows to determine tropospheric
and stratospheric air masses. As expected, higher abundances
are found where the main source of the trace gases is located:
in the stratosphere for O3 and in the troposphere for H2O
and PAN. Tracer-tracer correlations between O3 and PAN
are used to identify the mixed tropospheric and lowermost
stratospheric air at the subtropical jet and around the ther-
mal tropopause north of the jet. An intrusion of stratospheric
air into the troposphere associated with the subtropical jet is
found in the CRISTA-NF observations. The observations in-
dicate that the intrusion is connected to a tropopause fold

which is not resolved in the ECMWF analysis data. The
intrusion was reproduced in a simulation with the Chem-
ical Lagrangian Model of the Stratosphere (CLaMS). The
CLaMS simulation shows, that the lowermost stratospheric
air masses in the intrusion where transported along the the
subtropical jet. The tropospheric air masses around the intru-
sion originate from the vicinity of the Asian monsoon anti-
cyclone. This work discusses the nature of the observed pro-
cesses at the subtropical jet based on the CRISTA-NF obser-
vations and the CLaMS simulation.

1 Introduction

The Upper Troposphere, Lower Stratosphere (UTLS) is an
atmospheric layer where strong gradients of e.g. trace gases
and wind speeds exist both vertically and horizontally. There-
fore high resolution measurements are important for the un-
derstanding of the UTLS (e.g.Gettelman et al., 2011). Nev-
ertheless, small and mesoscale structures and dynamical pro-
cesses can seldom be observed in detail. In situ measure-
ments require extensive planning and need to rely on fore-
casts (e.g.Pan et al., 2007). Satellites can only resolve the
structures with a large horizontal and vertical extent, i.e.
a lower stratospheric intrusion was observed by HIRDLS
(Olsen et al., 2008). The regular observation of tropopause
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folds and stratospheric intrusions is not viable for today’s
satellites (e.g.Tang and Prather, 2012).

During the African Monsoon Multidisciplinary Analy-
sis (AMMA) campaign (Redelsperger et al., 2006; Cairo et
al., 2010), the CRyogenic Infrared Spectrometers and Tele-
scope for the Atmosphere – New Frontiers (CRISTA-NF)
was deployed on the high altitude aircraft M55-Geophysica
(Stefanutti et al., 1999) which can reach a flight level of
about 20 km. CRISTA-NF provides information about strato-
spheric and tropospheric trace gases with a vertical resolution
of up to 500 m using the trace gas retrieval setup presented in
Weigel et al.(2010). This enables the instrument CRISTA-
NF to distinguish tropospheric and stratospheric air masses
and to identify transport and mixing among them and hence,
analyses of processes in the UTLS like e.g. blocking anti-
cyclones or tropopause folds. This work presents CRISTA-
NF measurements of H2O, O3, PAN, HNO3, and temperature
during the AMMA-SCOUT-O3 flight on 29 July 2006. These
measurements indicate an intrusion of stratospheric air into
the troposphere with a horizontal extent of few degree lati-
tude.

CRISTA-NF observed structures in the distribution of
trace gases in the vicinity of the subtropical jet. The jet itself
inhibits horizontal transport but mixing is common in the re-
gions around the jet (e.g.Gettelman et al., 2011, Manney et
al., 2012). Cross-tropopause transport has also been observed
above the Mediterranean (e.g.Traub et al., 2003). Intrusions
and tropopause folds are often observed in connection with
the jet streams and possibly give an important contribution
to the stratosphere-troposphere exchange (STE), (see e.g.
Shapiro, 1980, Kentarchos et al., 1999; Seo et al., 2008;
Olsen et al., 2008). Hoor et al. (2002) observed a greater
depth of the mixing layer above the extra-tropical tropopause
during summer and explained it with transport across the
tropopause at the subtropical jet. Stratospheric intrusions can
even effect the O3 mixing ratios at the ground, see e.g.,Gera-
sopoulos et al.(2006) and (Akritidis et al., 2010). These stud-
ies present cases, when increased O3 mixing ratios over the
Mediterranean (Northern Greece and Athens, respectively)
were caused by a stratospheric intrusions.

Due to the high resolution of the CRISTA-NF measure-
ments tracer-tracer correlations are applicable to the mea-
surements to identify mixing processes. Tracer-tracer corre-
lations are a common way to analyze the exchange processes
between troposphere and stratosphere for in situ measure-
ments and model simulations (e.g.Pan et al., 2004; James
and Legras, 2007).

Another method to learn more about the nature of pro-
cesses in the atmosphere are model simulations. Therefore,
we use results from the Chemical Lagrangian Model of
the Stratosphere (CLaMS;McKenna et al., 2002a,b). La-
grangian models are well suited to describe mesoscale pro-
cesses. Backward trajectories allow an analysis of possi-
ble sources of trace gases and their long range transport.
With the CRISTA-NF measurements and trajectories from

the CLaMS simulation, we investigated the origin of air
masses over the Mediterranean at the subtropical jet. Inter-
continental transport and transport from Asia determines the
pollution in the free and upper troposphere over the Mediter-
ranean (Lelieveld et al., 2002). The Asian monsoon anticy-
clone has a large influence on the transport in the upper tro-
posphere of the Northern Hemisphere during summer. Non
solvable trace gases originating from the Asian monsoon an-
ticyclone can be transported towards the Mediterranean (e.g.
Lawrence and Lelieveld, 2010) and have been even observed
in the arctic tropopause region (Roiger et al., 2011).

Structures seen in the trace gas distributions retrieved
from CRISTA-NF measurements are compared to CLaMS
model calculations and European Centre for Medium-Range
Weather Forecasts (ECMWF) analysis data. The aim of
this study is to show the ability of CRISTA-NF to resolve
mesoscale structures and to analyze the observed intrusion
of stratospheric air into the troposphere and discuss the ori-
gin of the air masses. In Sect. 2 the CRISTA-NF instrument
and the CLaMS model are described, Sect. 3 presents the ob-
served trace gases in comparison to the model results and
Sect. 4 discusses the observed structures and probable pro-
cesses causing them as well as the origin of the observed
trace gases.

2 Methods

2.1 The CRISTA-NF instrument

CRISTA-NF contains two mid infrared helium-cooled Ebert-
Fastie grating spectrometer (Fastie, 1991) and a limb-
viewing telescope. This optical system was originally part
of the Space Shuttle experiment CRISTA (Offermann et al.,
1999; Grossmann et al., 2002). During its two Space Shuttle
missions, CRISTA detected numerous small and medium-
scale transport and mixing structures in stratospheric trace
gas distributions associated with the exchange of tropical and
extra-tropical air masses (e.g.Riese et al., 1999, 2002). The
aircraft version CRISTA-NF was deployed on the high-flying
research aircraft M55-Geophysica (Stefanutti et al., 1999)
during the SCOUT-O3, AMMA-SCOUT-O3, and RECON-
CILE measurement campaigns (e.g.Spang et al., 2008; Hoff-
mann et al., 2009; Weigel et al., 2010; Ungermann et al.,
2012). Within these campaigns the role of CRISTA-NF was
to provide vertically resolved informations about trace gases
and clouds in the UTLS. The aim of the European project
SCOUT-O3 is to improve the understanding of stratospheric
chemistry and its link to climate change, objectives of the
SCOUT-O3 campaign at Darwin where to study trace gas
transport and dehydration in the tropical tropopause layer
(Brunner et al., 2009). AMMA is aimed at the investigation
of the West African monsoon (Redelsperger et al., 2006).
CRISTA-NF took part as part of the AMMA SCOUT-O3
campaign based in Ouagadougou, Burkina Faso. The test
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flight and the transfer to Ougadougou started from Verona.
The results presented here where observed during the test
flight.

