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Abstract. Trace gas observations can be used to define chemical tropopauses based on differences between stratospheric and
tropospheric characteristics. Notable examples are Oz and N2O, which have a well-defined positive and negative gradient in
the lower stratosphere, respectively. We propose a vertical coordinate relative to the chemical tropopause that can be derived
directly from trace gas measurements. Taking advantage of the extensive global coverage of regular ozone soundings, we de-
velop an ozone-based tropopause using an observation-based climatology expressed as mixing ratios relative to the tropopause,
ABO(03). We apply this new coordinate to two exemplary data sets in the extratropical upper troposphere and lower strato-
sphere. Compared to the dynamic tropopause, the short-term variability of 2D-binned N> O is reduced by 18% and that of SFg
by up to 38% in the two data sets. This reflects the implicit incorporation of transport and mixing processes in AG(Os3). In both
data sets, AG(O3) also compresses the vertical extent of observations, indicating that air masses as high AG(dyn) are chemi-
cally more related to lower-laying air. Overall, we show that AG(O3) provides a chemically consistent vertical coordinate for

larger observational data sets, facilitating studies of smaller-scale processes without requiring model reanalysis data.

1 Introduction

The upper troposphere and lower stratosphere (UTLS) is a highly variable region where a multitude of processes influence the
chemical composition and dynamics on timescales ranging from minutes to decades. Changes in the chemical and dynamical
structure of the UTLS have far-reaching implications for atmospheric composition and climate, affecting for example the
transport of greenhouse gases and ozone-depleting substances, the Brewer-Dobson circulation, the residence time of trace gases
in the stratosphere and the radiative properties of the atmosphere (Gettelman et al., 2011). While the observational basis in the
UTLS has increased significantly in the last decades, in situ measurements in the tropopause region remain sparse for many
trace gases. Sensible categorisation of these observations remains an important prerequisite for studying this region. Potential
benefits include improved investigations of cross-tropopause transport, better comparisons between independent observational

data sets and improved validation of chemistry-climate models.
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In the stratosphere, potential temperature (©) is widely used as a vertical coordinate because it eliminates effects from short-
term adiabatic processes. Close to the tropopause, the relative position to the tropopause (A®1 p) becomes a determining factor
for many local characteristics, particularly for short-lived substances (Pan et al., 2004; Hoor et al., 2004; Hegglin et al., 2006).
The location of the tropopause varies substantially in response to temperature, circulation patterns and other dynamic processes.
Expressing observations in tropopause-relative coordinates therefore reduces a large fraction of this variability by grouping
together air masses with similar dynamical histories. This approach has become particularly valuable in the consolidation of
multiple data sets (Milldn et al., 2023) and can enable the investigation of small changes in the atmospheric composition and
circulation which would otherwise remain obscured.

Existing tropopause definitions capture different aspect of the troposphere-stratosphere transition. Thermal definitions char-
acterise the vertical temperature structure of the atmosphere, while dynamical definitions based on potential vorticity (PV) or
its gradient characterise the dynamical separation between tropospheric and stratospheric air (e.g. Kunz et al. (2011); Turhal
et al. (2024)). More recent approaches, such as the relative-humidity-gradient method proposed by ?, provide complementary
ways of identifying the tropopause region by taking into account both diabatic and adiabatic changes across the UTLS.

The calculation of A©rp for observational data sets can introduce challenges. Applying these definitions to individual
aircraft measurements requires vertical profiles to evaluate gradients or the modelling of dynamical parameters such as PV.
Limited temporal and spatial resolution and mismatches between modelled and observed atmospheric structures can introduce
errors, including systemic biases in tropopause properties or unresolved double tropopauses (Birner et al., 2002; Xian and
Homeyer, 2019; Tegtmeier et al., 2020; Meng et al., 2021).

Chemical tropopause definitions provide a fundamentally different approach by using the well defined changes in chemical
composition across the tropopause region to distinguish between tropospheric and stratospheric air. Existing approaches in-
clude fixed or seasonally varying thresholds and tracer-tracer correlations, which exploit differences in chemical lifetimes and
histories to characterise air mass origin and mixing (Fischer et al., 2000; Hoor et al., 2002; Pan et al., 2004; Hegglin et al.,
2009). In contrast to definitions that require profile and/or model data, distinguishing tropospheric and stratospheric air masses
can then be based on individual trace gas observations.

Only a limited number of studies combine chemical information with tropopause-relative coordinates. An example was
presented by Zahn et al. (2004), who derived a seasonally varying O3 threshold from sonde observations at Hohenpei3enberg.
Building on this concept, in Sprung and Zahn (2010) a relative height coordinate referenced to the thermal tropopause using
the same O3 climatology was utilised. However, the applicability of this climatology is limited to a narrow latitudinal band, as
only data from a single station was used. A more generally applicable framework requires reference distributions that account
for spatial and seasonal variability.

Extending this approach, we construct climatological tracer distributions as a function of month, equivalent latitude and
tropopause-relative potential temperature. Equivalent latitude (eql.) uses the adiabatic conservation properties of potential vor-
ticity to reduce dynamical variability associated with reversible meridional excursions of air masses induced e.g. by planetary

waves. This better represents the characteristics of an air parcel along its natural transport pathways (Butchart and Remsberg,
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1986). After selecting the corresponding climatological profile for a certain month and equivalent latitude, these distributions
can subsequently be used to match an observed tracer measurement to the representative tropopause-relative distance, AO7p.

To allow an unambiguous mapping between mixing ratio and AOrp, suitable reference tracers must exhibit sufficiently
distinct tropospheric and stratospheric mixing ratios and a monotonic lower stratospheric profile. The change in composition
across the profile must be significantly larger than the natural variability from chemical processes and than the measurement
uncertainty. We focus on the two stratospheric tracers O3 and N5O, which exhibit particularly suitable vertical distributions
and are governed by very different processes in the lower stratosphere.

