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Abstract. The stratospheric circulation is an important element in the climate system, but observational con-
straints are prone to significant uncertainties due to the low circulation velocities and uncertainties in available
trace gas measurements. Here, we propose a method to calculate mean age of air as a measure of the circu-
lation from observations of multiple trace gas species which are reliably measurable by satellite instruments,
like trichlorofluoromethane (CFC-11), dichlorodifluoromethane (CFC-12), chlorodifluoromethane (HCFC-22),
methane (CHy), nitrous oxide (N>O), and sulfur hexafluoride (SFg), and we show that this method works well
in most of the lower stratosphere up to a height of about 25km. The method is based on the compact corre-
lations of these gases with mean age. Methodological uncertainties include effects of atmospheric variability,
non-compactness of the correlation, and measurement related effects inherent for satellite instruments. The
multi-species age calculation method is evaluated in a model environment and compared against the actual
model age from an idealized clock tracer. We show that combination of the six chosen species reduces the re-
sulting uncertainty of derived mean age to below 0.3 years throughout most regions in the lower stratosphere.
Even small-scale, seasonal features in the global age distribution can be reliably diagnosed. The new correla-
tion method is further applied to trace gas measurements with the balloon-borne Gimballed Limb Observer for
Radiance Imaging of the Atmosphere (GLORIA-B) instrument. The corresponding deduced mean age profiles
agree reliably with SFg-based mean age below about 22km and show significantly lower uncertainty ranges.
Comparison between observation-based and model-simulated mean ages indicates a slow-biased circulation in
the ERAS reanalysis. Overall, the proposed mean age calculation method shows promise to substantially reduce
the uncertainty in mean age estimates from satellite trace gas observations.
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1 Introduction

The stratospheric meridional overturning circulation, termed
Brewer—Dobson circulation (BDC; see Holton et al., 1995;
Butchart, 2014), is an important element in the climate sys-
tem as it controls the distributions and variability of long-
lived trace gas species in the stratosphere and troposphere.
Changes in such radiatively active species, in turn, may sub-
stantially affect the global radiation budget and atmospheric
chemistry. Hence, profound knowledge on BDC changes and
the dynamical mechanisms involved is crucial for under-
standing past and future climate variations.

As BDC velocities are approximately 3 orders of magni-
tude slower than typical horizontal winds and cannot be di-
rectly measured, they must be inferred from the stratospheric
distributions of long-lived trace gas species (Butchart, 2014),
such as SFg, CH4, N>O, or different chlorofluorocarbons
(CFCs). But the relations between changes in these chem-
ical species and changes in the BDC are complex and not
fully understood. In particular, changes in observed trace
gas mixing ratios do not indicate a long-term acceleration of
the BDC, as predicted by global climate models in response
to increasing greenhouse gas concentrations (e.g., Waugh,
2009; Engel et al., 2009). Furthermore, stratospheric reanaly-
sis datasets, which are designed to provide a best guess of the
atmospheric state, show very different changes in the BDC
over the past few decades (e.g., Chabrillat et al., 2018; Laube
etal., 2020; Ploeger et al., 2019, 2021). Hence, there is a need
for improvement in the representation of the BDC in mod-
els and reanalyses, by use of better observational constraints,
and for enhancing process understanding on the effects of the
BDC on the global distributions of long-lived trace gases.

Mean age of air (AoA) is a commonly used diagnostic to
determine the strength of the BDC from trace gas mixing ra-
tios (Waugh and Hall, 2002). As first described by Hall and
Plumb (1994), mean age can be deduced from mixing ra-
tios of a so-called “clock tracer”, a trace gas species which is
linearly increasing in the troposphere and is free of sources
or sinks in the stratosphere above. In models, such ideal-
ized tracers can be easily defined, and AoA can be calcu-
lated exactly. In the real atmosphere, stratospheric AoA can
be derived from observations of trace gas species that ap-
proximate ideal clock tracers. Two trace gases that represent
suitable approximations of ideal clock tracers are SFg and,
to a lesser extent, carbon dioxide (CO5). Since air enters the
stratosphere mainly through the tropical tropopause region,
the mixing ratio time series of an ideal clock tracer at some
point in the stratosphere can be approximated by shifting its
tropical tropospheric time series by a specific time. This lag
time can be interpreted as the mean age of air at the point
of observation in the stratosphere. The lag time can be de-
termined by identifying that point in time at which the tro-
pospheric record matched the observed mixing ratio (Hall
and Plumb, 1994). This leads to a strong negative correla-
tion between the mixing ratios of approximate clock tracer
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and AoA in the stratosphere, because higher mixing ratios
can be found later and lower ones earlier in the tropospheric
record. The lag time method is mentioned here because it il-
lustrates the concept of AoA and explains the occurrences
of tight correlations between approximate clock tracers and
Ao0A, which build the foundation of this study. However, as
SFg and CO; deviate from ideal clock tracers in certain spe-
cific ways (see below), more sophisticated methods that take
at least some of these deviations into account are usually em-
ployed instead of a simple lag time. CO; possesses a strong
seasonal cycle in tropospheric mixing ratios superimposing
the long-term increase and an additional stratospheric source
related to methane oxidation. SFg mixing ratios in the strato-
sphere are influenced by downward transport of SFe-depleted
air from the mesosphere. The tropospheric evolution of both
SFg and CO; deviates from perfect ideal clock-tracer linear-
ity.

In addition to these deviations from the behavior of an ex-
act clock tracer, the retrieval of SFg and CO;, mixing ratios
from observations of remote sensing instruments on satellites
or balloons is challenging and comes with significant uncer-
tainties for single profiles (Stiller et al., 2008, 2012; Haenel
et al., 2015; Saunders et al., 2024). AoA derived with stan-
dard methods from satellite observations of SFg and CO» is
therefore also subject to high uncertainty, limiting the accu-
racy of the standard methods to calculate mean age of air
for satellite measurements (Waugh and Hall, 2002). In the
case of satellite measurements of SFg, for instance, AoA cal-
culations can be realized for zonally averaged data, because
the density of measurements along the orbit path is usually
dense enough to provide enough observations in a latitude
band for reducing the measurement uncertainty sufficiently
(Stiller et al., 2012).

Figure 1 illustrates this problem using the mean SF¢ pro-
file from the remote sensing measurements during a recent
balloon flight (see Methods section and Sect. 3.4). The SFg
measurement uncertainty translates into an age uncertainty
of several years. This age uncertainty is so large that it spans
the range between the measured and simulated age profiles,
although these mean profiles differ by around 1 year. Hence,
the mean age calculated from SF¢ remote sensing measure-
ments is insufficient for constraining the stratospheric circu-
lation on a small scale. Therefore, including other trace gas
species with lower measurement uncertainty in the mean age
calculation appears particularly appealing to decrease the in-
herent uncertainty (Ray et al., 2014; Engel et al., 2017). Es-
pecially for deducing mean age along single measurement
profiles, without including additional averaging, such im-
provements of the methodology to calculate mean age are
needed.