The helium cooled detectors and spectrometers allow a
high signal to noise ratio and fast measurements. Due to the
narrow vertical field of view of CRISTA-NF, about 300 m at
tangent height of 10 km, seeSpang et al.(2008) and a good
vertical resolution of the retrieved trace gas profiles (usually
between 0.5 km and about 5 km below aircraft altitude de-
pendent on trace gas and height), tracer-tracer correlations
are applicable for the retrieval results to identify mixing. One
profile is measured in approximately 90 s corresponding to
a horizontal distance of about 15 km along the flight track
(Kullmann et al., 2004). A detailed description of the instru-
ment can be found inKullmann et al.(2004) the radiometric
calibrations are explained inSchroeder et al.(2009).

The line of sight (LOS) points are located at the starebord-
side of the aircraft. Most information originates from the tan-
gent altitude, which is the altitude where the LOS is closest
to the earth surface. Various satellite instruments use a sim-
ilar observation geometry to retrieve profiles of atmospheric
trace gases, e.g. MLS (Microwave Limb Sounder; see e.g.
Waters et al., 2006) on Aura and MIPAS (Michelson Inter-
ferometer for Passive Atmospheric Sounding; see e.g.Fis-
cher and Oelhaf, 1991) and SCIAMACHY (Scanning Imag-
ing Absorption Spectrometer for Atmospheric CHartogra-
phY; see e.g.Bovensmann et al., 1999) on Envisat.

In the measurement mode used during the AMMA-
SCOUT-O3 campaign, an elevation mirror points the LOS
to 60 different altitudes. This results in a profile of 60 mea-
sured spectra. These spectra can be used for the trace gas
retrieval if they are located between the aircrafts flight level
and about 6 km above the ground. The profiles lie on a slant
in the atmosphere. This observation geometry with its high
vertical sampling allows to retrieve data with a high vertical
resolution aligned in a quasi-2-D field. During the flight on
the 29 July 2006 an active automated pointing stabilization
was tested for the first time. It increased the pointing stabil-
ity during each spectrum and produced more uniform vertical
distances within each profile. This improved the data quality
significantly compared to the data presented inHoffmann et
al. (2009) andWeigel et al.(2010).

The JUelich Rapid Spectral Simulation Code (JURAS-
SIC) (Hoffmann, 2006) is used to retrieve the composition
of the atmosphere. The retrieval algorithm used is based
on the optimal estimation maximum a posteriori approach,
seeRodgers(2000). JURASSIC was applied previously for
the retrieval of data from several satellites (Hoffmann et
al., 2008; Hoffmann and Alexander, 2009) and CRISTA-NF
(Hoffmann et al., 2009; Weigel et al., 2010). The retrieval
setup used allows to retrieve altitude, temperature, and the
volume mixing ratios of water vapor (H2O), ozone (O3), ni-
tric acid (HNO3), peroxyacetyl nitrate (PAN), carbon tetra-
chloride (CCl4) as well as aerosol extinction and a radiomet-
ric offset. The setup is explained in detail inWeigel et al.

(2010), where a tropical CRISTA-NF flight was discussed.
Because the flight presented here took place in the extra-
tropics at about 40◦ N, the mid latitude value from the cli-
matology ofRemedios et al.(2007) is used for most trace
gases. This differs fromWeigel et al.(2010), where the trop-
ical value from the climatology was used as a priori or fixed
value for several trace gases and Atmospheric Chemistry Ex-
periment – Fourier Transform Spectrometer (ACE-FTS) data
were used as fixed value for HCFC-22. For the setup used
here, reliable informations about CFC-11 and CFC-12 are
important for the altitude and temperature retrieval. As in
Weigel et al.(2010), CFC-11 and CFC-12 profiles measured
on the current flight by the High Altitude Gas Analyser (HA-
GAR) instrument (see e.g.Werner et al., 2010andHoman
et al., 2010) are combined with climatological mixing ra-
tios from Remedios et al.(2007). The a priori profiles for
O3 and temperature, and informations about wind speed and
potential vorticity are taken from interpolated ECMWF op-
erational analysis data with 0.5 degrees horizontal resolution
on 28 pressure levels interpolated on the retrieval grid and
position for each profile.

Spectra with optical dense conditions need to be excluded
from the retrieval. Optical dense conditions are defined by
the cloud index (CI),the ratio of the mean radiances at 791–
793 and 830–832 cm−1, (Spang et al., 2008). When the CI
is lower than the threshold value of 3.5 no retrieval is done.
In most cases optical dense conditions are caused by clouds.
To determine the CI no radiative transfer model is necessary.
The tangent point position of each spectra and hence CI is
roughly known through the geometric pointing information
from the instrument and aircraft but is additionally influenced
by refraction and an altitude offset caused by pointing uncer-
tainties of the instrument. This needs to be corrected to get
the exact vertical position for tangent points of spectra with
optical dense conditions. For the trace gas profiles, these cor-
rections are part of the retrieval and are automatically con-
sidered.

All CRISTA-NF retrieval results shown are filtered for
data quality. To assess the quality of the retrieved data the
measurements contribution, theχ2 m−1 values, and the res-
olution are calculated as described inWeigel et al.(2010).
The normalizedχ2 value is a measure for the quality of the
radiance fit. The data are filtered forχ2 m−1 < 2, exclud-
ing profiles where the radiance fit was less good than ex-
pected according to the measurement noise. Another mea-
sure for the quality of the retrieval is the measurement con-
tribution. It approximates contribution of the measurement
relative to the contribution of the a priori values to the re-
trieval result. All CRISTA-NF results shown are filtered for
measurement contribution between 0.8 and 1.2 to exclude
profiles with high influence from the a priori data. The ver-
tical resolution, calculated as inverse of the information con-
tent (Purser and Huang, 1993), was required to be better
than 5 km. Fewer data were analyzed during the dive because
of increased aircraft movements and hence decreased data
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quality (causing the white areas in the middle of the retrieval
results in Figs.3–5).

2.2 The CLaMS model

Data from the Chemical Lagrangian Model of the Strato-
sphere (CLaMS;McKenna et al., 2002a,b) have been com-
pared to the CRISTA-NF observations. CLaMS has been
employed to analyze the dynamical and chemical processes
in the stratosphere and their influence on stratospheric trace
gases. Several studies demonstrated the capability of CLaMS
by comparing the simulation results to remote sensing mea-
surements, among them the space shuttle experiment CRyo-
genic Infrared Spectrometers and Telescopes for the At-
mosphere (CRISTA) (e.g.Khosrawi et al., 2005) and the
Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) (e.g.Vogel et al., 2008) and in situ data (e.g.
Günther et al., 2008).

The introduction of a hybrid vertical coordinate (ζ -
coordinates, seeKonopka et al., 2007) extended the range
of application for CLaMS to the tropopause region and tro-
posphere where most of the CRISTA-NF measurements are
located. Theζ -coordinates are a combination of the poten-
tial temperature in the stratosphere and the pressure in the
troposphere.