O3 mixing ratios increase rapidly above the tropopause as a consequence of photochemical production in the stratosphere.
The extensive global record of O3 soundings provides a robust statistical basis for constructing a climatology. However, O3
distributions exhibit a pronounced seasonality and latitude dependence, while processes such as stratosphere-troposphere ex-
change, the polar vortex and ozone depletion introduce additional variability (Bethan et al., 1996; Hegglin et al., 2009; Petetin
et al., 2016). These effects limit the applicability of fixed threshold values and motivate a climatology-based approach (Zahn
et al., 2004; Thouret et al., 2006).

N> O, in contrast, is emitted predominantly at the Earth’s surface with a broad distribution of emissions and has a long lifetime
of 116+9 years (Prather et al., 2015; SPARC, 2013). It is therefore relatively well mixed in the troposphere, while photolysis in
the middle and upper stratosphere leads to decreasing mixing ratios with altitude. In principle, the comparatively simple lower
stratospheric distribution of Ny O makes it particularly well suited for deriving a tropopause-relative coordinate. However, NoO
is also generally harder to measure with the precision and accuracy required and considerably fewer measurements exist in the
UTLS. The increases in tropospheric background values also need to be taken into account for longer observation periods.

Together, these tracers provide complementary test cases. O3 offers excellent observational coverage, whereas N2 O provides
a chemically simpler distribution with an oppositely signed gradient. Demonstrating that the proposed framework is applicable
to both suggests a general applicability of this method to tracers with different chemical characteristics.

In this study, we introduce a tropopause coordinate that combines the advantages of tropopause-relative potential temperature
coordinates with the chemical information derived from observations. We construct climatologies of O3 and NoO expressed rel-
ative to the dynamical 3.5 PVU tropopause, representing typical tracer distributions as a function of equivalent latitude, month,
and tropopause-relative potential temperature. By comparing a individual observations to the corresponding climatological
profile, we derive the A®7p that is most representative of the measured tracer mixing ratio. This coordinate can subsequently
be used equivalently to conventional tropopause-relative coordinates without requiring model-derived tropopause information
for each individual measurement. We characterise the resulting climatologies and demonstrate the application of AG(O3) to
observational data sets.

Section 2 describes the observational data used to construct and apply the climatologies. Section 3 presents the methodology
and characterises the resulting climatologies, while Section 4 discusses the application of A©(O3) to observational data sets.

The final section summarises the findings and conclusions.
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2 Global measurement data

Observations of O3z and N» O strongly differ in their availability and global coverage. O3 is measured regularly by ozone sondes
launched across the world, along with broad coverage through aircraft observations and satellite data. NoO has primarily been
measured during research campaigns, leading to limited data availability in space and time. We choose to simplify the O3 data
set by focussing solely on O3 sondes, while for NoO we will be using both balloon and aircraft campaign data due to the
sparsity of global coverage otherwise.

The trace gas data is combined with ERAS reanalysis data with an initial resolution of 6 hours, 1° horizontally and 137
vertical levels corresponding to an approximate vertical spacing of 500 m (Hersbach et al., 2020). For each ascent / flight,
meteorological parameters were interpolated onto the measurement position and time using potential temperature mapping.
For each observation, these include the equivalent latitude of the measurement, as well as the potential temperature of the
local thermal and dynamical (3.5PVU surface) tropopauses. The potential temperature distance to the tropopause, AO7p,
is then calculated as the difference between the potential temperature of the observation and of the local tropopause at the

corresponding coordinates. Interpolated reanalysis data have been made available by Lachnitt (2025).
2.1 Ozone sonde data

Numerous stations across the world carry out regular ozone sonde observations, many of which are accessible through the
World Ozone and Ultraviolet Data Center (WOUDC) (WMO/GAW Ozone Monitoring Community, 2025). To create a global
climatology, we use data from 31 stations across all latitudes from 1980 to 2023, chosen based on the availability of consistent
time series over multiple decades. The temporal availability varies depending on the station, which is shown in detail together
with the geographical distribution in Appendix A. We evaluate the O3 mixing ratio in ppb by relating the partial pressure in
mPa over air pressure in hPa multiplied by a factor of 1.656 x 10%.

The ozone sonde measurement distribution is shown as a zonal mean over equivalent latitude in the upper panel of Fig. 1.
The figure shows that stratospheric measurements are unevenly distributed across latitude. There is a clear maximum in mea-

surement density in the northern hemispheric mid-latitudes.
2.2 Nitrous oxide data

For the last decades, measurements of NoO were largely limited to whole air samples, cryogenic samplers and the deployment
of gas chromatographs and tunable diode laser instruments onboard sporadic research aircraft missions. Instruments capable
of measuring N5O continuously at high frequency have now become more common, however the global availability of high-
resolution data is limited (Lebegue et al., 2016). An overview of NyO observations from 1987-2018 has been previously given
by Krysztofiak et al. (2023b). The data used in this study are in large parts based on this data set and excludes particularly
dynamic cases and outliers. We extend the dataset by the full time period of IAGOS CARIBIC-2 N,O flask measurements
analysed by a GC-ECD (Gas Chromatograph - Electron Capture Detector) setup (Schuck and Obersteiner, 2024), as well as
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Figure 1. Global observational density for O3 and N2O. (a) O3 data from soundings in 0.5° equivalent latitude (eql) and 100 m altitude (z)
bins. (b) N2O from balloon and aircraft in bins of 2° in eql. and 200 m in z. The lines indicate the mean altitude of the dynamic tropopause
/ 3.5PVU surface (solid) and thermal (dashed) tropopause for the observations included. In the tropics, the procedure outlined by Sprenger
et al. (2003) is used to evaluate a dynamical tropopause in regions where the dynamical tropopause is not well defined / above the 380 K

isentrope.