Leedham Elvidge et al. (2018) have shown that the trace
gases CF4, CyF¢, C3Fg, CHF3, HFC-125a, and HFC-227ea
also constitute approximations of ideal clock tracers and can
be used to derive stratospheric AoA with standard methods.
However, the aforementioned six trace gases are similarly
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Figure 1. Mean-AoA-height profile along measurement locations
during the balloon launches of GLORIA-B from Kiruna, Sweden,
in late August 2021. Blue line: mean-AoA-height profile calculated
with the standard method (Garny et al., 2024b) and sink correction
(Garny et al., 2024a) from SFg observations of GLORIA-B. Blue
shading: uncertainty range of blue line. Dotted black line: actual
AoA of the CLaMS model from the clock tracer calculated from
the mean values of the ideal model clock tracer along the points
of observation by GLORIA-B. Black shading: 1 standard deviation
around the respective mean values that constitute dotted black lines.

difficult to retrieve from remote sensing measurements like
SFg and CO;, and we here focus on other species which can
be reliably measured with typical satellite instruments. As
a priori values of CO, are commonly used for the calibration
of remote sensing instruments and as CO» is not commonly
retrieved at all, CO, is also not included in this study. In the
case of in situ measurements, Ray et al. (2024) recently pro-
posed a different method to increase the accuracy of AoA by
deriving it from SFg and CO; simultaneously, although re-
quiring additional assumptions (e.g., shape of age spectrum).

Even trace gases that approximate ideal clock tracers to
a lesser extent than those previously mentioned can show
at least partially tight correlations with AoA in the strato-
sphere, making them potentially useful for determination of
AoA from remote sensing measurements if they can be re-
trieved with sufficiently low uncertainty (Schoeberl et al.,
2005). Even though standard methods to calculate AoA can-
not be applied for such trace gases, they can still be used
for the calculation of AoA if their correlations with AoA are
known (e.g., Hegglin et al., 2014).

This study presents a new method to derive AoA from
atmospheric measurements of multiple long-lived trace
gases. The method is based on the correlations of the
trace gas species CCI3F (CFC-11), CClyF, (CFC-12),
CHCIF, (HCFC-22), CH4, N»O, and SFg with AoA. The
application and evaluation of the method are carried out us-
ing simulations with the chemistry transport model CLaMS
(Chemical Lagrangian Model of the Stratosphere). Notably,
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a recent study by Dube et al. (2025) also utilizes the tight
correlations between long-lived trace gases and AoA in the
CLaMS model. However, their focus is on deriving decadal
trends in AoA from these correlations rather than AoA it-
self. Additionally, Linz et al. (2017) used N> O in addition to
SFg to calculate AoA. They derived AoA from N> O using an
empirical relationship between AoA and N,O that was cal-
culated from balloon and aircraft measurements. Their study
leveraged AoA to calculate the strength of the total overturn-
ing circulation through different isentropes, offering insights
into large-scale atmospheric dynamics.

In this study, however, a weighted-mean AoA is calculated
from modeled satellite measurements of the six aforemen-
tioned trace gases. The difference between this weighted-
mean AoA and the actual AoA from the clock tracer in the
model is found to remain below half a year in the lower
stratosphere. In addition, the proposed method is also applied
to measurements with the GLORIA-B instrument, yielding
more plausible results and drastically reduced uncertainty
compared to conventional methods. The present study can
be seen as a proof of concept, demonstrating how accurately
A0A can be calculated from satellite measurements of multi-
ple trace gases and their correlations with AoA. The ESA
Earth Explorer 11 candidate Changing-Atmosphere Infra-
Red Tomography Explorer (CAIRT) was the primary moti-
vation for the proposed method, but the method is generally
applicable to a wider range of data.

The setup of the CLaMS simulation and the proposed
method to derive AoA from the correlations of the six trace
gases with AoA are described in detail in Sect. 2.1 and 2.2,
respectively. Section 2.3 describes the GLORIA-B instru-
ment, measurements conducted with GLORIA-B used in this
study, and the way AoA was derived for these measurements
and compared to CLaMS results. The results of this study are
presented in Sect. 3. Here, the new age calculation method is
first applied to model data for a self-consistent proof of con-
cept and thereafter applied to balloon-borne remote sensing
measurements. The results are further discussed in more de-
tail in Sect. 4, and conclusions drawn from this discussion
are presented in Sect. 5.

2 Methods

2.1 Setup of the Chemical Lagrangian Model of the
Stratosphere (CLaMS)

CLaMS is an offline Lagrangian chemical transport model,
usually driven by wind data from a meteorological reanalysis
(McKenna et al., 2002b, a). The Lagrangian formulation of
transport sets CLaMS apart from most other chemical trans-
port models that operate in an Eulerian framework. As such,
CLaMS evaluates the mixing ratios of trace gas species along
air parcel trajectories rather than on a fixed spatial grid. The
number and distribution of these air parcels change with ev-
ery time step, forming an adaptive irregular model grid.
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Table 1. Trace gases implemented in CLaMS that are used to derive
AoA. Lower boundary values of tracers were defined with ground-
based in situ measurements.

Datasets used to create
lower boundary

Trace gas

Sulfur hexafluoride (SF¢) Dutton et al. (2023)

Trichlorofluoromethane (CCI3F)
(CFC-11 for short)

Dutton et al. (2022b)

Dichlorodifluoromethane (CCl,F,)
(CFC-12 for short)

Dutton et al. (2022c)

Chlorodifluoromethane (CHCIF,)
(HCFC-22 for short)

Montzka et al. (2015)

Methane (CHy) Lan et al. (2023)

Nitrous oxide (N, O) Dutton et al. (2022a)

The transport in the CLaMS model is based on a
hybrid vertical coordinate, ¢, which changes from an
orography-following coordinate in the lower troposphere
to an isentropic, potential temperature coordinate above
the tropopause region and throughout the stratosphere. The
model atmosphere is divided by ¢ into 45 different layers.
¢ is equal to the potential temperature 6 above a predefined
level and gradually returns to zero at the surface. Indepen-
dent of the elevation of the surface, ¢ is defined in a way
that it is equal to zero at every surface point (for details, see
Pommrich et al., 2014). The lowest model layer, representing
the lower boundary layer of the model, extends from the sur-
face to approximately 1.5 km (specifically, 0K < ¢ < 70K),
which roughly corresponds to the height of the planetary
boundary layer. The uppermost model layer (upper boundary
layer) covers the potential temperature range 2350-2650 K
(altitude of about 55 km); hence, the model domain extends
from the surface to about the stratopause. The emissions of
a trace gas over the course of the simulation are specified
through its lower boundary condition as mixing ratios. In
this study, the lower boundary condition of each trace gas
is defined by a set of observation-based time series of zonal
mean surface mixing ratios at different latitudes over the sim-
ulation period. The values of these time series are interpo-
lated latitude-wise onto the Lagrangian air parcels inside the
lower boundary layer at the beginning of each new simula-
tion time step. The air parcels in the upper boundary layer are
treated in the same way, with an upper boundary condition
on trace gas mixing ratios prescribed in the uppermost model
layer. The influence of the upper boundary condition strongly
depends on the properties of the given trace gas species in
question.