The CLaMS model run used in this study is a two month
transient global run, embedded in a climatological run fol-
lowing Konopka et al.(2007) using the HALOE climatol-
ogy developed byGrooß and Russell(2005) for initializa-
tion and boundary conditions for most trace gases. For H2O,
ECMWF analysis data are used for initialization and bound-
ary conditions. The lower and upper boundaries are set to
ζ = 200 K andζ = 500 K, respectively. Condensation and
freezing are based on cloud parameters byKrämer et al.
(2008) andSchiller et al.(2008). The horizontal resolution
is 70 km between 20 and 40◦ N and 100 km north and south
of this latitude range. CLaMS was run with a temporal reso-
lution of 6 h and a Lyapunov exponent of 1.5. To adjust the
time between CRISTA-NF observations and CLaMS fields a
correction based on the CLaMS trajectories is used.

Since the vertical resolution of CLaMS is partly better than
the vertical resolution of CRISTA-NF, CLaMS data are in-
terpolated onto the CRISTA-NF grid and their resolution is
degraded with the Averaging Kernel (AVK) of CRISTA-NF,
following e.g. von Clarmann(2006). This ensures that the
CLaMS data, like the a priori data used for comparison in
Weigel et al.(2010), are comparable to the CRISTA-NF re-
trieval results in terms of resolution and a priori influence.

3 Results and comparisons

3.1 The AMMA flight on 29 July 2006

This work focuses on the AMMA flight on 29 July 2006,
which took place over Italy and the Mediterranean Sea. The

flight took place in the morning between about 06:15 and
09:15 UTC. At this time the pressure differences over the
whole Mediterranean area were rather small, with a high
pressure system south of Italy at the coast of Africa. On 30
July 2006, 00:00 UTC a low pressure system has developed
over southern Italy and a trough is situated northwest of it
over Italy and the Adriatic Sea1. Figure1 shows the H2O
and O3 distributions on the 350 K level from the CLaMS
simulation between 10–60◦ N and 60◦ E–60◦ W. The position
of the 2 and 4 PVU line is marked on the 350 K level from
the CLaMS simulation. Areas with horizontal wind speed of
more than 30 m s−1 are marked to show the position of the
subtropical jet. Different potential vorticity value are used in
the literature to represent the dynamical tropopause, the best
choice is in principle dependent on location, isentropic level
and season (Kunz et al., 2011). In Fig. 1 the 2 and 4 PVU
(potential vorticity units) line from ECMWF are displayed
to indicate where the 350 K level intersects the dynamical
tropopause. In this area, the 350 K level is located partly in
the troposphere and partly in the stratosphere: North of the 2
and 4 PVU lines air of stratospheric characteristics, i.e. high
O3 and low H2O mixing ratios prevail while the 350 K level
is located in the troposphere to the south of both PVU lines.

Over the North Atlantic, Western Europe, and north of the
Baltic Peninsula the distance between the 2 and 4 PVU line is
large, they are separated by more than 10◦ Latitude over parts
of the North Atlantic. This indicated Rossby wave break-
ing which is relevant for the exchange of trace gases. Over
the central Mediterranean and east of about 35◦ E the atmo-
sphere is rather undisturbed, the 2 and 4 PVU line are located
close to each other. This indicates a sharp transition between
the lowermost stratosphere in the north and the troposphere
in the south on the 350 K level. This transition region was
crossed twice during the flight over the Mediterranean Sea.
The subtropical jet, marked by the 30 m s−1 contour line of
the ECMWF wind speed, is most often found close to the
4 PVU line. Over the Atlantic it is situated further north at
about 45◦ N than over and east of the Mediterranean Sea,
where it is at about 35◦ to 40◦ N. Water vapor mixing ratios
of more than 20 ppmV are found nearly everywhere south
of the 2 PVU line and at some places between 2 and 4 PVU.
North of the 4 PVU line the water vapor mixing ratios are
usually lower than 15 ppmV. On contrary high O3 mixing ra-
tios (usually above 250 ppbV) are found north of the 4 PVU
line. South of the 2 PVU line the O3 mixing ratios are mostly
lower than 200 ppbV. Between the 2 and the 4 PVU line in-
termediate O3 mixing ratios (200–250 ppbV) are found.

The flight track is located over Italy and the central
Mediterranean Sea, where the 2 and 4 PVU lines lie close
together and where a narrow core of the jet with a wind
speed of more than 35 m s−1 occurred. The flight track is
shown in the lower panel of Fig.2. Starting in Verona, the

1UKMO-Bracknell analysis from
http://www.wetterzentrale.de/topkarten/fsfaxsem.html

Atmos. Chem. Phys., 12, 8423–8438, 2012 www.atmos-chem-phys.net/12/8423/2012/



K. Weigel et al.: A stratospheric intrusion at the subtropical jet 8427

Fig. 1. Map of CLaMS H2O and O3 on theζ = 350 K level with 2
and 4 PVU line (white, solid) and horizontal wind speed of 30 m s−1

from ECMWF (grey, solid) marking the position of the subtropical
jet.

M55-Geophysica flew to the southeast. North of the coast
of Sicily, after three short legs towards east, southwest and
west the aircraft turned and returned to Verona. A dive down
to about 9 km was performed on the legs towards southwest
and west. The view direction of CRISTA-NF is to the right of
the aircraft, thus the measurements during the southeastward
leg were taken over the Mediterranean Sea. On the way back
to Verona they were taken above Italy and the Adriatic Sea.
During the turn north of Sicily, CRISTA-NF views towards
southeast over Sicily and in northward directions during the
dive.

The horizontal position of the tangent point is shown in
Fig. 2 color coded with the PAN mixing ratios. PAN is dis-
played because it contains most structures allowing to com-
pare this figure to the vertical distribution in Fig.5b. Most
structures represent rather vertical than horizontal changes.
Due to the nature of the limb measurements the horizontal
resolution is much coarser, i.e. in the order of several 100 km
(seeUngermann et al.(2012) for a more detailed discussion).

3.2 Water vapor and clouds

Figure3 shows the water vapor mixing ratios retrieved from
CRISTA-NF (panel a), from the CLaMS simulation (panel

Fig. 2. Upper panel: satellite image of cloud coverage on 29 July
2006, 08:00 UTC, true color image from MSG SEVIRI data, see
Reuter and Pfeifer(2011). Lower panel: flight track (red line) and
approximated horizontal measurement positions color coded with
the PAN mixing ratios as retrieved for the AMMA flight on 29 July
2006. Most structures in the PAN distribution rather represent the
vertical distribution shown in Fig. 5b.

b), and from ECMWF (panel c). The ECMWF and CLaMS
data are interpolated on the grid shown in Fig.2 and folded
with the AVK to be comparable to the CRISTA-NF data with
respect to a priori influence and resolution. As inWeigel et
al. (2010), a climatological profile was chosen as a priori for
H2O in the retrieval to ensure that all variations are a result
of the measurements and not influenced by the choice of the
a priori value. In addition to the 2 and 4 PVU lines from
ECMWF shown in Fig.1, the 1.5 PVU line is displayed in
Fig. 3 and the following vertical cross sections. The 1.5 PVU
line does not follow the 2 PVU line with a constant vertical
distance but shows an even steeper increase and decrease in
altitude at about 40◦ N (07:15 and 08:15 UTC), respectively.
The flight altitude and the PVU lines are shown in all pan-
els for better comparison. Black dots show spectra with op-
tical dense conditions usually due to clouds. Large parts of
the flight were performed in cloud free air down to an al-
titude of 8 km providing excellent conditions for trace gas
retrievals. Early in the morning of 29 July 2006 there are few
local clouds over Italy. Later, convective clouds are develop-
ing especially over the region of Tuscany and the northern
Adriatic Sea. The upper panel of Fig.2 shows the clouds in a

www.atmos-chem-phys.net/12/8423/2012/ Atmos. Chem. Phys., 12, 8423–8438, 2012
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Fig. 3.H2O from CRISTA-NF, CLaMS, and ECMWF analysis data.
Colour scale shows the H2O volume mixing ratio, grey lines show
the ECMWF potential vorticity at 1.5, 2 and 4 PVU, black line the
flight track, black dots spectra with optical dense conditions, grey
diamonds retrieval results with a total error larger than 90 % (with
CRISTA-NF H2O). Note nonlinear colour scale.

true color image from MSG SEVIRI data (Reuter and Pfeifer,
2011) on 29 July 2006, 08:00 UTC. Clouds above 10 km are
found mainly north of about 43◦ N, there also the MSG SEV-
ERI image in the upper panel of Fig.2 shows patches of
clouds.