120 additional data from research missions SouthTrac (HALO, 2021) and PHILEAS (HALO, 2025) aboard the German research
aircraft HALO. Appendix B outlines all campaigns and relevant instrumentations that are used in the present study.

The overall increase in atmospheric abundance and specifically tropospheric background values of N2 O need to be accounted

for when analysing longer observational time periods. The background reference is obtained by fitting a trend line to global

monthly mean N>O data from NOAA/GML (Dutton et al., 2022). We detrend N»O measurements by dividing by the tropo-
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spheric background at the time of observation to obtain N2 O rel. to BGD [ppb/ppb]. Pollution events then result in values > 1
and air in the stratosphere < 1, decreasing with altitude.

Most N2O observations are located in the northern hemisphere, primarily over North America and large parts of Europe.
However, the total data available is limited. This leads to poor coverage especially in the southern hemisphere, which can be
seen clearly in panel (b) of Fig. 1. Additionally, most campaigns in this data set do not reach far into the stratosphere, making
stratospheric observations of N2 O rare. With most measurements originating from balloon and aircraft campaigns investigating

specific processes, the data set may additionally be biased towards less typical states of the atmosphere.
2.3 Independent aircraft data

We later apply the newly derived chemical tropopause based on Og to independent data sets. The O3 climatology is based purely
on sounding data, therefore independent data sets includes the IAGOS-CARIBIC project and the PHILEAS campaign onboard
the HALO aircraft. We use N2O, O3 and SFg as test substances from each of these. During CARIBIC (Civil Aircraft for the
Regular Investigation of the Atmosphere Based on an Instrument Container), the NoO and SFg measurements are obtained
from whole air samples taken every 30 to 60 minutes and subsequent laboratory-based analyses using a GC-ECD (data see
Schuck and Obersteiner (2024), for the measurement methods see Schuck et al. (2009)). O3 observations during CARIBIC-2
are obtained by the Fast Airborne Ozone instrument (FAIRO), a UV-photometer with a time series resolution of 0.25 Hz (for
data see Zahn et al. (2024), for meta data Obersteiner (2024)), integrated over whole air sampling times.

The HALO campaign PHILEAS (Probing High Latitude Export of air from the Asian Summer Monsoon) took place in
August/September 2023 with data available upon request via the HALO database (HALO, 2025). The campaign comprised
eleven scientific flights around north-western America and the northern Pacific, several flights in Europe, and two transfer
flights from central Europe during August and September 2023. High-resolution in situ measurements of SFg, NoO and O3 are
available throughout these flights. NoO was measured with a time resolution of 1 s by the University of Mainz airborne QCL-
spectrometer instrument (UMAQS) (Miiller, 2015) and O3 by the FAIRO instrument. SFg was measured with a time resolution
of 1 min on the ECD channel of the Gas chromatograph for Observation of Stratospheric Tracers (GhOST). Similarly to N>O,
SFg data were detrended referencing a tropospheric background time series from NOAA/GML (Dutton et al., 2017). While the
reference data and SFg from CARIBIC air samples are reported on the WMO X2014 scale, data from the GhOST instrument
are reported on the SIO-05 scale. We therefore apply a conversion factor of 1.0049 £ 0.002 (WMO/SIO ratio) to make absolute

numbers comparable (Prinn et al., 2018).

3 Methods
3.1 Constructing climatological reference profiles

To create a climatology that can serve as the basis for chemical tropopause definition, we first calculate the “typical" profiles of

O3 and N> O relative to a reference tropopause. In a previous analysis we found the dynamical tropopause at the 3.5 PVU surface
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to best describe the chemical composition change across the extratropical tropopause (Bauchinger et al., 2025). Calculations
were additionally carried out in reference to the thermal tropopause as defined by the WMO (1957), however this analysis
will focus on the dynamic tropopause only. Leveraging the benefits of potential temperature as vertical coordinate in the
stratosphere, we therefore express the climatology in terms of potential temperature distance to the 3.5 PVU surface, AO(dyn).

Trace gas observations are combined with ERAS reanalysis data, including the corresponding equivalent latitude and dy-
namical tropopause information. AOrp is calculated as the difference between the potential temperature of the observation
and the local tropopause. The observations are then separated into equivalent latitude ranges and months before being binned
vertically into 5K intervals of A©(dyn). Statistics are calculated only for bins containing at least three observations. As the
resolution of measurements is not uniform across campaigns and instruments, we apply a weighted binning algorithm to avoid
bias towards highly resolved data sets. Each measurement is weighted by the inverse of the number of observations from the
same flight or balloon ascent within a given bin. This ensures that densely sampled individual profiles do not disproportionately
influence the climatological mean.

The seasonal and latitudinal dependence of O3 and N»O mixing ratios requires an appropriately resolved climatology. For
O3, sufficient observations are available to construct monthly climatologies for 10° equivalent latitude bands. As broadly
distributed emissions of N2O lead to only a small hemispheric difference (Ishijima et al., 2010) and with the overall scarcity of
the data set, we choose to construct a monthly climatology for 30° equivalent latitude bands for N5O. For both substances, the
analysis is restricted to the extratropics (i.e. polewards of 30° equivalent latitude), where data coverage reaches deeper into the
stratosphere, the higher number of ozone sonde stations provide a better statistical basis and the dynamical tropopause is well
defined.