Six suitable trace gas species with long stratospheric life-
times with sources exclusively in the troposphere were se-
lected for this study. These species are listed in Table 1. The

Atmos. Chem. Phys., 25, 3541-3565, 2025

F. Voet et al.: Stratospheric age of air from tracer correlations

tropospheric sources of these trace gases are represented by
the lower boundary conditions, since none of them are prod-
ucts of chemical reactions in the atmosphere to any signif-
icant amount. The observation datasets used to create the
lower boundary condition of each trace gas are referenced
in Table 1. The atmospheric losses of N>,O, CHy, CFC-11,
and CFC-12 are taken into account as described by Pomm-
rich et al. (2014). For the use in the present study, the ad-
ditional trace gas species SFg and HCFC-22 have been im-
plemented in the CLaMS model similarly to the method de-
scribed by Pommrich et al. (2014). The depletion mecha-
nisms for HCFC-22 implemented in CLaMS are represented
by the following reactions:

CHCIF; + O('D) — products, (R1)
CHCIF; 4+ OH — products, (R2)
CHCIF; + hv — products, (R3)

for wavelengths A = £ < 220nm. The photolysis rates for the
last reaction are calculated with the CLaMS photolysis code
(Becker et al., 2000; Burkholder et al., 2019). Together, these
three loss reactions form a significant sink in the stratosphere.

SFe is the only trace gas in the list that does not have
any significant chemical or photolytic loss reaction through-
out the troposphere and stratosphere (the model domain con-
sidered here). SF¢ is mainly removed from the atmosphere
through photolysis and electron attachment in the meso-
sphere, which is not included in the model. Therefore, SFg
is treated simply as an inert tracer. However, depleted SFg
mixing ratios transported downward from the mesosphere to
the stratosphere are accounted for by the specification of are-
alistic upper boundary condition, which is based on measure-
ments from the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) instrument that operated on the
ESA Environmental Satellite (Envisat) from 2002 till 2012
(Fischer et al., 2008). Specifically, the spectra version V5H
with the baseline version 21 and the spectra version V5R
with the baseline versions 224 and 225 were used (Kiefer,
2021). From these measurements, monthly zonal mean time
series of SF¢ mixing ratios over the course of the measure-
ment period were created at different latitudes for the poten-
tial temperature level of 2500K. The time series for higher
latitudes show strong seasonal cycles caused by the down-
ward transport of SFg-depleted air from the mesosphere and
the seasonality of the BDC itself. This set of time series is
used as the upper boundary for SF¢ when the simulation
time is within the time period of the measurements. The up-
per boundary condition for times outside of the measurement
period was created by parameterizing the depicted seasonal
cycle of each latitude with a sinusoidal least-squares fit of a
single frequency and adding it to a shifted tropospheric trop-
ical time series (taken from the lower boundary of SF¢). The
time shifts correspond to the zonal mean AoA values at the
respective latitude at the 2500K potential temperature level.
These mean AoA values were derived consistently from MI-
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PAS measurements of SF¢ (Stiller, 2021). This simple pa-
rameterization could be further improved by including other
modes of variability (e.g., semi-annual oscillation; Garcia
et al., 1997), which could be important for analysis of inter-
annual variability, which is, however, not considered in this
study. Similar to Pommrich et al. (2014), the climatology of
the Halogen Occultation Experiment (HALOE; Groof3 and
Russell, 2005) was used as the upper boundary for CHy in
this study. More specifically, the mean seasonal cycle from
the HALOE climatology was used for every year of the sim-
ulation period. The Mainz photochemical 2-D model (Groo8,
1996) was used for the upper boundary of N,O, CFC-11,
and CFC-12, which are decomposed completely well below
about 2500K and do not reach the upper boundary layer to
any significant amount. Therefore, their upper boundaries
were kept at zero throughout the entire simulation period.
HCFC-22 does reach the upper boundary layer but, in rela-
tion to its tropospheric value, in much smaller quantities than
SF¢. Mesospheric loss processes for HCFC-22 can therefore
be neglected compared to the stratospheric ones (Reactions
R1 to R3). An open upper boundary condition (null flux) has
therefore been defined for HCFC-22.

In addition to the six actual trace gases, a completely pas-
sive tracer without any atmospheric sources or sinks and with
linearly increasing lower boundary values was included in
the model, as well. It will be called the clock tracer in the fol-
lowing and will be used to calculate the actual mean age of
air in the model using the standard lag time method described
by Hall and Plumb (1994). The simulation was driven by
meteorological data from the European Centre for Medium-
Range Weather Forecasts Reanalysis v5 (ERAS5) and cov-
ered the period from 1 January 1979 to 31 December 2022.
The vertical cross-isentropic model transport in CLaMS was
calculated from the ERAS total diabatic heating rates (see
Ploeger et al., 2021). For the initial conditions of the simu-
lated atmosphere, approximately 1.4 million air parcels were
spread out by employing the principle of distributing air
parcels based on entropy and static stability, as outlined by
Konopka et al. (2012) and Pommrich et al. (2014). The mix-
ing ratios of the six trace gases inside the initial air parcels
were set to zero at the first time, i.e., 1 January 1979. There-
after, a 20-year-long spinup simulation was carried out with
repeating lower and upper boundary conditions and meteo-
rology from the first simulation year of 1979. This spinup
guarantees that the initial mixing ratio distributions of CFC-
11, CFC-12, and the clock tracer on the first day of the tran-
sient simulation on 1 January 1979 represent the actual at-
mospheric conditions reasonably well. The initial mixing ra-
tio distributions of SFg, CHy4, N>O, and HCFC-22 were es-
timated in a different way. The mixing ratios of these four
trace gases in every air parcel on 1 January 1979 were all
taken from mean tropical time series that were created from
the respective lower boundary conditions. The points in time
at which the mixing ratios were taken correspond to estima-
tions of the points in time at which each air parcel was in
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contact with the surface for the last time before being trans-
ported to its final position on 1 January 1979. The estimations
are based on annually averaged AoA values derived from ob-
servations of SFg by MIPAS (Stiller, 2021).

Simulation output for the year 2011, which is near the end
of the operational period of MIPAS, was chosen for the anal-
ysis of the modeled satellite measurements. At the end of the
operational period of MIPAS, the measurement-based upper
boundary values of SFg had the maximal amount of time to
spread below the upper boundary in the model atmosphere.
The model output of SFg, which is of particular importance
for the aforementioned analysis, is therefore most represen-
tative of the real SF¢ distribution in the atmosphere for the
year 2011. For application of the proposed method to the
GLORIA-B measurements, the CLaMS model output for the
days of the two balloon launches was used. The version of
CLaMS used in this study is similar to the one described
by Konopka et al. (2022), with the CAPE (convective avail-
able potential energy) triggering the unresolved convection
in the model instead of the moist Brunt—Vaisala frequency.
Both parameters as well as the convection parameterization
are described in Konopka et al. (2019).