The detection limit for CRISTA-NF H2O is about
15 ppmV. Detection limit means that for lower H2O mixing
ratios the spectral signature of water vapor is not visible in
the spectra any more and the combined error exceeds 90 %.
Here, the detection limit is reached above 12.5 km altitude
for most profiles. An exception are single, remarkably high
water vapor values at altitudes of 13–14 km found in two iso-
lated structures at about 07:00 and 08:30 UTC (at 41–42◦ N)
as well as enhanced H2O mixing ratios in this altitude in the
southernmost part of the flight, i.e. south of about 40◦ N (be-
tween 07:15–08:15 UTC). Below 12 km the H2O mixing ra-
tios are lowest in the southernmost part of the flight. One
should note, that M55-Geophysika turned around at about
07:45 UTC (39◦ N) and CRISTA-NF therefore observes the
same structures twice, first looking westward and later look-
ing eastward, compare also Fig.2.

At 12 to 13 km altitude, there is an enhanced amount
of water vapor mixing ratio in the south of about 40◦ N
(between about 07:15 to 08:15 UTC) in the CLaMS data.
This agrees in general with the CRISTA-NF results but the
CLaMS H2O mixing ratios are somewhat higher and more
uniform at these altitudes. The structures of enhanced water
vapor seen at about 07:00 and 08:30 UTC in the CRISTA-
NF results above 12 km are not found in the CLaMS data.
Though not resolved in the ClaMS data but observed in PAN
(see Sect. 3.4, Fig.5b) we assume that these structures are
real. As in the CRISTA-NF data, there is less water vapor in
the southern part of the flight (i.e. south of about 42◦ N) than
in the northern part for the CLaMS data at lower altitudes.
But for CLaMS this is the case for altitudes below 10 km and
not up to 12 km as for CRISTA-NF. Below 12 km altitude
the CLaMS water vapor mixing ratios are lower than the re-
trieved ones almost everywhere.

The ECMWF H2O mixing ratios agree well with the
CRISTA-NF results below 12 km. However, the enhanced
water vapor values and horizontal structures seen by
CRISTA-NF and CLaMS above 12 km are not found in the
ECMWF data. For ECMWF the water vapor is lowest south
of about 41◦ N (i.e. between about 07:00 and 08:30 UTC) for
altitudes between 12 and 14 km. We cannot explain the dif-
ference to the CLaMS data, where the H2O mixing ratios are
highest in the southern part of the flight in this altitude range.
Due to the detection limit for H2O, the CRISTA-NF H2O
measurements do not provide enough informations at these
altitudes. The distribution of PAN measured by CRISTA-NF
(see Sect. 3.4, Fig.5b) rather agrees with the CLaMS H2O
distribution than with ECMWF but shows a more compli-
cated structure than the CLaMS H2O.

Atmos. Chem. Phys., 12, 8423–8438, 2012 www.atmos-chem-phys.net/12/8423/2012/
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3.3 Ozone

The O3 mixing ratios from CRISTA-NF, CLaMS, and
ECMWF are shown in Fig.4. In general, the O3 mixing ra-
tio increases with altitude. In all panels, low, tropospheric O3
mixing ratios are found up to 15 km altitudes in the middle
of the plot, i.e. the southern part of the flight track between
about 07:00 and 08:30 UTC. Here, also the 1.5, 2 and 4 PVU
lines from ECMWF are found about 2–3 km higher than in
the northern part of the flight (north of about 41–42◦ N, i.e.
before 07:00 and after 08:30 UTC). The altitudes, shape and
absolute O3 mixing ratios differ between the different data
sets. It is important to note that the low ozone mixing ratios
at altitudes up to 13.5–16 km are not part of an enclosed fea-
ture. The aircraft is turning before 08:00 UTC, measuring the
same structure a second time. This time, the viewing direc-
tion is toward the northeast instead of southwest.

For the CRISTA-NF data (Fig.4a) O3 mixing ratios lower
than 200 ppbV are found up to an altitude of 16 km in the
southern part of the flight track (south of about 41–42◦ N,
i.e. between about 07:00 and 08:30 UTC). There, the verti-
cal gradient between tropospheric and stratospheric O3 mix-
ing ratios is especially steep, whilst it is much smoother in
the northern part of the flight track. The vertical gradient
is smoothest within two intrusions of air with high, rather
stratospheric O3 mixing ratios surrounded by tropospheric
air with lower O3 mixing ratios. These structures observed
in the O3 mixing ratios are significant compared to the size
of the retrieval errors. There are somewhat higher O3 mixing
ratios in the first half of the flight than in the second half,
but in general the structures are nearly symmetrical in both
flight directions. This indicates a structure with several hun-
dred kilometers horizontal extent (> 600 km) perpendicular
to the flight track. The horizontal extent along the flight track
is about 350 km.

In the first half of the flight, there are large O3 mixing
ratios reaching down to below 10 km, at about 06:40 UTC
(43.5◦ N, 11◦ E). This is, if at all, only mirrored by a single
profile at about 08:50 UTC in the second half of the flight.
Another region with enhanced O3 is present directly in the
beginning of the flight, down to about 11 km. It is not found
in the second half, presumably because the descent of the
aircraft started before.

A comparison of the structure found in the O3 in Fig. 4a
to the retrieved water vapor in Fig.3a shows that the isolated
structures of enhanced H2O observed at at 41–42◦ N (07:00
and 08:30 UTC) above 12 km coincide with the base of the
intrusion of stratospheric O3.

The vertical O3 distribution from CLaMS (Fig.4b) has
a very similar shape compared to the one measured by
CRISTA-NF. O3 with less than 200 ppbV is found up to an
altitude of 15.5 km in the southern part of the flight track and
there are also intrusions with enhanced O3 and a smooth tran-
sition between low and high O3 mixing ratios in between the
southern and the northern part. The absolute O3 values dif-

Fig. 4. O3 from CRISTA-NF, CLaMS, and ECMWF analysis data.
Colour scale shows the O3 volume mixing ratio, grey lines show
the ECMWF potential vorticity at 1.5, 2 and 4 PVU, black line the
flight track, black dots spectra with optical dense conditions, grey
diamonds retrieval results with a total error larger than 90 % (with
CRISTA-NF O3). Note nonlinear colour scale.

fer between CLaMS and CRISTA-NF, presumably the mod-
eled O3 mixing ratios are too high in this CLaMS run. In re-
gions of low O3 CRISTA-NF is lower by 50–100 ppbV than
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CLaMS in most places, about 200 ppbV in maximum. At
higher altitudes, where higher O3 volume mixing ratios are
found, the CRISTA-NF data are about 50–250 ppbV higher
than the CLaMS results.