Figure 2 graphically shows how observations of O3 can be used to derive a value of A©(Os). A measurement of O3 from
an independent data set is compared to a reference profile of climatological O3 versus AO(dyn) within the same month
and latitudinal band. The algorithm then returns an interpolated value of A© that corresponds to the particular measurement
given. For regions and times without suitable reference profiles, a NaN value is returned. For O3 values below/above the min-
imum/maximum O3 mixing ratios included in the climatology, A©(Os) can also not be calculated, however a flag indicating
tropospheric/stratospheric characteristics of the measurement is returned. With a suitable climatology, this methodology can
be used with different reference tropopause definitions and tracer substances. In addition to the dynamic 3.5 PVU tropopause,
we created a climatology referencing the thermal tropopause as supplementary data. Python code for the application of this

tropopause can also be found in the supplementary data.
3.2 N3O climatology

To create a climatological reference, NoO data from relevant balloon and aircraft missions were combined and the weighted
mean profiles evaluated per month and 30° equivalent latitude range. Figure 3 shows the monthly mean profiles over A©(dyn)
in the northern and southern mid-latitudes in Panels (a) and (c), respectively. The difference in data coverage can be seen
here through data gaps in the southern hemispheric profiles. Profiles for the remaining equivalent latitude ranges are shown in

Appendix C, further visualising the data scarcity in the southern hemispheric stratosphere.
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Figure 2. Illustration of the O3 climatology creation and application to observations. Sonde observations are used to create a climatology of
O3 versus AO(dyn), which then serves as a reference to calculate A©(O3). The top right shows how a measurement of Oz = 930 ppb in

June at an equivalent latitude between 60-70°N leads to a derived A®(O3) = 45 K by referencing the climatological profile.

Referencing the discussions of processes governing the N2 O distributions in the stratosphere, we expect NoO mixing ratios
to monotonically decrease with A© in the stratosphere. However, the climatological profiles evaluated from the available
data set show significant irregularities in every equivalent latitude range. The smoothest profiles are available in the northern
hemispheric mid-latitudes, where most measurements are located. This behaviour is consistent across different coordinate
systems: O, pressure, altitude, A©(therm) or A©(dyn) with varying thresholds and with smaller/larger equivalent latitude
ranges all show these irregularities.

As the derivation of A©(N30) requires monotonic behaviour in the stratosphere, we cannot use irregular profiles directly.

We fit the data to a suitable function exhibiting the required behaviour, choosing a negative hyperbolic tangent of the form
[N2O] = a+b x tanh(—AO X ¢+ d), (1)

with fit parameters a,b,c and d. This function was chosen for its monotonic decreasing behaviour with increasing A®, and
its limits of +1 as A©O +— Foo. In panels (b) and (d) of Fig. 3, the resulting fits are shown for mid-latitudinal data. Months
without a valid fit are indicated by a diamond in the legend. In these cases there is either not enough data, the fitting function
does not converge or the result is not of sufficient quality (R? < 0.8).

The gradient varies depending on the month, with stronger lower-stratospheric gradients during warmer months. In the
northern hemispheric mid-latitudes, a gradual transition between months can be seen clearly, however this relationship cannot

be investigated in other regions due to data gaps. Among the fitted profiles, the strongest gradients appear in the southern
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Figure 3. Monthly mean profiles for equivalent latitude range (a-b) [30,60)°N and (c-d) (-60,-30]°N. Panels (a,c) shows observational data
binned into 5 K bins in potential temperature. Panels (b,d) show the best fit function for each profile. Diamonds in the legend indicate that no

best fit could be evaluated for that month.

hemispheric high latitudes. However, for many months the stratospheric gradient becomes very small or approaches zero for
some parts of the stratospheric profile. To determine a representative AO7p based on NoO observations, the profile therefore
needs to exhibit a sufficiently strong decrease throughout the lower stratosphere. For small gradients, the resulting A@7p is
ambiguous, particularly when measurement uncertainties are of the same order of magnitude as the change in NyO across
the profile. The average total errors reported for the campaign data used for establishing a climatological relationship often
reach several ppb and, in some cases, tens of ppb. This can be compared with the magnitude of the gradients in the lowermost
stratosphere, which, for example, range from —0.14 ppb K~! in November to —0.61 ppb K~! in May when converted from
relative to absolute NoO mixing ratios using a representative tropospheric background value of 338 ppb. For a bin spacing of
5K, these gradients correspond to decreases in NoO mixing ratio of approximately 0.7-3.1 ppb between adjacent bins, which

is comparable in magnitude to the measurement errors.
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The factors influencing the quality of the N,O profiles are multi-faceted. One limitation is the overall number of data points
that create the statistical basis. To investigate the impact of sampling availability, we constructed a subsampled climatology
of O3, randomly selecting data to match the number of NoO measurements for each bin. This was repeated with different
random states 10 times. One example showing downsampled profiles compared with the original sampling can be seen in
Appendix D. For all samples, we found increasing irregularities in the Og profiles, where the full data set appeared smooth.
This suggests that the measurement density of N2O is likely to be a driving factor for the profile irregularities. Additional
factors such as the impact of natural variability, measurement precision and absolute calibration uncertainty compared to the
often small stratospheric gradient of N, O are likely to further impact the deviated profiles.

We have shown that while N2O can be used as a tracer for distinguishing between troposphere and stratosphere, a climato-
logical tropopause definition and altitude scale based on N2O is currently not feasible with the data set used here. Advances
in regular and precise monitoring of NoO mixing ratios in the UTLS and expanding the current data set may change this in
the future. Additionally, the use of satellite data may allow the construction of a monotonic climatology, but here the vertical

resolution is expected to reduce the sharpness of the tropopause.
3.3 Og climatology

After constructing the O3 climatology for monthly equivalent latitude ranges of 10°, we investigate the latitudinal dependence
and seasonality of the resulting profiles. Figure 4 shows the monthly O3 mixing ratio at three distances to the tropopause (AO =
0, 30, 60 K) for the equivalent latitude ranges 80-90° and 50-60° in both hemispheres. Southern hemispheric data are offset by
six months so that corresponding seasons are aligned. A more comprehensive version, including additional equivalent latitude
bands and tropopause-relative distances, is shown in Appendix E.