2.2 Age of air calculation

The six trace gases were selected on the basis of their long
stratospheric lifetimes (see Table 2), for which strong cor-
relations between mixing ratio and AoA can be expected in
the stratosphere. These correlations were visualized by tak-
ing the model output for individual days and plotting the
mixing ratios of each trace gas against the actual AoA val-
ues obtained from the model clock tracer (for a schematic,
see Fig. 2; for an application to real data, see Fig. 3). In or-
der to investigate the influence of seasonality in stratospheric
transport, 1d from each of the four seasons was selected.
Note that the calculation was performed on the original La-
grangian model output (irregular grid) to avoid smoothing
due to interpolation. To ensure compact correlations for all
considered species, an upper limit for applicability of the
method of 25 km was established (see Sect. 3). As the depen-
dencies of the mixing ratios with respect to AoA are slightly
different for the two hemispheres due to the asymmetry of
the BDC (e.g., Konopka et al., 2015), the two hemispheres
are considered separately in the following calculations.
Figure 2 illustrates how the model results are used to iden-
tify a given tracer mixing ratio with a corresponding AoA
value and how the uncertainty range of that AoA value is
estimated. The small black dots represent a scatterplot of
the modeled mixing ratio against the actual model AoA at
all grid points below 25km in the same hemisphere and on
the same day for any of the six tracers. The entire range
of mixing ratios covered by the trace gas at all grid points
is divided into 150 bins of the same width, with bin num-
ber 1 being the lowest and bin number 150 being the high-
est in terms of mixing ratio. For visual clarity, only the last
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Figure 2. Schematic representation of method used to estimate the
Ao0A corresponding to measured volume mixing ratios (vmr’s) and
its associated uncertainty (see the main text for details).

three of these mixing ratio bins are shown in the figure. The
histogram illustrates the distribution of AoA within a given
mixing ratio bin. The blue area in the histogram highlights
the 1o range around the mean AoA value of the distribu-
tion (mean value + 1 standard deviation). Similarly, the blue
area in each of the three depicted mixing ratio bins corre-
sponds to the 1o range around the mean value of the re-
spective AoA distribution inside. Such 1o ranges are cal-
culated for each one of the 150 mixing ratio bins. Sub-
sequently, a midpoint for each bin with the sample mean
AoA as the x coordinate and the middle of the bin range
as the y coordinate was then defined. This constructed set
of midpoints constitutes a sort of lookup table that can be
used to interpolate an AoA value for any given mixing ra-
tio within the range covered by the bins. Since the bin-
ning and averaging of the model data create some unwanted
noise, the series of midpoints is smoothed with a polyno-
mial fit through a Savitzky—Golay filter before it is used as a
lookup table in the described way. The Savitzky—Golay filter
(scipy.signal.savgol_filter) was implemented
using the SciPy library (Virtanen et al., 2020). The green line
in Fig. 2 represents such a polynomial fit, i.e., the final lookup
table. Since the number of points near the edges of the range
can sometimes be too sparse to guarantee a sufficient statis-
tic, the first and last couple of bins are ignored during the
described procedure if any of them contained fewer than 50
points.

Depending on the trace gas and the day of the year, the cor-
relation between tracer mixing ratio and AoA can eventually
break down as mixing ratios decrease. This means that the
gradient of the polynomial fits (lookup tables) can become
extremely steep, resulting in essentially no variation in AoA
for a varying mixing ratio (see Fig. 4). Lower mixing ratios,
where the gradient becomes too steep, no longer carry infor-
mation about AoA and are therefore no longer useful for its
calculation. We consider the correlation of a trace gas with
Ao0A to be at risk of breaking down if the gradient of the re-
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spective lookup table exceeds 5 times the average gradient in
the AoA range between 1 and 4 years. If this condition is met
in five out of nine consecutive mixing ratio bins, the correla-
tion is considered to have broken down, and the series of bins
in question, as well as all subsequent bins, are removed from
the lookup table. This ensures that short intervals of steeper
gradients are still included in the lookup tables.

The uncertainty of AoA obtained from interpolating the
lookup table at a measured mixing ratio is based on the
spread of the clock-tracer AoA around the mixing ratio
(model variability) and the uncertainty of the mixing ratio
itself that stems from its measurement. For the model vari-
ability, the aforementioned standard deviation of the AoA
distribution in the respective mixing ratio bin is used. For
the measurement uncertainties of the six trace gases, the val-
ues listed in Table 2 are used. These values represent esti-
mations of the total uncertainties for the measurement of the
six trace gases with the proposed CAIRT instrument. These
values are representative of a typical satellite instrument and
take into account both the detector noise and biases, e.g.,
from in-flight calibrations (ESA, 2023). It is expected that
this is a reasonable reflection of the true uncertainty as long
as the AoA inferred from several trace species are combined,
and the uncertainty would be combined but likely is an un-
derestimate where only one or two trace species remain to
have meaningful correlations. The conversion of the mixing
ratio measurement uncertainty to the uncertainty of the ob-
tained AoA is done through error propagation by calculating
the tangent to the polynomial fit at the measured mixing ratio
(see Fig. 2). The model variability and the converted mea-
surement uncertainty added together as a root-mean-square
error (RMSE) yield the total uncertainty of the AoA obtained
for the measured mixing ratio. Instead of doing the described
calculation of the total uncertainty each time an AoA value
is interpolated from the lookup table, the uncertainty calcu-
lation is done in advance for every point of the lookup table,
and the series of resulting uncertainties is subsequently added
to the table. This way, both AoA and its uncertainty can be
interpolated from the lookup table for a given mixing ratio.

The method described above can be used to derive an
Ao0A; with a respective uncertainty o; for each one of the
six trace gases i if all of them are measured simultaneously.
In this case, the uncertainty-weighted-mean AoA,

5 (072 A0A))

AoA = , (1
-2
2.i0;
and the uncertainty thereof,
1
0= =" (2)
i%i

can be calculated. The weighted-mean uncertainty o is sig-
nificantly lower than each one of the individual uncertain-
ties o;.
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Table 2. Expected measurement error and atmospheric (stratospheric) lifetime for each trace gas.

Expected Total atmospheric  Stratospheric
Trace gas  measurement error®  lifetime (years)b lifetime (years)®
SF¢ 0.2 ppt 850-1280 -
CFC-11 20 ppt 52 55
CFC-12 20 ppt 102 103
HCFC-22 6ppt 11.6 120
CHy 0.04 ppm 11.8 1234
N,O 1 ppb (< 20km) 109 1954

4 ppb (> 20km)

2 Based on the analysis described in Chap. 4.3.5 of the European Space Agency report of

assessment (ESA, 2023).

b “Total Lifetime” in Table A-5 in the annex of WMO (2022).
¢ “Stratospheric Lifetime 2022” in Table A-5 in the annex of WMO (2022).

d Brown et al. (2013).

2.3 GLORIA-B instrument and data analysis

GLORIA-B is a cryogenic limb-imaging Fourier transform
spectrometer. This instrument operates in the thermal in-
frared spectral region between wavelengths of about 7 and
13 um (wavenumbers between about 750 and 1400 cm™!) us-
ing a two-dimensional detector array (Friedl-Vallon et al.,
2014; Riese et al., 2014). The high spectral sampling of
0.0625cm™! allows for the separation of individual spec-
tral lines from continuum-like emissions such that many
trace gases can be retrieved simultaneously from the mea-
sured spectra with high spatial resolution. Two flights with
GLORIA-B have been carried out so far in the framework
of the European Union research infrastructure HEMERA.
The first one was performed over northern Scandinavia from
Kiruna (67.9°N, 21.1°E) on 21 and 22 August 2021. Ra-
diance spectra obtained during the float of the gondola (up
to 36 km) were analyzed between 17:11 and 05:39 UTC of
the following day. The second flight took place on 23 and
24 August 2022 over Timmins, Ontario, Canada (48.6° N,
81.4° W). Spectra were obtained at the beginning of the float
of the gondola from 20:35 until 08:26 UTC of the next day.
Unfortunately, a leak in the balloon envelope caused the
gondola to sink from 36 km (at the beginning of the float)
down to 22km at the end of the observation period. Re-
trieval calculations of trace species were performed with
a least-squares fitting algorithm using analytical derivative
spectra calculated by the Karlsruhe Optimized and Precise
Radiative transfer Algorithm (KOPRA; Stiller et al., 2002;
Hopfner et al., 2002). For a more detailed description of
the retrieval method, refer to Johansson et al. (2018). A
Tikhonov—Phillips regularization constraining with respect
to a first derivative a priori profile was adopted. The result-
ing vertical resolution is better than 2km for all molecules
used in this study, except SFg (better than 3km) and CFC-
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113 (better than 4 km). Cloud-affected spectra were filtered
out by a cloud index according to Spang et al. (2004). The er-
ror estimation of the retrieved target gases includes random
noise, temperature errors, calibration, pointing and field of
view inaccuracies, errors of non-simultaneously fitted inter-
fering species, and spectroscopic data errors. All errors refer
to the 1o confidence limit.