For the ECMWF data (Fig.4c) the transition is rather
smooth and the gradient between low and high O3 about the
same along the whole flight path. O3 with less than 200 ppbV
is found highest at about 14.5 km. The intrusion of strato-
spheric air into the troposphere as seen in the CRISTA-NF
and CLaMS O3 mixing ratios is not found in the ECMWF
data. The transition between stratospheric and tropospheric
O3 mixing ratios has not the form of an intrusion in the
ECMWF data mainly because air with tropospheric O3 mix-
ing ratios is not found above the 4 PVU line.

3.4 Other trace gases and temperature

The CRISTA-NF mixing ratios for HNO3 and PAN as well
as temperature are shown in Fig.5. HNO3 has a similar
structure as O3 for the southern part of the flight (south of
41–41◦ N, i.e. before 07:00 and after 08:30 UTC). Like O3,
HNO3 has higher mixing ratios in the stratosphere than in the
troposphere. This is clearly visible in the southern part of the
flight whilst in the northern part difference in the HNO3 mix-
ing ratios between stratospheric and tropospheric air is found
not that obvious and the transition is smooth.

PAN is a tracer originating from the troposphere mainly
from aged pollution. The lifetime of PAN is in the order of
months in the upper troposphere (Talukdar et al., 1995). Its
vertical structure during this flight is similar to the one ob-
served for H2O. For PAN the detection limit for CRISTA-NF
measurements is at about 50 pptV. This is usually reached
in the lower stratosphere above about 16 km for most of the
profiles. In the southern part, PAN mixing ratios of about
80 pptV are found up to 15.5 km altitude, in the northern part
these values are rather located at 14 km. Enhanced mixing
ratios of PAN with over 150 pptV are also found at the same
location as the enhanced H2O obvious in Fig.3 at 07:00 and
08:30 UTC (at 41–42◦ N) between about 12 and 13.5 km.
There is an isolated maximum at about 40◦ N (07:15 and
08:15 UTC) in the 14–15 km region with over 125 pptV PAN
surrounded by air with lower PAN mixing ratios of about
90 pptV. The distribution is quasi symmetric for the south-
ward and northward flight leg, but the absolute values are
higher during the first half of the flight, i.e. with the LOS
pointing westward. For both HNO3 and PAN, the observed
structures are in most cases significant compared to the com-
bined retrieval error.

Figure5c shows the temperature retrieved from CRISTA-
NF observations together with the lapse-rate (or thermal)
tropopause calculated from CRISTA-NF measurements fol-
lowing the WMO definition (WMO, 1957). The lowest tem-
peratures for each profile are found at altitudes between 16
and 18 km during the whole flight. The minimum tempera-
ture along the flight path, about 205 K, is located at about

Fig. 5. CRISTA-NF retrieval results for HNO3, PAN, and Temper-
ature. Grey lines show the ECMWF potential vorticity at 1.5, 2 and
4 PVU, black line the flight track, black dots spectra with optical
dense conditions, and grey diamonds retrieval results with a total
error larger than 90 %. Note nonlinear colour scales.
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16 to 17 km altitude in the southernmost profiles (south of
39.4◦ N, at about 07:30 UTC). In this part of the flight also
the highest temperatures are observed at an altitude below
about 10 km. Thus, the temperature gradient is steeper in the
southern part, as expected for air masses of tropical origin.
In the northernmost part of the flight, a local minimum can
be seen at a altitude of about 12 to 12.5 km.

In summary the trace gases retrieved from CRISTA-NF
measurements show a transition from stratospheric to tropo-
spheric characteristics between about 10 and 15 km altitude
at the position where the height of the thermal and dynamical
tropopause increases and the subtropical jet is located. This
transition is not as clear in the ECMWF data and does not
reach as high up as seen in the measurements. The shape and
position of the vertical O3 distribution is reproduced well in
the CLaMS simulation although the tropospheric O3 mixing
ratios are not as low as the ones observed by CRISTA-NF.

4 Discussion

The detailed observation of the transition between strato-
spheric and tropospheric air at the subtropical jet raises the
questions where the observed air masses originate from,
whether mixing occurs between them and what kind of struc-
ture is observed.

4.1 Where do the observed air masses originate from?

To gain further insight into the origin and the fate of the air
masses detected during the flight trajectories are calculated
with CLaMS. Figure6a shows a map of 10 days backward
trajectories of air parcels arriving at all CRISTA-NF grid po-
sitions between 350 and 360 Kζ . Figure6b shows the verti-
cal progression of the trajectories onζ levels. Forζ between
350 and 360 K relatively low O3 values are found only in
the southern part of the flight. All trajectories decent from
ζ levels between 356 and 371 K. The ones with higher O3
mixing ratios originate on average from higherζ levels. The
trajectory map reveals that nearly all air parcels with low O3
volume mixing ratios lower than 200 ppbV originate from
the region around the Asian monsoon anticyclone. In con-
trast, about all trajectories arriving at the northern part of the
flight track with O3 values higher than 200 ppbV come from
westerly directions along the subtropical jet.

These pathways agree well with the trajectory calculations
by Lelieveld et al.(2002) during the Mediterranean Intensive
Oxidant Study (MINOS) in August 2001 for the upper tro-
posphere. The low O3 and HNO3 mixing ratios along with
high PAN mixing ratios in the southern part of the flight also
correspond well to the ACE-FTS observations of low O3 and
HNO3 and high mixing ratios of tropospheric species within
the Indian monsoon anticyclone (Park et al., 2008). They ob-
served a strong isolation of the air within this anticyclone. Air
influence by the Indian monsoon is also found byBarret et

Fig. 6. Panel (a): Map with 10 day backward trajectories from
CLaMS starting at the CRISTA-NF grid positions between 350 and
360 K ζ . Color coding shows the CLaMS O3 on the CRISTA-NF
grid (without filtering) during the flight on 29 July 2006. The mea-
surement positions are marked with red diamonds.The vertical po-
sition of the 350Kζ level is marked in Fig. 8b. Panel(b): Vertical
position of the backward trajectories onζ levels.

al. (2008) in MLS CO measurements over the Mediterranean
Sea in July 2006 and byLelieveld et al.(2002) in August
2001, where pollution originating from the Asian monsoon
anticyclone is observed close to the tropopause.

To get a deeper insight on the vertical distribution of
the observed trace gases, Fig.7 shows scatter plots of
O3 and PAN versus potential temperature calculated from
CRISTA-NF temperature measurements and ECMWF anal-
ysis pressure. The altitude where the data is observed is
color coded. For a potential temperature above about 400 K,
O3 increases strong and approximately linearly, as expected
for stratospheric air. These values are found at altitudes of
16 km or higher. Below 400 K the spread of observed O3
mixing ratios is wider. At 370 K both tropospheric mixing
ratios lower than 100 ppbV and mixing ratios influenced
by stratospheric air up to 300 ppbV occur. Their altitude
varies between up to 16 km for the tropospheric mixing ra-
tios and about 14 km for rather stratospheric mixing ratios.
This shows, that during these measurements the maximum
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Fig. 7. (a, b)Scatter plot of CRISTA-NF O3 (a)and PAN(b) against
potential temperature. Color scales display the altitude of the mea-
sured mixing ratios, grey stars show values, with a vertical resolu-
tion coarser then 3 km.(c) Scatter plot of CRISTA-NF O3 and PAN.
Pink line shading indicates mixing identified through O3 mixing ra-
tios above 100 ppbV at the same time as PAN mixing ratios above
120 pptV.

altitude where tropospheric mixing ratios where observed
was higher than the minimum altitudes where stratospheric
mixing ratios were observed. The reasons are, that the height
of the tropopause varies along the flight track and transport

processes between stratosphere and troposphere occur, as it
can be expected near the subtropical jet (e.g.Gettelman et
al., 2011). The distribution of PAN versus potential temper-
ture differs from the one of O3. The main source of PAN is
in the troposphere. Therefore the highest PAN mixing ratios
are found below 350 K and 12 km. The more variable, tro-
pospheric PAN mixing ratios are found up to 380 K. Above
380 K PAN mixing ratios decrease linearly with increasing
potential temperature.

