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A new airborne dual platform approach for atmospheric
composition measurements at the tropopause

Heiko Bozem!, Philipp Joppe!?, Yun Li*, Nicolas Emig!, Armin Afchine*, Anna Breuninger?,

Joachim Curtius®, Stefan Hofmann®, Sadath Ismayil’, Konrad Kandler’, Daniel Kunkel!,

Arthur Kutschka®, Hans-Christoph Lachnitt!, Andreas Petzold>¢, Sarah Richter’, Timo Réschenthaler®,
Christian Rolf*, Lisa Schneider’, Johannes Schneider?, Alexander Vogel®, and Peter Hoor!

!Johannes Gutenberg University of Mainz, Institute for Atmospheric Physics, Mainz, Germany

2 Aerosol Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany

3Institute of Climate and Energy Systems 3 — Troposphere, Forschungszentrum Jiilich GmbH, Jiilich, Germany
“Institute of Climate and Energy Systems 4 — Stratosphere, Forschungszentrum Jiilich GmbH, Jiilich, Germany
SInstitute for Atmospheric and Environmental Sciences, Goethe University Frankfurt, Frankfurt am Main, Germany
®Institute for Atmospheric and Environmental Research, University of Wuppertal, Wuppertal, Germany

"Institute for Applied Geoscience, Technical University Darmstadt, Darmstadt, Germany

8enviscope GmbH, Frankfurt, Germany

Correspondence: Heiko Bozem (bozemh @uni-mainz.de)

Abstract. In this paper we introduce the new TropoPause Composition TOwed Sensor Shuttle (TPC-TOSS), which constitutes
an advanced development of the AIRcraft TOwed Sensor Shuttle (AIRTOSS), introduced by Frey et al. (2009). As part of a
tandem measurement platform with a Learjet 35A, both platforms were equipped with redundant instruments for collocated
measurements of aerosol size distribution (Ultra-High Sensitivity Aerosol Spectrometer, UHSAS), ozone (2BTech model 205),
cloud particles (Back-Scatter Cloud Probe, BCP), as well as relative humidity, temperature and pressure. To measure the exact
position of the two platforms as well as the relative distance of the TPC-TOSS to the Learjet a Global Positioning System
(GPS) is installed on both platforms. Two identical Inertial Navigation Systems (INS) further allow to monitor attitude angles
(roll, pitch, and heading) and accelerations.

Laboratory tests before and ground tests as well as inflight tests during the intensive operation period show a good agreement
of the ozone and temperature measurements of better than 4.2 ppbv + 1.1 % (ozone) and 0.5 °C (temperature) at a noise level
of + (2 ppbv + 0.5 %) for 2 s data (ozone) and 0.1 K for 1 Hz data (temperature). Stability of the ozone monitor mounted in
the TPC-TOSS has been tested and is estimated to be 2.2 ppbv (offset, 1 o) and 0.7 % (gain, 1 o), respectively, based on the
drift of offset and gain during regular calibrations between measurement flights in the two weeks operation period.

The new TPC-TOSS was successfully flown during the TPEx I (TropoPause composition gradients and mixing Experiment)
mission in June 2024 and performed four flights covering the altitude range between 6.4 and 10.9 km. The tropopause was
crossed several times as evident from different temperature and ozone gradients as well as gradients of the aerosol number
density. With the setup we are able to resolve transient stability and composition gradients ranging from almost zero or even

negative to strong positive gradients of up to 25 K km~! for potential temperature and from inverted to strong positive vertical
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gradients of ozone of up to 800 ppbv km ™1, respectively. These gradients are caused by transport and mixing due to convection

or shear induced turbulence at the tropopause.

1 Introduction

The tropopause is naturally defined by the change of the vertical temperature gradient from the troposphere and a mostly moist
adiabatic temperature lapse rate to neutral or positive temperature gradients due to increased shortwave absorption from ozone
production in the stratosphere. According to the World Meteorological Organization (WMO, 1957), the tropopause can be
defined as the lowest level the temperature lapse rate does not exceed 2 K km ™! and stays on average below this value for
any layer between this altitude and any level above within the next 2 km. As a consequence the emerging increase of static
stability makes the thermal tropopause a transport barrier, which in turn leads to strong gradients of tracers (e.g. Bethan et al.,
1996; Hoor et al., 2002; Pan et al., 2004; Bauchinger et al., 2025). In the extratropics, the tropopause location is highly variable
in time and space being linked to the synoptic conditions. Further non-conservative (diabatic) processes modify composition
gradients and in turn the tropopause location itself. The representation of tropopause gradients is, however, crucial for under-
standing and quantifying the climate impact of radiatively active substances like water vapor, ozone, ice and aerosol particles
(e.g. Randel et al., 2007; Fusina and Spichtinger, 2010). These composition gradients are highly variable as a result of the
aforementioned variability of the tropopause as well as mixing processes associated with small scale (and large scale) diabatics
(Kunkel et al., 2019; Lachnitt et al., 2023).