The final product retrieved from the radiance spectra ob-
served during a flight consists of a time series of mixing-
ratio—height profiles for each of the six trace gases. Each pro-
file in a time series contains the mixing ratio of the respec-
tive trace gas on 130 altitude levels in 0.25 km steps from
the upper troposphere up to flight level. The altitude levels
at which the trace gases are retrieved stay the same over the
course of the flight. The latitudes and longitudes of the obser-
vation points change over time and along the altitude levels
due to the movement of the gondola and the line of sight of
the instrument. During both flights, the path of the gondola
covered a relatively short distance of only approximately
300 km. The CLaMS model results have been interpolated
onto the measurement locations of the two balloon flights for
both the modeled mixing ratios of the six tracers and clock-
tracer mean age. The interpolation of the points and times
of GLORIA-B measurements has been realized by trajectory
mapping of the measurement locations at the closest synoptic
time where model output is available and by subsequent spa-
tial interpolation. Thereafter, the time series for both flights
and both CLaMS and GLORIA-B were temporally averaged,
creating mean mixing-ratio—height profiles for the six trace
gases and the clock tracer. The new correlation-based mean
age calculation method described in Sect. 2.2 was then ap-
plied to the mean profiles of the observed and modeled trace
gases to create AoA-height profiles. Note that the required
lookup tables were created from the CLaMS model output
for the days of the balloon launches. In addition to that, the
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convolution method described by Garny et al. (2024b) in
combination with the correction method described in Garny
et al. (2024a) is used to derive AoA-height profiles from
just SF¢. The actual AoA-height profiles for the model were
created from the clock-tracer profiles as lag time (Hall and
Plumb, 1994).

3 Results

3.1 Relations between trace gas mixing ratios and age
of air

Figure 3 shows the relation between SFg and AoA from the
results of the CLaMS model for the four selected days in
2011. Note that all panels of the figure show the results for
both hemispheres together. For each day shown, the SFg mix-
ing ratios are plotted against their corresponding AoA values
from the clock tracer for all model points below 25km. Ad-
ditionally, the equivalent latitudes of the model points (Nash
et al., 1996) are color-coded to visualize their dynamical
characteristics. The SFg mixing ratios behave very similarly
with respect to AoA at all four times up to ages of roughly
4.5 years. Overall, SFg mixing ratios decrease with increas-
ing AoA, which is consistent with the almost linear increase
in mixing ratios in the troposphere and the lack of sources
and sinks in the stratosphere. There is a significant spread of
mixing ratios in young air masses in the same hemisphere for
ages below about 1.5 years, i.e., those air masses located in
or near the troposphere. Air parcels from the Northern Hemi-
sphere also have consistently higher mixing ratios than those
from the Southern Hemisphere in this AoA range. This hemi-
spheric difference can be explained by the meridional gradi-
ent of SF¢ mixing ratios in the troposphere, which is caused
by the fact that SFg emissions occur predominantly in the
Northern Hemisphere and that tropospheric SF¢ mixing ra-
tios increase rapidly (Schuck et al., 2024a). From around 1.5
to 4.5 years, SFg and AoA correlate strongly, and their re-
lation appears to be almost perfectly linear. Depending on
the day, mixing ratios in either the Northern Hemisphere or
the Southern Hemisphere start to spread out for AoA val-
ues above about 4.5 years. This collapse of the correlation is
predominantly caused by the breakdown of the polar vortex
at the end of winter in the respective hemisphere, which, in
turn, induces downward transport of SFg¢-depleted air masses
from the mesosphere to the midlatitude stratosphere. More-
over, the spread in mixing ratios is stronger in the Southern
Hemisphere as the polar vortex is more pronounced in the
Antarctic than in the Arctic.

Figure Al in Appendix A is similar to Fig. 3 but for CFC-
12 instead of SFe. Overall, the spread appears to be stronger
and the general shape of the correlation is more convex for
CFC-12 compared to SFg. The higher compactness of the
correlations for SF¢ can be explained by the presence of a
stratospheric sink for CFC-12 in contrast to SF¢ and by the
resulting much higher atmospheric lifetime of SFg compared
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to CFC-12 (see Table 2). In air masses in or near the tro-
posphere, the spread is much smaller for CFC-12, because
unlike SFg, CFC-12 has no strong meridional gradient in
the troposphere around the year 2011. The relatively weak
meridional gradient observed for CFC-12 can be attributed
to its significantly reduced emissions by 2011, following its
global ban in 2010. Similar illustrations of the correlations
for the four remaining trace gases can be found in Figs. S1 to
S4 in the Supplement.

3.2 Lookup tables to get AoA from mixing ratio

The considered stratospheric air masses from the CLaMS
simulation for the four selected dates were separated into the
two hemispheres by use of equivalent latitude. Thereafter,
the procedure described in Sect. 2.2 has been applied to the
dataset of each trace gas, day, and hemisphere to create the
lookup table required to identify a given mixing ratio with a
corresponding AoA and uncertainty thereof.

Figure 4 shows the results of the aforementioned proce-
dure in the case of CFC-12 for the Southern Hemisphere.
Figure A2 in Appendix A shows the corresponding results for
the Northern Hemisphere. The green dots represent the scat-
terplots of mixing ratio drawn against AoA up to 25km. The
transparent black bars mark the 1o environments around the
mean AoA values of the mixing ratio bins (model variabil-
ity). Note that in some cases the series of black bars do not
extend all the way down from the upper to the lower end of
the mixing ratio range (e.g., Fig. 4a). This is because one or
both of the conditions described in Sect. 2.2 were met (data
points become too sparse and/or the gradient becomes too
steep) and the respective streak of bins at the beginning or
end of the mixing ratio range was ignored during the proce-
dure. The conditions described in Sect. 2.2 ensure that only
mixing ratio bins with sufficiently large sample sizes in re-
gions of sufficiently tight correlation with AoA are included
in the lookup tables.