4.2 Do the observed air masses mix?

As shown in Fig.7, the vertical gradients of stratospheric
and tropospheric trace gases like O3 have the opposite sign
as the gradients of tropospheric trace gases. Therefore, mix-
ing at the tropopause is often identified by tracer-tracer cor-
relations, especially for in situ measurements, e.g.Hoor et
al. (2002) andPan et al.(2004). Hegglin(2010) used tracer-
tracer correlations to identify the extra-tropical transition
layer (exTL), a layer with mixed tropospheric and strato-
spheric air, from ACE-FTS measurements.

The CRISTA-NF observations of PAN are of better qual-
ity than the H2O observations due to their lower instrumental
error and detection limit. In addition to dynamical processes,
the transport of H2O between the troposphere and the strato-
sphere is influenced by microphysical processes in connec-
tion with clouds, like condensation, evaporation, freezing,
and sublimation. Therefore PAN is a better tracer for the mix-
ing of tropospheric and stratospheric air masses. Hence, PAN
is used here as tropospheric trace gas for the tracer-tracer cor-
relation with O3 (Fig. 7c). Between the low PAN and high
O3 values above 14 km and the high PAN and low O3 below
13 km there are intermediate values found between about 10
and 14 km. Such measurements with more than 100 ppbV
O3 and simultaneously more than 120 pptV PAN indicate
mixing between tropospheric and stratospheric air and are
marked with pink rectangles in Fig.8. Like Hegglin(2010),
we use 100 ppbV as the threshold value for tropospheric O3.
On the contrary, according to Fig.7a O3 mixing ratios up to
160 ppbV are observed for the lowest potential temperatures
and altitudes.

The altitudes where intermediate PAN and O3 mixing ra-
tios occur, indicate a layer about 4 km wide with mixing
between tropospheric and lowermost stratospheric air. It is
similar to the one found byPan et al.(2007) in connection
with a tropopause fold on the cyclonic side of the polar jet
in December 2005, using in situ measurements.Pan et al.
(2007) observed a depth of the mixed air up to 5 km with
rather low O3 values with 100 ppbV also within the mixed
air. For the CRISTA-NF measurements during the flight on
29 July the O3 mixing ratios within the mixed air is signifi-
cantly higher (from 100 up to 300 ppbV). The observed dif-
ferences in O3 mixing ratios can probably be explained be-
causePan et al.(2007) observed a tropopause fold with a
larger horizontal extend and their measurements took place
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Fig. 8. Grey shadings show the ECMWF potential vorticity at 1.5,
2, 4 and 6 PVU, black line the flight track. Red contour showζ -level
from CLaMS, blue diamonds show the thermal tropopause from
CRISTA-NF measurements, and the filled yellow contour shows
30 m s−1 the horizontal wind speed from ECMWF. Pink rectangles
show positions, where the tracer-tracer correlation in Fig.7c indi-
cates mixing.

in December 2005, when the O3 was relatively low in the
lowermost stratosphere due to its seasonal cycle.

4.2.1 How does the resolution of CRISTA-NF influence
the observations?

Due to the limb viewing geometry the measurements of
CRISTA-NF provide an integrated information along the
lines of sight. Along the flight path CRISTA-NF measure-
ments have a relatively high horizontal resolution compared
to the coarser horizontal resolution perpendicular to the flight
path, along the line of sight. Therefore, it certainly helped
to resolve the observed structure that the flight track was
aligned nearly perpendicular to them. For the altitudes where
the mixing is observed the vertical resolution of PAN and
O3 is in most cases better than 3 km. Values with coarser
resolution are marked with grey stars in Fig.7c. Often, the
resolution is better than 2 km for O3 and 1 km for PAN.

Unlike in situ measurements, CRISTA-NF provides a
quasi-2-D cross sections of the atmosphere. Therefore, no in
situ measurements deployed on the M55-Geophysica during
this flight would be able to detect these structures without
extensive flight maneuvers at lower altitudes, which would
require some predictive knowledge of the structure.

Hegglin (2010) argued that for ACE-FTS, which has a
similar observation geometry but from space, it is extremely
unlikely, that air from lower altitudes than the tangent point
is observed along the LOS. Therefore the high values of PAN
above 12 km (Fig.5) can not be caused by the measurement

geometry or the extent of the field of view. It is possible,
that the retrieved tropospheric O3 values are increased due
to the influence of higher stratospheric O3 above, but these
influence should be similar for all values in the same alti-
tude. Hence, horizontal gradients should not be influenced.
Because mixed and non mixed air is found within the same
altitudes and because the layer with mixed air is wider than
4 km, the observed mixing can not be only an artifact of the
resolution.

The limb geometry and the field of view of CRISTA-NF
may lead to an overestimation of mixing due to enhanced
values of stratospheric trace gases and it can be expected that
structures have an even smaller vertical extent than seen by
the measurements. For this reason it is not possible to give
a quantitative estimate of the mixing between stratospheric
and tropospheric air or decide if the intrusion of stratospheric
air into the troposphere is reversible or irreversible. This can
be facilitated by potential future satellite missions, which
can provide a similar sampling and spectral resolution as
CRISTA-NF with a global coverage.

We can summarize that the mixed air is observed in the
lowermost stratosphere and at the subtropical set. This agrees
well with the results ofTrickl et al. (2011) from trajectory
studies, that a significant amount of stratosphere-troposphere
transport does occur along the subtropical jet.

4.3 What kind of structure is observed?

To get a better insight in the kind of structure that was
observed, Fig.8 resembles the information obtained from
CRISTA-NF, CLaMS and ECMWF along the flight path. The
grey shades show the 1.5, 2, 4 and 6 PVU surfaces as taken
from the ECMWF data, the black line shows the flight alti-
tude. The position of the subtropical jet is marked by a filled
yellow contour line showing the horizontal wind speed from
ECMWF, the thermal tropopause by blue diamonds. The
lapse-rate tropopause lays at about 11–12 km in the north-
ern and at about 16 km in the southern part of the flight. At
07:00 and 08:45 (about 41◦ N and 43◦ N) there is a jump in
the altitude of the thermal tropopause of about 4 km.ζ -levels
from CLaMS are shown by the red contours. The measure-
ments indicating mixed air from Fig.7c are marked as pink
rectangles in Fig.8.