The figure illustrates pronounced differences between hemispheres and equivalent latitude bands, highlighting the need for
a climatology that is sufficiently resolved in both season and equivalent latitude. The amplitude of the seasonal cycle increases
with distance from the tropopause, while differences between equivalent latitude bands likewise become more pronounced. In
the southern polar region, ozone-depleting processes lead to a pronounced spring-time minimum at A©(dyn) = 60 K, whereas
the corresponding northern hemispheric climatology does not show a comparable spring-time minimum.

In the 80-90°S equivalent latitude band in October, O3 mixing ratios at A© = 60 K are lower than at 30 K. This indicates
that the corresponding profile is not monotonic across this vertical range. It is therefore not possible to derive a unique value of
A©O(03) from the climatological O profile in this region. Profiles exhibiting this behaviour therefore need to be systematically
identified and appropriately flagged before deriving A©(O3).

To provide an unambiguous value of A® for a given observation, the corresponding profile needs to be monotonic in the
lower stratosphere. For each profile, we identify the first occurrence of a non-monotonic value in increasing A©. The results
are shown in Fig. 5. Grid cells without a value remain monotonic up to the upper boundary of the climatology of 80 K.

Almost all grid cells of month x 10° equivalent latitude grid cells in the northern extratropics remain monotonic throughout
the climatology. In the tropics, however, non-monotonic behaviour frequently begins as low as 30 K above the tropopause (see

supplementary data), reflecting the combination of complex dynamics and a substantially smaller observational data set. Non-

10
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Figure 4. Hemispheric difference of O3 measurements at selected distances to the dynamical (3.5 PVU) tropopause within mid- and high-
latitude equivalent latitude ranges. AOr p values represent bins of 5 K centred at the displayed value. Southern hemispheric data was shifted

by 6 months to visually match seasons.

monotonic behaviour also increases in the southern polar region during spring and early summer, where ozone-hole formation
and associated springtime chemistry lead to decreases in O3 at 30-50 K above the tropopause.

Profiles for which non-monotonic behaviour starts below 60 K above the extratropical tropopause are considered unsuitable
for deriving a representative A©(Os). These regions are highlighted in yellow and orange in Fig. 5. This threshold ensures
that the climatology remains applicable throughout most of the lowermost stratosphere, therefore these grid cells are excluded
from the climatology and applications of the climatological tropopause do not return a valid value of AG(O3). Overall, 17
of the 144 total profiles (12%) had to be removed from the climatology. For all remaining grid cells, only parts of the profile
are kept where an unambiguous relationship between O3 and A©(dyn) could be evaluated. For all other months and regions,
a clear relationship between O3 and A©(dyn) allows AG(O3) to be derived for independent O3 observations. The resulting

A©(03) can be used analogously to other tropopause-relative coordinates.
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Figure 5. First occurrence of a decreasing value in the climatological profiles of O3 versus potential temperature relative to the dynamical
3.5PVU tropopause. Data is binned into month x 10° equivalent latitude x SK in A©rp. Grid cells without a value are strictly mono-
tonically increasing across the full vertical range (up to 80 K above the tropopause). Highlighted in colour are fields with non-monotonic

behaviour below 60 K above the tropopause.

4 Results and discussion
4.1 Applying A®(O3) to IAGOS CARIBIC-2 project (2005-2020)

The climatological A©(O3) is now applied to SFg measurements from the TAGOS-CARIBIC flask samples between 2005
and 2020 in the northern extra-tropics. The data is distributed across 335 flights with highest observational density in the mid-
latitudes along typical trans-continental flight paths. The samples are collected primarily during the cruise phase of long-haul
flights, which corresponds to a typical altitude of 10—12 km. Similarly to N2O, the SF¢ data are detrended to account for the
long observation period and are expressed as mixing ratio relative to the tropospheric background, SF¢ rel. to BGD [ppt/ppt].
We now evaluate how the distribution of SFg changes depending on the chosen tropopause-relative coordinate. Statistics are
calculated for bins of 2.5°N in equivalent latitude and 2.5 K in both AG(dyn) and AG(O3), where the reference Og is based
on integrated values from a higher resolution instrument. For bins containing at least three data points, the mean SFg mixing
ratio and standard deviation are calculated and shown in Fig. 6.

A notable difference between the two coordinates is the reduced vertical extent of AG(O3). As a consequence, the same
observations also occupy fewer vertical bins. While the dynamic tropopause places CARIBIC observations up to 60 K above
the tropopause, the O3-based coordinate reaches only around 30 K for the same observations. Note that this result does not
relay information on the physical separation between observation and local tropopause. It does, however, suggests that the O3
distribution does not support the large dynamical distance from the tropopause shown by AO(dyn). As the CARIBIC data

set is sampled predominantly at flight altitudes of 1012 km, large values of A® are expected to occur mainly under atypical
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Figure 6. 2D-binned SF¢ measurements from IAGOS-CARIBIC flask samples relative to (top row) dynamical 3.5 PVU-surface tropopause

and (bottom row) derived O3-TP climatological tropopause. On the left the mean values of each bin are shown, with the corresponding bin

variability on the right hand side. Data were binned on a grid of 2.5 K in A©7p and 2.5 °N in equivalent latitude. Bins with fewer than three

data points are indicated in grey.

conditions, such as (1) unusually low tropopause heights, for example due to tropopause folds at the subtropical and polar

jets; (2) strong potential temperature gradients above the tropopause, for example above regions of strong convective or strong

frontal uplift; or (3) unusually high potential temperatures at the observation point, for example due to exceptionally strong

meridional excursions of tropical air masses.