The magenta lines in the two figures show the smoothed
series of bin midpoints that constitute the lookup tables for
AoA. The magenta shading around each of those lines is the
uncertainty range of AoA that results from the expected mea-
surement uncertainty (see Table 2). From here on, the un-
certainty of AoA that results from the measurement uncer-
tainty of the trace gas will itself simply be referred to as the
measurement uncertainty. The blue dots are the same as the
green ones but in the altitude range between 25 and 30 km.
The comparison between the green and blue dots illustrates
the reason for the general altitude limit of 25 km for all days
and trace gases. A general height limit was chosen only for
the sake of simplicity, and the choice of 25km as the gen-
eral height limit seems to assure lookup tables of a reason-
able length in all cases. In the case of CFC-12 in the South-
ern Hemisphere, for instance, the correlation between tracer
mixing ratio and AoA probably would not have been com-
pact enough to create a lookup table for October beyond an
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Figure 3. Results of the CLaMS simulation up to 25 km at 4 different days in 2011; SFg volume mixing ratios are plotted against mean age
of air from the clock tracer with a color-coded equivalent latitude.
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Figure 4. Green dots: results of the CLaMS simulation up to 25 km in the Southern Hemisphere (equivalent latitude < 0) at 4 different
days in 2011; CFC-12 volume mixing ratios are plotted against clock-tracer AoA. Blue dots: same as green dots but in the altitude region
between 25 and 30 km. Black boxes: 1o environment around average AoA in volume mixing ratio bins included in the lookup table (part of
uncertainty of AoA that arises from spread of data points). Magenta line: series of bin midpoints (mean AoA/mean mixing ratio) smoothed
with a Savitzky—Golay filter (used as lookup table). Magenta shading: part of uncertainty of AoA that arises from measurement of trace gas
(estimated with expected uncertainty in Table 2 according to the method illustrated in Fig. 2).

https://doi.org/10.5194/acp-25-3541-2025 Atmos. Chem. Phys., 25, 3541-3565, 2025



3550

AoA of around 4 years if data between 25 and 30km were
included (see Fig. 4d). The complete lookup tables (includ-
ing measurement uncertainty and model variability) for the
remaining five trace gases for the 4d and two hemispheres
were created accordingly, and similar illustrations of them
can be found in the Supplement (Figs. S5 to S14).

In the case of actual measurements, AoA and its total un-
certainty would be interpolated from the lookup tables for
each of the six trace gases separately, and the weighted-mean
AOoA (see Eq. 1) with the combined uncertainty ¢ (see Eq. 2)
would subsequently be constructed from the results. Before
calculating the actual mean AoA values, an initial estimate
of the combined uncertainty for AoA values ranging from
1 to 5.5 years was made. This involved assuming that a spe-
cific AoA value within the range was uniformly derived from
the lookup tables of all six trace gases, implying that all
tracers yielded the same AoA value. This value, treated as
the weighted-mean AoA, allowed for interpolation of corre-
sponding total uncertainties from each tracer’s lookup table.
These uncertainties were then used to construct a combined
uncertainty o.

Figure 5 shows the individual total uncertainties of the
six trace gases as well as the combined uncertainty over an
AoA range between 1 and 5.5 years for the 4 d for the South-
ern Hemisphere. Figure A3 in Appendix A shows the corre-
sponding results for the Northern Hemisphere. In every case,
the combined uncertainty starts at young ages with a peak
value between 0.2 and 0.4 years and then gradually decreases
with increasing AoA up to around at least 4 years. A grad-
ual increase in the uncertainties for AoA higher than about
4 years is the result of the increasing spread in some of the
underlying trace gas species data, which in turn occurs due to
depleted mixing ratios at higher altitudes. Higher uncertain-
ties at the lower end of the AoA range can be explained by
the flatter gradients of the fitted polynomials. The combined
uncertainty stays well below 0.3 years over most of the AoA
range in all cases. At ages older than about 4.5 years, sudden
steep jumps can be seen in the combined uncertainty. These
jumps occur whenever the compact relation between the re-
spective trace gas species and age breaks down (AoA values
in the lookup table have reached their limit), and the tracer in
question no longer contributes to the weighted mean and its
uncertainty.

To further investigate the atmospheric regions where the
presented method provides AoA with a given uncertainty,
the combined uncertainties from Figs. 5 and A3 are pre-
sented as distributions in the latitude—pressure plane. For this
mapping, the actual model AoA from the clock tracer in
the CLaMS simulation was used to project the uncertainties
onto the latitude—pressure plane. In a first step, zonal mean
fields of model mean age were calculated, and these mean
age fields are shown in Fig. 6 for the altitude range between
10 and 25km. These zonal mean values were treated as if
they were measurement-derived weighted-mean AoA values
and were associated with the corresponding combined un-
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certainty at the respective day and hemisphere depicted in
Figs. 5 and A3.

The created zonal mean distributions of the combined un-
certainties at the 4 d are shown in Fig. 7. The white areas in
the figure correspond to the regions of zonal mean AoA be-
low 1 year (compare with Fig. 6). Stratospheric air younger
than roughly 1 year is located close to the troposphere and
may therefore likely be influenced by small amounts of tro-
pospheric air that entered the stratosphere through the extrat-
ropical tropopause (Hauck et al., 2020). This is, for example,
evident in the comparatively large spread of SF¢ mixing ra-
tios for AoA below roughly 1 year in Fig. 3. The influence
of well-mixed tropospheric air can also lead to flat gradients
in the required lookup tables, which in turn lead to a high
uncertainty of AoA below 1 year (see Figs. 4 and A2). Since
air masses influenced by the troposphere are not the focus
of this study and since the high uncertainties of their AoA
values would only distract from the purely stratospheric air
masses, AoA values below 1 year are excluded in Fig. 7 and
in all following figures.

As expected from the behavior of the combined uncer-
tainties in Figs. 5 and A3, the uncertainties stay well below
0.3 years in all of the remaining regions of AoA above 1 year
and tend to decrease with increasing AoA. On average, the
uncertainties appear highest for the austral summer season
(1 January) at high southern latitudes, which is likely due to
the collapse of the Antarctic polar vortex a few months prior
and the subsequent gradual spread of air masses that were
contained in the vortex before its collapse.

3.3 AoA from synthetic measurements

Figure 7 represents an estimate of how accurately zonally av-
eraged AoA might be derived from trace gas measurements
via the proposed correlation method (see Sect. 2.2) in dif-
ferent regions. In the following, we evaluate the method even
more thoroughly by creating pseudo-measurements of the six
trace gases from the CLaMS model results and by using these
pseudo-measurements to calculate AoA with the correlation
method. These calculated AoA values will be compared to
the actual model AoA from the clock tracer. The pseudo-
measurements were created by adding normally distributed
random noise to the mixing ratios of the six trace gases for
all air parcels on the 4 considered days. The expected mea-
surement uncertainty in Table 2 was used as the standard de-
viation of the noise distribution for each trace gas. In the
next step, AoA and its total uncertainty were interpolated
from the respective lookup table for each of these pseudo-
measurements. Thereafter, the weighted-mean AoA and its
difference to the clock-tracer AoA were calculated for each
model grid point. Finally, zonal mean fields and standard de-
viations were calculated.