The dynamical tropopause, often defined as the 2 PVU sur-
face (e.g.Pan et al., 2004), is situated at about 10 km altitude
in the northern part of the flight. During the southern part,
the 2 PVU surface is located somewhat higher up, at about
13 km. During most of the flight the lapse-rate tropopause is
located above the 4 PVU surface (agreeing well with the find-
ings ofKunz et al., 2009). The vertical and meridional wind
speeds in the ECMWF data show that the rise of the 2 PVU
surface and the shift in the thermal tropopause from low to
high altitudes is located precisely at the center of the sub-
tropical jet. Figure8 shows where the mixed air identified by
the tracer-tracer correlation in Fig.7c is found. Most of the
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mixed air is located north of the jet: at up to about 13 km in
the lowermost stratosphere (above the 2 PVU line and around
the lapse-rate tropopause) and directly at the jet up to about
14.5 km altitude andζ = 380 K.

Shapiro(1980) described tropopause folds as mixing re-
gions characterized by a chemical characterization between
troposphere and stratosphere. The 2 PVU surface in the
ECMWF data is not folded as sharply as one would expect
in this case, see e.g. the identification of tropopause folds by
Sprenger et al.(2003), but one should remember that the O3
intrusion seen in the CRISTA-NF measurements is not re-
solved in the ECMWF data, too. Nevertheless, all PVU sur-
faces shown in Fig.8 rise at least 2 km, where the O3 intru-
sion is observed by CRISTA-NF. Also the relatively high O3
values in the northern part of the flight down to below 10 km
concur with decreasing altitudes of the shown PVU surfaces.
In the ECMWF O3 (Fig. 4c) no corresponding structure is
present. These results indicate that the CRISTA-NF measure-
ments show a detailed cross section through a tropopause
fold.

Tropopause folds are suspected to be one of the main
mechanisms for cross-tropopause-transport (e.g.Shapiro,
1980 and Seo et al., 2008). Hoor et al.(2002) observed a
greater depth of the mixing layer above the extra-tropical
tropopause during summer and explained it with transport
across the tropopause at the subtropical jet. Mixing between
tropospheric and lower stratospheric air is observed to occur
often in connection with tropopause folds (e.g.Gettelman et
al., 2011and references therein).

In summary, the results of the AMMA flight on 29 July
2006 show that CRISTA-NF provides detailed measurements
in the UTLS. The data obtained agree well with modeled
data from CLaMS. CRISTA-NF observations and CLaMS
simulations indicate, that a tropopause fold was observed,
which was not resolved by the ECMWF operational analy-
sis. This shows, that tropopause folds can occur on smaller
scales than resolution of ECMWF data allows to observe. At
these small scales we found evidence, that O3 rich strato-
spheric air enters the troposphere as well as tropospheric air
the stratosphere. While the intrusion of stratospheric air was
seen in the CLaMS model run presented in this work the
transport of tropospheric air to the stratosphere was not found
in the CLaMS results. Also other studies show troposphere-
stratosphere exchange at the subtropical jet. One example
is the work of Trickl et al. (2011), where layers with high
ozone and low water vapor mixing ratios where observed
over Garmisch-Partenkirchen. Based on model simulations
the origin of these layers was in some cases found at the sub-
tropical jet over the Atlantic. Our study also emphasizes that
PAN, which can be observed in the mid infrared also from
space (e.g.Wiegele et al., 2012) can reach the tropopause
region. This was also observed by in situ measurements in
Roiger et al.(2011). In such cases PAN can be used to iden-
tify tropospheric air masses.

5 Conclusions and outlook

Utilizing the retrieval setup presented inWeigel et al.(2010)
a detailed analysis is performed for the flight on 29 July
2006. CRISTA-NF data provides a detailed, two dimen-
sional insight into the UTLS, measuring trace gases of both
tropospheric and stratospheric origin. This allows to ob-
serve and analyze mesoscale processes. Better understand-
ing of mesoscale processes has implications for the medium
range weather forecast and ozone chemistry (WMO, 2006).
A sharp transition between tropospheric and stratospheric
air was observed over the Mediterranean Sea, identified by
strong gradients in O3, HNO3, and PAN. The structure was
reproduced by CLaMS simulations but was not completely
resolved in the ECMWF operational analysis data set.

Most probable, the observed intrusion of stratospheric air
into the troposphere is the result of a tropopause fold, which
is not well resolved in the ECMWF data. CLaMS simula-
tions made it possible to gain further information about the
origin and the fate of the observed air masses. They indicate
that the observed air originated on the one hand from the
tropopause close to the Asian monsoon anticyclone and on
the other hand in the extra-tropical lowermost stratosphere
along the subtopical jet. Tracer-tracer correlations between
PAN and O3 retrieved from the CRISTA-NF measurements
show the presence of mixed tropospheric and stratospheric
air.

This emphasizes that vertically high resolved limb sound-
ings are capable to provide a detailed picture of the chemical
composition in the UTLS. To investigate the UTLS in such
detail on a global scale could help to gain a better under-
standing of the whole atmosphere. This could be achieved in
the future by limb-imaging spectrometers as Imaging spec-
trometers as the GLObal limb Radiance Imager for the At-
mosphere (GLORIA), see e.g.Riese et al., 2005; Friedl-
Vallon et al., 2006). An air-borne version of this instru-
ment, GLORIA-AB (Gimballed Limb Observer for Radiance
Imaging of the Atmosphere, airborne version) has been de-
veloped for the High Altitude and Long Range Research Air-
craft (HALO) and M55-Geophysica aircraft. The instrument
has been successfully tested on the M55-Geophysica in De-
cember 2011. GLORIA-AB will provide an even better re-
solved view of such small scale structures (Ungermann et al.,
2011). GLORIA-AB serves as a prototype for a next genera-
tion satellite-borne limb-imager like the ESA candidate mis-
sion PREMIER (PRocesses Exploration through Measure-
ments of Infrared and millimeter-wave Emitted Radiation,
ESA, 2012; Ungermann et al., 2010). This instrument can
offer the possibility to provide global observations of small-
and mesoscale processes and quantify their effect on the total
exchange between troposphere and stratosphere.
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B., Le Flochmöen, E., Livesey, N. J., Massart, S., Peuch, V.-
H., Piacentini, A., Sauvage, B., Thouret, V., and Cammas, J.-
P.: Transport pathways of CO in the African upper troposphere
during the monsoon season: a study based upon the assimilation
of spaceborne observations, Atmos. Chem. Phys., 8, 3231–3246,
doi:10.5194/acp-8-3231-2008, 2008.

Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J., Noël,
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Krämer, M., Schiller, C., Afchine, A., Bauer, R., Gensch, I., Man-
gold, A., Schlicht, S., Spelten, N., Sitnikov, N., Borrmann, S.,
de Reus, M., and Spichtinger, P.: Ice supersaturations and cir-
rus cloud crystal numbers, Atmos. Chem. Phys., 9, 3505–3522,
doi:10.5194/acp-9-3505-2009, 2009.

Kullmann, A., Riese, M., Olschewski, F., Stroh, F., and Grossmann,
K.-U.: Cryogenic Infrared Spectrometers and Telescopes for the
Atmosphere – New Frontiers, Proc. SPIE, 5570, 423–432, 2004.

Kunz, A., Konopka, P., M̈uller, R., Pan, L. L., Schiller, C., and
Rohrer, F.: High static stability in the mixing layer above
the extratropical tropopause, J. Geophys. Res., 114, D16305,
doi:10.1029/2009JD011840, 2009.

Kunz, A., Konopka, P., M̈uller, R., and Pan, L.: Dynamical
tropopause based on isentropic potential vorticity gradients, J.
Geophys. Res., 116, D01110,doi:10.1029/2010JD014343, 2011.

Lawrence, M. G. and Lelieveld, J.: Atmospheric pollutant outflow
from southern Asia: a review, Atmos. Chem. Phys., 10, 11017–
11096,doi:10.5194/acp-10-11017-2010, 2010.

Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P. J., Den-
tener, F. J., Fischer, H., de Gouw, J., Feichter, J., Flatau, P., He-
land, J., Holzinger, R., Korrmann, R., Lawrence, M., Levin, Z.,
Markowicz, K., Mihalopoulos, N., Minikin, A., Ramanathan, V.,
de Reus, M., Roelofs, G.-J., Scheeren, H. A., Sciare, J., Schlager,
H., Schultz, M., Siegmund, P., Steil, B., Stephanou, E., Stier,
P., Traub, M., Williams, J., and Ziereis, H.: Global air pollution
crossroads over the Mediterranean, Science, 298, 794–799, 2002.

Manney, G. L., Hegglin, M. I., Daffer, W. H., Santee, M. L., Ray,
E. A., Pawson, S., Schwartz, M. J., Boone, C. D., Froidevaux,
L., Livesey, N. J., Read, W. G., and Walker, K. A.: Jet charac-
terization in the upper troposphere/lower stratosphere (UTLS):
applications to climatology and transport studies, Atmos. Chem.
Phys., 11, 6115–6137,doi:10.5194/acp-11-6115-2011, 2011.

McKenna, D. S., Konopka, P., Grooß, J.-U., Günther, G., M̈uller,
R., Spang, R., Offermann, D., and Orsolini, Y.: A new Chemi-
cal Lagrangian Model of the Stratosphere (CLaMS) 1. Formu-
lation of advection and mixing, J. Geophys. Res., 107, 4309,
doi:10.1029/2000JD000114, 2002a.

McKenna, D. S., Grooß, J.-U., G̈unther, G., Konopka, P., M̈uller,
R., Carver, G., and Sasano, Y.: A new Chemical Lagrangian
Model of the Stratosphere (CLaMS) 2. Formulation of chem-
istry scheme and initialization, J. Geophys. Res., 107, 4256,
doi:10.1029/2000JD000113, 2002b.

Offermann, D., Grossmann, K.-U., Barthol, P., Knieling, P., Riese,
M., and Trant, R.: Crypgenic Infrared Spectrometers and Tele-
scopes for the Atmosphere (CRISTA) erxperiment and middle at-
mosphere variability, J. Geophys. Res., 104, 16311–16325, 1999.

Olsen, M. A., Douglass, A. R., Newman, P. A., Gille, J. C., Nardi,
B., Yudin, V. A., Kinnison, D. E., and Khosravi, R.: HIRDLS
observations and simulation of a lower stratospheric intrusion of
tropical air to high latitudes, Geophys. Res. Lett., 35, L21813,
doi:10.1029/2008GL035514, 2008.

Pan, L. L., Randel, W. J., Gary, B. L., Mahoney, M. J., and
Hintsa, E. J.: Definitions and sharpness of the extratropical
tropopause: A trace gas perspective, J. Geophys. Res., 109,
D23103,doi:10.1029/2004JD004982, 2004.

Pan, L. L., Bowman,K. P., Shapiro, M., Randel, W. J., Gao, R.
S., Campos, T., Davis, C., Schauffler, S., Ridley, B. A., Wei,
J. C., and Barnet, C.: Chemical behavior of the tropopause ob-
served during the Stratosphere-Troposphere Analyses of Re-
gional Transport experiment, J. Geophys. Res., 12, D18110,
doi:10.1029/2007JD008645, 2007.

Park, M., Randel, W. J., Emmons, L. K., Bernath, P. F., Walker,
K. A., and Boone, C. D.: Chemical isolation in the Asian
monsoon anticyclone observed in Atmospheric Chemistry Ex-
periment (ACE-FTS) data, Atmos. Chem. Phys., 8, 757–764,
doi:10.5194/acp-8-757-2008, 2008.

Purser, R. J. and Huang, H. L.: Estimating effective data density in
a satellite retrieval or and objective analysis, J. Appl. Meteorol.,
32, 1092–1107, 1993.

Redelsperger, J.-L., Thorncroft, C. D., Diedhiou, A., Lebel, T.,
Parker, D. J., and Polcher, J.: African Monsoon Multidisciplinary
Analysis, B. Am. Meteor. Soc., 87, 1739–1746,doi:10.5194/acp-
9-3505-2009, 2006.

Remedios, J. J., Leigh, R. J., Waterfall, A. M., Moore, D. P., Sem-
bhi, H., Parkes, I., Greenhough, J., Chipperfield, M. P., and
Hauglustaine, D.: MIPAS reference atmospheres and compar-
isons to V4.61/V4.62 MIPAS level 2 geophysical data sets, At-
mos. Chem. Phys. Discuss., 7, 9973–10017,doi:10.5194/acpd-7-
9973-2007, 2007.

Reuter, M., Pfeifer, S.: Moments from space captured by
MSG SEVIRI, Int. J. Remote Sens., 32, 4131–4140,
doi:10.1080/01431161.2011.566288, 2011.

Riese, M., Tie, X., Brasseur, G., and Offermann, D.: Three-
dimensional simulation of stratospheric trace gas distributions
measured by CRISTA, J. Geophys. Res., 104, 16419–16435,

Atmos. Chem. Phys., 12, 8423–8438, 2012 www.atmos-chem-phys.net/12/8423/2012/

http://dx.doi.org/10.5194/acp-10-3615-2010
http://dx.doi.org/10.1029/2000JD000289
http://dx.doi.org/10.5194/acp-9-25-2009
http://dx.doi.org/10.5194/acp-5-85-2005
http://dx.doi.org/10.5194/acp-7-3285-2007
http://dx.doi.org/10.5194/acp-9-3505-2009
http://dx.doi.org/10.1029/2009JD011840
http://dx.doi.org/10.1029/2010JD014343
http://dx.doi.org/10.5194/acp-10-11017-2010
http://dx.doi.org/10.5194/acp-11-6115-2011
http://dx.doi.org/10.1029/2000JD000114
http://dx.doi.org/10.1029/2000JD000113
http://dx.doi.org/10.1029/2008GL035514
http://dx.doi.org/10.1029/2004JD004982
http://dx.doi.org/10.1029/2007JD008645
http://dx.doi.org/10.5194/acp-8-757-2008
http://dx.doi.org/10.5194/acp-9-3505-2009
http://dx.doi.org/10.5194/acp-9-3505-2009
http://dx.doi.org/10.5194/acpd-7-9973-2007
http://dx.doi.org/10.5194/acpd-7-9973-2007
http://dx.doi.org/10.1080/01431161.2011.566288


K. Weigel et al.: A stratospheric intrusion at the subtropical jet 8437

doi:10.1029/1999JD900178, 1999.
Riese, M., Manney, G. L., Oberheide, J., Tie, X., Spang, R., and

Kuell, V.: Stratospheric transport by planetary wave mixing
as observed during CRISTA-2, J. Geophys. Res., 107, 8179,
doi:10.1029/2001JD000629, 2002.

Riese, M., Friedl-Vallon, F., Spang, R., Preusse, P., Schiller, C.,
Hoffmann, L., Konopka, P., Oelhaf, H., von Clarmann, Th., and
Hopfner, M.: GLObal limb Radiance Imager for the Atmosphere
(GLORIA): Scientific objectives, Adv. Space Res., 36, 989–995,
2005.

Rodgers, C. D.: Inverse Methods for Atmospheric Sounding: The-
ory and Practice, World Scientific, 2000.
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