Note further that the SFg-binned mean as well as the standard deviation display a tropopause-following structure when

changing coordinates to AG(Os). This indicates that A©(dyn) does not fully capture the dynamical variability affecting the
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chemical distribution further above the tropopause. Referencing to the chemical gradient of O3 reduces the variability as shown

in Fig. 6 (b,d) since O3 and SFg are linearly correlated in the UTLS.
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Figure 7. Histogram and kernel density estimation of binned 2D variability in [AGOS-CARIBIC. Shown are detrended SF¢, detrended NoO
and Os. Data were binned in 2.5° equivalent latitude over 2.5 K bins in potential temperature (top, ©), potential temperature relative to the
modelled dynamical tropopause / 3.5PVU surface (middle, AOrp(dyn)) and derived potential temperature relative to the chemical Os-

tropopause (bottom, A@¢p (chem)).

285 To further investigate this, Fig. 7 compares the binned variability of NoO, SFs and O3 for the vertical coordinates O,
ABO(dyn) and AO(0O3). The chemical tropopause has a smaller vertical extent than the dynamical tropopause, resulting in
fewer populated bins for the same vertical spacing. The number of bins for each tracer and coordinate is indicated in the figure
and kernel density estimates (KDEs) are included to facilitate comparison between panels. Note that tracer distributions within

a panel should not be compared directly as measurement availability differs between tracers.
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For all three trace gases, variability is lowest when using A©(Os3). Compared with AG(dyn), the mean binned variability
decreases by 18% for N»O and SFg and by 28% for O3. The maximum variability decreases by 14%, 18% and 28% for N5O,
SF¢ and Os, respectively. The reduction in Og is expected because Os is used to derive the chemical coordinate; we therefore
include this result for completeness. Overall, the reduction of variability is much larger when changing from A©(dyn) to
AB(03) than when changing from from © to AG(dyn).

The reduced binned variability indicates that AG(O3) provides a more chemically coherent representation of the sampled
air than the dynamic tropopause. A comparison with larger observational data sets would be necessary to investigate how well

this reflects climatological conditions.
4.2 Applying AG(O3) to PHILEAS campaign (Aug-Sep 2023)

We apply the same methodology to the PHILEAS data set to assess how well the results from the CARIBIC climatology can be
generalised. In contrast to the regular CARIBIC flask observations, PHILEAS provides high-resolution in situ measurements
obtained during a focused field campaign. The campaign focused on the outflow from the Asian Summer Monsoon, which
transports large amounts of polluted air into the extratropical upper troposphere and stratosphere (Riese et al., 2024; Jesswein
et al., 2025). Consequently, the sampled air masses are expected to be strongly influenced by transport, mixing and pollution.
The distance to the local dynamical tropopause may not fully represent the chemical character of the sampled air, whereas the
chemical tropopause is implicitly sensitive to these effects.

We separate this data set in 2.5° equivalent latitude and 2.5 K vertical bins, analogous to the previous example (see Appendix
F for the binned SFg data from PHILEAS). The chemical tropopause similarly compresses the vertical range, which similarly
reduces the number of bins and maximum sampled distance from 80K in AG(dyn) to 55K in AG(O3) for the same obser-
vations. As in the CARIBIC data set, the O3 mixing ratios observed at the largest values of A©(dyn) are more representative
of air located substantially closer to the tropopause. This indicates that those large dynamical distances are not reflected in the
chemical composition.

Figure 8 shows the binned variability for 2.5° equivalent latitude and 2.5 K vertical bins, analogous to the CARIBIC analysis.
The reduction in binned variability is consistent across all three trace gases. Compared to A©(dyn), the mean binned variability
decreases by 38% for N2O, 57% for O3 and 11% for SFg. The reduced vertical extent likewise leads to fewer populated bins
for the same spacing. The maximum variability decreases by 37% for N2O, 43% for SFg and 63% for Os.

Despite fundamental differences in geographical and temporal coverage and resolution, the CARIBIC and PHILEAS data
sets show the same systematic behaviour. In the first example, measurements collected over 15 years were combined, while
in the PHILEAS example only August and September of a single year are present. The climatological representation obtained
from the CARIBIC data stands in contrast to the PHILEAS data, which represents a single season under conditions heavily
influenced by the Asian Summer Monsoon. This difference in temporal sampling needs to be considered when comparing
the results from both data sets, as atmospheric variability itself changes substantially throughout the year. Nevertheless, both
data sets show the same systematic reduction in variability when using A©(O3) instead of AG(dyn). In both cases, A©(O3)

reduces the tropopause-relative vertical extent of the observations, sharpens stratospheric gradients and reduces binned vari-
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Figure 8. As Fig. 7, for PHILEAS data.

abilities for all trace gases investigated. These consistent results indicate that the climatological O3-based tropopause provides
325 a more chemically coherent vertical coordinate than the dynamic tropopause across substantially different observational data

sets.

5 Conclusions

Trace gas observations in the extratropical tropopause region are difficult to consolidate due to the strong impact of local
dynamics on their chemical composition. Conventional tropopause-relative coordinates often require atmospheric profiles or
330 model data, which are limited in availability or may introduce mismatches between observations and modelled atmospheric
structures. We show that, with a robust climatology, a representative potential temperature distance to the chemical tropopause,

AO(03), can be derived from individual O3 observations. The coordinate is based on the climatological relationship between
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O3 and potential temperature distance to the dynamical tropopause (3.5 PVU surface), but its application to individual obser-
vations does not require a local vertical profile or modelled tropopause. This provides an observation-based vertical coordinate
that is sensitive to the chemical characteristics of the sampled air while retaining the benefits of a tropopause-relative frame-
work. We apply AO(0Os3) to independent measurements of SFg, NoO and O3 from the IAGOS-CARIBIC project and the HALO
aircraft campaign PHILEAS. In both data sets, A©(O3) systematically compresses the vertical extent of the observations com-
pared to A©®(dyn), indicating that distance from the local dynamical tropopause does not fully capture the chemical structure
of the sampled air. The new coordinate leads to a reduction in binned variability of 18% for N2 O and SFg (and 28% for O3) in
CARIBIC, while reductions of 11% for SFg and 38% for N,O (and 57% for O3) were found for PHILEAS.