Figure 8 shows the zonally averaged weighted-mean AoA
for the four dates under consideration. The thick black lines
represent the zonally averaged tropopause, derived from the
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Figure 5. Dashed, dotted, and dot-dashed colored lines: individual total uncertainties of the six trace gases in the Southern Hemisphere at
the 4 considered days in 2011 over the AoA ranges of the respective lookup tables. Black lines: combined total uncertainty calculated with

Eq. (2) from the individual total uncertainties.
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Figure 6. Color-coding and contours: zonally averaged AoA from the CLaMS clock tracer in years at the 4 considered days in 2011. Thick
black lines: position of the zonally averaged tropopause according to the ERAS reanalysis for the 4 d (lapse rate tropopause following WMO,

1957). Black box in (¢): northward intrusion of young air masses.

daily ERAS reanalysis data (lapse rate tropopause follow-
ing WMO, 1957). The white areas correspond to those re-
gions where the zonal mean AoA from the clock tracer of the
model in Fig. 6 is below 1 year (tropospheric air). A compar-
ison between both figures reveals that the general shape of
the AoA distribution of the model was accurately recreated
from the pseudo-measurements. Even the northward intru-
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sion of air with AoA below 1.5 years into the layer of air with
AoA between 1.5 and 2 years at roughly 70°N and 14km
height in July is clearly present in the results of the corre-
lation method (compare Figs. 6¢ and 8c). This intrusion of
younger air is likely caused by outflow of the Asian summer
monsoon (Ploeger and Birner, 2016; Krause et al., 2018).
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intrusion of young air masses.

Figure 9 shows the zonally averaged differences between
the pseudo-measurement-derived AoA and the clock-tracer
AoA for the 4d. The white areas are identical to those in
Fig. 8. On all 4d, the absolute difference stays well be-
low £0.3 years in almost every region and does not surpass

Atmos. Chem. Phys., 25, 3541-3565, 2025

+0.5 years anywhere. The absolute difference reaches its
highest values around 0.3 years at the upper end of the height
scale. These comparatively high values are most likely the re-
sult of high AoA values near the end of the lookup tables, for
which the uncertainties for the individual tracers, as well as
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the combined uncertainty of the weighted mean, tend to in-
crease (compare Fig. 8 with Figs. 5 and A3). However, given
that AoA values in these areas are particularly high, the rela-
tive difference between both types of AoA does not increase
all that much and stays below 10 %. The relative differences
reach their highest values in the region near the tropopause,
where AoA values are low and where flat gradients inside the
lookup tables cause increased uncertainties (compare Figs. 4,
A2,5, A3, and 8).

Figure 10 presents the standard deviations in the zonal di-
rection of the differences between pseudo-measurement and
clock-tracer AoA. These standard deviations quantify the
spread of AoA differences in the zonal direction and can
be used to estimate the uncertainty of AoA derived from in-
dividual measurements at different longitudes for any lati-
tude. If the zonally averaged differences in AoA shown in
Fig. 9 were uniformly zero, the standard deviations in Fig. 10
could directly represent these uncertainties. In such a sce-
nario, Fig. 10 would closely resemble the initial uncertainty
estimate in Fig. 7. However, as the differences in Fig. 9 are
not uniformly zero, the two figures differ slightly. Specifi-
cally, the values in Fig. 9 are higher near the tropopause and
toward the top of the height scale across all 4 d. To estimate
the total uncertainty of AoA derived from individual mea-
surements, the zonally averaged differences in AoA and the
standard deviations in Fig. 10 must be combined as a root-
mean-square error (RMSE). This calculation yields an aver-
age uncertainty of approximately 0.3 years for AoA at any
latitude and longitude across the 4d. A graphical depiction
of the expected uncertainty for AoA derived from individual
measurements is provided in Fig. S29.

3.4 Application to GLORIA balloon data

Figure 11 shows the mean AoA profiles derived for the
two GLORIA-B balloon flights as described in Sect. 2.3.
The solid blue lines (GLORIA-B standard method) repre-
sent AoA calculated from observed SF¢ mixing ratios with
the standard convolution method, as described in Garny et al.
(2024Db), and with the subsequent correction for SFe-depleted
air from the mesosphere introduced by Garny et al. (2024a).

In the standard convolution method, the mean AoA spec-
trum is modeled using an inverse Gaussian distribution.
This distribution is fully defined by its first two moments:
the mean (AoA) and the width (A). Alternatively, the in-
verse Gaussian can be specified using AoA and the ratio
of its first two moments (rom = %). Importantly, the ra-
tio of moments (rom) remains relatively stable over time at
a given location and can be determined from model-based
or measurement-based lookup tables. Once the ratio of mo-
ments is known, the inverse Gaussian can be constructed
for a range of AoA values. The method involves convolving
the tropospheric SF¢ time series with the generated inverse
Gaussian distributions. The AoA value corresponding to the
convolution result that best matches an observed SFg mixing
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ratio is then selected as the final estimate. Due to the uni-
modal nature of the inverse Gaussian distribution, the stan-
dard convolution method cannot resolve additional modes in
the mean AoA spectrum that may arise from the seasonality
of the BDC. The AoA correction for SFg-depleted air from
the mesosphere is derived using a least-squares fit of an ex-
ponential function to global model results, establishing a re-
lationship between uncorrected and actual AoA. While the
uncertainty of this correction method increases with AoA,
it is optimized for AoA values up to 5 years. Despite this
limitation, the method continues to enhance the accuracy of
results even for AoA values exceeding 5 years.

The horizontal dot-dashed gray lines mark the limit where
the correction method for mesospheric depletion becomes
less accurate as the uncorrected AoA exceeds the stated limit
of 5 years (Garny et al., 2024a).

The shaded blue areas around the GLORIA-B standard
method AoA represent its uncertainty range (see Sect. 2.3).
The solid magenta lines (GLORIA-B new method) represent
the weighted-mean AoA calculated from the observed mix-
ing ratios of the six selected trace gases listed in Table 2 via
the proposed correlation method (see Eq. 1). The required
lookup tables to identify each of the six trace gases with
corresponding AoA and uncertainty were created from the
CLaMS results for the Northern Hemisphere and the day of
the respective balloon launch (Kiruna: 21 August 2021, Tim-
mins: 23 August 2022). These lookup tables were created in
exactly the same way as the ones for the 4 d in 2011 discussed
in Sect. 3.2. Illustrations similar to those in Fig. A2 for the
lookup tables at the 2 flight days can be found in Figs. S15
and S16. However, instead of the estimated measurement un-
certainties of the CAIRT instrument in Table 2, the actual
uncertainties of the GLORIA-B instrument for the measure-
ment and temporal averaging of each trace gas were used to
estimate the measurement part of the total AoA uncertainty.
The magenta shading around the GLORIA-B new method
AOA represents its uncertainty according to Eq. (2). A com-
parable AoA profile has been calculated from the CLaMS
model mixing ratios of the six species interpolated on the
measurement locations (dashed magenta lines), and these are
shown together with the actual model age profiles from the
model clock tracer (dashed black lines). The shaded black ar-
eas around the CLaMS clock-tracer AoA represent the stan-
dard deviations of the actual model AoA along the recreated
points of observation.

The comparison of the CLaMS clock-tracer AoA with the
CLaMS new method AoA shows that the new correlation
method produces reliable results for both flights, such that
inferred mean age agrees very well with the model clock-
tracer age. For either flight, the standard deviation of the ac-
tual CLaMS AoA from the clock tracer does not exceed half
a year, and the difference between the two model AoA pro-
files is even smaller at most height levels. Hence, the new
correlation method passes the proof of concept in the con-
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sistent model environment as well as when applied to single
balloon profiles.