Measurements of these composition gradients at small scales are difficult to achieve: remote sensing methods suffer from lim-
ited resolution due to vertical or horizontal averaging kernels, vertical soundings only provide single profiles while aircraft
measurements deliver data just along the flight trajectory. Highly transient phenomena like turbulent mixing processes or oc-
currence of cirrus clouds, overshooting anvil tops, etc., cannot be covered by horizontal flight tracks on different legs, since
the relevant features may disappear when performing stacked level flights. One approach in former studies was to perform
colocated measurements with two aircraft, for example during CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils
and Cirrus Layers — Florida Area Cirrus Experiment) (Jensen et al., 2004) or HALO-(AC)? (Wendisch et al., 2024). While the
flights with Polar 5 and Polar 6 aircraft (HALO-(AC)?) could only be performed below 5 km altitude due to aircraft perfor-
mance capabilities, coordinated measurements involving two aircraft often suffer from difficulties of exact vertical colocation
due to different aircraft speeds, as pointed out by Klingebiel et al. (2017, and references therein)

Simultaneous measurements of such small scale structures may deliver novel information on the effect of transient dynamical
processes and their impact on species gradients at the tropopause. In earlier studies, towed sensors were introduced for co-
located measurements. There are only very few setups of these devices available. Recently, the Alfred Wegener Institute (AWI)
and the Leibniz Institute for Tropospheric Research (TROPOS) developed the T-Bird (Jurdnyi et al., 2025), a sensor shuttle
for turbulence, aerosol and trace species measurements in the lowermost Arctic boundary layer towed by AWIs Polar aircraft.
Besides this, only helicopter based dual platform designs are available. Both, ACTOS (Airborne Cloud Turbulence Observation
System) (Siebert et al., 2006) and SMART-HELIOS (HELIcopter-borne Observations of Spectral Radiation) (Werner et al.,



2013, 2014) as well as HELiPOD (Pitzold et al., 2023) are instrument platforms developed to be towed by a helicopter for
measurements of boundary layer characteristics with respect to clouds and chemical composition or solar spectral reflectivity.
To the best of our knowledge, such an approach has not yet been applied to tropopause altitudes or tropopause-relevant com-
55 position measurements.
Here, we present a novel development, which builds on previous experiences for a radiation / cirrus payload (Frey et al.,
2009, 2014; Finger et al., 2016; Klingebiel et al., 2017). The new setup of the TPC-TOSS (TropoPause Composition TOwed
Sensor Shuttle) includes measurements of ozone, GPS information, aerosol size distribution from 100-1000 nm as well as
sensors for humidity and temperature. We will present the new setup and will provide uncertainties and individual tests, as
60 well as some examples demonstrating the agreement between the two platforms. Additionally, we will showcase typical results

achieved during the first field setup.

2 The TPEx I project
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Figure 1. (a) Overview over all conducted measurement flights during the TPEx mission in June 2024. The red coloured flight paths are
flights with the TPC-TOSS deployed whereas the black lines show the other flights without TPC-TOSS. The map was created from public-
domain GIS data found on the Natural Earth website (http://www.naturalearthdata.com, last access: 30 June 2025). (b) Schematic of the
concept of the dual platform approach with TPC-TOSS attached to the Learjet aircraft with a steel wire rope allowing for simultaneous
measurements at two levels. Colours in the background represent an arbitrary air mass property changing from low to high values at the

tropopause. This property can be measured simultaneously by the two platforms. Modified from Emig et al. (2025).

The aircraft campaign TPEx I (TropoPause composition gradients and mixing Experiment) is the central aircraft mission in the
collaborative research center TPChange (The TropoPause region in a Changing atmosphere) and took place between 10 and 21

65 June 2024 based at Hohn airfield in Northern Germany (54°18’49”N, 9°32’17”E). The TPEx I mission addressed questions