These results indicate that AG(O3) accounts for aspects of transport and mixing that are not fully represented by distance
from the local dynamical tropopause alone. O3, as a passive dynamic tracer in the lowermost stratosphere, reflects the effects of
the dynamics on the distribution of species. Tracers with a systematic relationship to Os, such as NoO and SFg, consequently
show reduced dynamical variability when expressed as a function of AG(Os). The compression of the vertical extent further
indicates that large potential temperature distances from the dynamical tropopause do not necessarily correspond to distinct
chemical conditions. Organising observations according to A®(O3) therefore provides a means of consolidating measurements
with more consistent chemical characteristics, facilitating studies of atmospheric composition in which short-term dynamical
variability needs to be distinguished from longer-term changes.

Thermal, dynamical and chemical tropopause definitions characterise different aspects of the troposphere-stratosphere transi-
tion. While existing approaches capture these characteristics, applying them consistently to individual observations may require
local atmospheric profiles or model data. Our approach instead uses an observation-based climatology to assign a representative
AOrp from individual O3 measurements. Compared with chemical tropopause definitions based on fixed thresholds or local
atmospheric structure, our method accounts for seasonal and latitudinal variation in the relationship between Os and distance
from the dynamical tropopause and provides a consistent vertical coordinate across the extratopical lower stratosphere. The
consistent behaviour in the regular but lower-resolution CARIBIC observations, combining measurements over 15 years, and
the high-resolution PHILEAS campaign, sampling August and September 2023, demonstrates that the effect is not restricted
to a particular sampling strategy or temporal coverage.

The strong seasonal and latitudinal dependence of O3 necessitates monthly resolution for each 10° equivalent latitude range.
We found that 88% of the climatologically averaged profiles in the extratropics are monotonic in the lower stratosphere and
describe an unambiguous relationship between O3 and AO(dyn). Irregularities in the tropics and parts of the southern polar
region during spring and summer prevent reliable inversions, limiting applicability of the O3-based coordinate in these regions.
N,O is expected to provide a suitable monotonic chemical structure in the lower stratosphere, but available observations are
too sparse and irregular to construct a robust climatological coordinate. This demonstrates the importance of the availability,
quality and representativeness of observations for this approach. The monthly resolution in 10° equivalent latitude bands
should also be taken into account when applying this methodology to higher resolution data. In the southern polar regions,

chemical interactions related to ozone-hole formation further limit the applicability of the coordinate. Other tracers may provide
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complementary information, depending on their atmospheric distribution, interactions and observational coverage. Improved
regular and continuous NoO measurements in the UTLS may allow this implementation the methodology in the future.
Overall, AG(O3) provides a practical, observation-based vertical coordinate for consolidating extratropical UTLS mea-
surements across different dynamical states. The main advantage of this methodology lies in the applicability to individual
observations without requiring corresponding local profiles or reanalysis data, while retaining information on their chemical
characteristics. It thus provides a complementary framework for investigating atmospheric composition, transport and mixing

in observational data sets.
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Appendix A: WOUDC station overview

(a) Ozone sonde data coverage 1980-2025.

Station name Profiles
Alert T #1778
Eureka #2099
Ny Alesund | #2238
Resolute #1652
Churchill #1690
Edmonton #2019
Goose Bay F #2019
Uccle [ # 5998
Hohenpeissenberg r# 5457
Payerne F# 6363
Yarmouth IR p # 957
Sapporo b # 1259
Madrid DO #1324
Boulder #1887
Wallops Island #1814
Tateno (Tsukuba) #1934
Kagoshima #672
Naha . — #1141
King's Park 4 #1021
Trivandrum 4 EEEEEEEE [ #215
Paramaribo e I # 640
Ascension Island 4 | [ # 1880
La Réunion | [ # 990
Broadmeadows . #1170
Laverton A L ——— F# 409
Lauder - #2124
Macquarie Island #1347
Ushuaia A I | # 304
Marambio q #1499
Davis 1 e r# 789
Syowa — #2021
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

(b) Ozone sonde stations

Figure Al. Overview of available ozone sonde measurements from 31 globally distributed stations. Shown are (a) the availability and number
of profiles per station over time and (b) the geographical distribution of stations. Stations are sorted by latitude (top=north) in panel (a) and

the colour mapping is the same across panels. Marker sizes in (b) are indicative of the number of profiles available.
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375 Appendix B: N,O data sources

Table B1. N>O data sources and instrumentation overview.
FTIR = Fourier transform infrared spectrometry

GC-ECD: Gas Chromatograph-Electron Capture Detector
IR abs. spec. = Infrared absorption spectrometry

QCL = Quantum Cascade Laser

Campaign Years Nr. of pts Instrument Platform Instrument type
AASE 1988-1989 195 WAS ER2 Flask samples
OMS 1989-1999 299 ALIAS-2 Balloon IR abs. spec.

1989-1999 112 FT Balloon  FTIR

1989-1999 50 MKIV Balloon  FTIR

1989-1999 5 SLS Balloon Limb Sounder / Radiometer
PEMWESTA 1991 26702 DACOM DC8 IR abs. spec.
TRACE-A 1992 22443 DACOM DCS8 IR abs. spec.
PEMWESTB 1994 9548 DACOM DC8 IR abs. spec.
POLARIS 1997 1563 ACATS ER2 GC-ECD

1997 73 ALIAS-2 Balloon IR abs. spec.
1997 3340 SLS Balloon Limb Sounder / Radiometer

ACCENT 1999 1343 ACATS WBS57 GC-ECD
SOLVE THESEO 2000  1999-2000 47 ACATS Balloon  GC-ECD

1999-2000 4088 ACATS ER2 GC-ECD

1999-2000 978 ASUR DCS8 Radiometer

1999-2000 56324 DACOM DC8 IR abs. spec.

1999-2000 4 SLS Balloon Limb Sounder / Radiometer
TRACE-B 2001 18208 DACOM DC8 IR abs. spec.
CNESODINvalidation =~ 2001-2002 3487  SPIRALE Balloon IR abs. spec.
SPURT 2001-2003 45903  TRISTAR  LearJet 35 QCL-Spectrometer
BOS 2002-2007 108 ACATS Balloon  GC-ECD

2002-2007 21 AWAS Balloon Radiometer

2002-2007 290 FT Balloon Cryogenic flask samples
SCIAVALUE 2002-2003 349 ASUR Falcon FTIR
SOLVEII 2003 26371 DACOM DC8 IR abs. spec.
ENVISATvalidation 2003-2006 5703  SPIRALE Balloon IR abs. spec.
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Campaign Years #pts Instrument Platform Instrument type
PAVE 2005 170 ASUR DC8 Radiometer

2005 11610 DACOM DCS8 Flask samples
AVEHouston2 2005 346 AWAS WB57 IR abs. spec.
CRAVE 2006 581 AWAS WB57 flask samples

2006 963 PANTHER WB57 GC-ECD
CARIBIC 2006-2020 7385 WAS Lufthansa A340  Flask + GC-ECD
TC4-DC8 2007 102 DACOM DC8 IR abs. spec.

2007 861 GC WB57 GC-ECD
ARCTAS 2008 17199 DACOM DCS8 IR abs. spec.
Start08 2008 1360 QCLS GV-HIAPER QCL-Spectrometer

2008 20339 UCATS GV-HIAPER IR abs. spec.
SCOUTO3 2008 4943  SPIRALE Balloon IR abs. spec.
Hippo 2009-2011 104891 QCLS GV-HIAPER QCL-Spectrometer

2009-2011 378 UGC GV-HIAPER IR abs. spec.

STRAPOLATE 2009 3471  SPIRALE Balloon IR abs. spec.
GloPac 2010 2652 ACATS GlobalHawk GC-ECD
MACPEX 2011 14649 ALIAS WB57 IR abs. spec.
ENRICHED 2011 2503  SPIRALE Balloon IR abs. spec.
ATTREX 2011-2014 15733 UCATS GlobalHawk GC-ECD
DC3 2012 16756 DACOM DC8 IR abs. spec.
ESMVal 2012 16423 TRIHOP HALO QCL-IR abs. spec.
TACTS 2012 15889 TRIHOP HALO QCL-IR abs. spec.
Airtoss 2013 5562 UMAQS Learjet QCL-Spectrometer / continuous
GWLcycle 2013 5834 UMAQS Falcon QCL-Spectrometer / continuous
Polstracc 2015-2016 45700 TRIHOP HALO QCL-IR abs. spec.
KORUSAQ 2016 58476 DACOM DC8 IR abs. spec.
POSIDON 2016 1436 PANTHER WB57 GC-ECD
ORCAS 2016 22746 QCLS GV-HIAPER QCL-Spectrometer
ATOM 2016 13321 UCATS DC8 GC-ECD
StratoClim 2017 6680 COLD M55 Geophysica  QCL-Spectrometer
Wise 2017 44370 UMAQS HALO QCL-Spectrometer / continuous
Southtrac 2019 48852 UMAQS HALO QCL-Spectrometer / continuous
Phileas 2023 507992 UMAQS HALO QCL-Spectrometer / continuous
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Appendix C: Global N20 monthly mean profiles and best fits
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Figure C1. Monthly mean profiles N2O per 30° equivalent latitude range (boundaries shown in the axis titles) and month. Data is binned

vertically in potential temperature distance to the local 3.5 PVU surface A®7p(dyn,3.5) =5K.
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Figure C2. Climatological fitted profiles of NoO for equivalent latitude bins of 30° and per month. The values shown in the legend indicate

the R? quality of fit parameter for the respective month. Diamonds in the legend indicate that no best fit could be evaluated.
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Appendix D: Subsampled O3
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Figure D1. N2 O profiles (left column), O3 profiles at original sampling density (middle column) and subsampled O3 profiles to match NoO
observational density (right column) for equivalent latitude ranges shown as text box in the left column: First row = (60,90), second = (30,60),
third = (-30,-60), fourth = (-60,-90). O3 data were subsampled after binning (equivalent latitude = 30° vs. month vs. A@rp(dyn) = 5K)

with numpy random seed = 31.
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Appendix E: O3 seasonality / hemispheric differences
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Figure E1. Seasonality of O3 at different displacement values from the tropopause and equivalent latitude ranges. Note that y-axis ranges
vary across panels. Values of A©rp indicate the midpoint of the corresponding 5 K bin in potential temperature distance to the dynamic

tropopause (3.5 PVU surface).
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Figure F1. As Fig. 6 but for PHILEAS SFg data from the GHoST instrument.
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380 Code and data availability. Climatological data for the ozone tropopause and Python scripts for the application can be accessed at https:
//doi.org/10.5281/zenodo.22112145. The ozone sonde data can be accessed through the World Ozone and Ultraviolet Data Center (WOUDC)
at https://woudc.org/. The zonal mean N2O data set as compiled by Krysztofiak et al. (2023a) is available at https://doi.org/10.25326/428
with individual data sets available upon request from the author. Interpolated ERAS reanalysis data for campaigns and O3 sondes are
available at https://doi.org/10.5281/zenodo.15076519. The whole-air-sampler data of the IAGOS-CARIBIC project are available at https:

385 //doi.org/10.5281/zenodo.8188548. The observational data of the HALO flights during the PHILEAS campaign are available upon request
via the HALO database (https://halo-db.pa.op.dlr.de/mission/138).
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