The values of the GLORIA new method fall entirely
within the uncertainty range of the GLORIA standard
method AoA for both flights, but the reverse is true only for
the flight from Kiruna below roughly 22 km. Furthermore,
the two profiles for the flight from Kiruna seem to agree
much better with each other than for the flight from Tim-
mins. For the Timmins flight, on the other hand, the GLORIA
standard method is up to 1 year older and lies outside the
uncertainty range of the GLORIA new method over nearly
the entire height range. However, given the extraordinarily
high uncertainty of the GLORIA-B standard method, any
conclusions drawn from the corresponding values are hardly
meaningful. Note that the aforementioned high uncertainty
in AoA is the result of the high measurement uncertainty
of SF¢. A possible explanation for the higher difference be-
tween the two profiles for the Timmins flight could be that the
air masses scanned by GLORIA-B were influenced by SFe-
depleted air from the mesosphere to a higher degree com-
pared to the Kiruna flight, and this was not fully compensated
by the applied SFg sink correction. At least for the results in
the last roughly 4 km of the height scale, which are above the
recommended limit for the application of the SFg sink cor-
rection, this explanation seems plausible. Another possible
explanation would be some issue with the instrument dur-
ing the Timmins flight that led to the retrieval of SFg mixing
ratios that are systematically too low. There is, however, no
indication of what could have caused such an issue thus far.

Overall, a clear improvement in the new age calculation
method using tracer correlations is the substantial reduction
in AoA uncertainty — from several years to around half a
year — across nearly the entire height range for both flights.
The two profiles of the GLORIA-B new method are also in
good agreement with the recently published AoA profiles by
Schuck et al. (2024b). In their study, Schuck et al. (2024b)
calculated AoA values using cryogenic whole-air samples
of SF¢ and CO; collected in Kiruna, Sweden, during Au-
gust 2021. Similar to the AoA profiles of the GLORIA-B
new method, the results reported by Schuck et al. (2024b)
exhibit an increase in AoA with altitude, reaching approx-
imately 5 years at around 22km. Beyond this altitude, the
AoA values remain approximately constant at their maxi-
mum of 5 years. There are good reasons to believe that the
utilized model-based lookup tables do reflect the actual at-
mospheric conditions well enough to justify their application
to the GLORIA-B measurements. These reasons will be dis-
cussed in the next section. On top of that, an alternative to
the model in the form of global satellite measurements as the
foundation of the lookup tables will also be discussed in the
next section.

Comparison between model and measurement-based age
of air in Fig. 11 further shows that the results of the new
correlation-based method applied to the two different sets of
measurements by GLORIA-B are consistently higher than
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Figure 11. Mean-AoA-height profiles along measurement loca-
tions during balloon launches of GLORIA-B from Kiruna, Swe-
den (a), and Timmins, Canada (b). Blue lines: AoA with standard
method (Garny et al., 2024b) and sink correction (Garny et al.,
2024a) from SFg observations. Blue shading: uncertainty ranges
of blue lines from uncertainty of mean SFg—height profiles. Solid
magenta lines: AoA with new correlation-based method (see Eq. 1)
from observations of selected tracers (see Table 2) and lookup tables
created from CLaMS (see Figs. S15 and S16) with actual measure-
ment uncertainties instead of estimated ones (see Table 2). Magenta
shading: uncertainty ranges of magenta lines (see Eq. 2). Dashed
magenta lines: same as solid magenta lines but from the CLaMS
results interpolated on measurement locations. Dashed black lines:
actual CLaMS AoA from modeled clock tracer. Black shading: 1
standard deviation around the respective mean values that constitute
dashed black lines. Gray horizontal dot-dashed lines: recommended
height limit for SFg sink correction at which uncorrected AoA from
the standard method exceeds 5 years (Garny et al., 2024b).

the model results up to around 22 km. Hence, the strato-
spheric BDC in the ERAS reanalysis-driven CLaMS sim-
ulation appears to be significantly slower compared to the
observations. This result is in agreement with a generally
slower BDC in ERAS5 compared to other reanalyses and ob-
servations as found by Ploeger et al. (2021) and Laube et al.
(2020). It should be noted that this slow bias of the ERAS
circulation in the comparison presented here is independent
of the age calculation method used.

3.5 AoA from synthetic measurements with zonally
averaged correlations

For a given satellite instrument, it can be more reliable to
derive trace gas mixing ratios for the zonal mean than for
individual profiles (e.g., Stiller et al., 2012). Therefore, we
apply the new correlation-based method to calculated AoA
for zonal mean data in the following and further discuss its
applicability in Sect. 4. For each of the four considered dates
in 2011 (1 January, 1 April, 1 July, and 1 October), zonal
mean fields for trace gas mixing ratios and clock-tracer AoA
values have been calculated from the CLaMS model data.
Lookup tables to obtain AoA from mixing ratios were then
created from these zonal mean fields in the same way as
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for the 3-D data in Sect. 3.2 and as described in Sect. 2.2
(see Figs. 4 and A2). Just like in Sect. 3.2, one lookup table
for each trace gas, day, and hemisphere was created, mak-
ing 48 lookup tables in total. These lookup tables from the
zonal mean fields were then used to calculate weighted-mean
AoA from the previously calculated 3-D (zonally dependent)
synthetic measurements of the six trace gases using Eq. (1).
These weighted-mean AoA values were then evaluated by
comparison to the actual AoA of the model obtained from the
clock tracer. The evaluation was done in the same way as be-
fore for the weighted-mean AoA calculated from the lookup
tables created from the full 3-D dataset (see Sect. 3.3).

Figure 12 shows (exemplarily for 1 July 2011) the differ-
ent steps in the calculation and evaluation of the weighted-
mean AoA for the calculation based on zonal mean data.
Figure 12a shows one example from the 48 lookup tables cre-
ated from the zonal mean fields: the one for CFC-12 in the
Southern Hemisphere. The equivalent lookup table from the
original CLaMS datasets can be seen in Fig. 4c. Note that the
number of mixing ratio bins was reduced from 150 to 40 for
the lookup tables from the zonal mean fields. A smaller num-
ber of bins was necessary because of the significant reduction
of data points caused by the zonal averaging. Graphical de-
pictions of the lookup tables for the remaining cases can be
found in Figs. S17 to S28.

Figure 12b shows the individual total uncertainties of AoA
from the lookup tables of the six trace gases in the South-
ern Hemisphere as well as their combined uncertainty cal-
culated with Eq. (2) (see Figs. S30 and S31 for Northern
Hemisphere and remaining days). This figure corresponds to
Fig. 5c, which shows the respective uncertainties from the
lookup tables created from the original CLaMS data sets.

The lookup tables from the zonal mean fields were ap-
plied to the 3-D synthetic trace gas measurements to create
a weighted-mean AoA for every model grid point. There-
after, the differences between these weighted-mean AoA
values and the corresponding actual AoA values from the
clock tracer of the model were calculated, and the mean val-
ues and standard deviations of these differences in the zonal
direction were constructed. The weighted-mean AoA values
were zonally averaged as well, the result of which is shown in
Fig. 12¢ (see Fig. S32 for remaining days). The AoA distribu-
tion in Fig. 12c is essentially the same as the corresponding
one from the full 3-D CLaMS dataset in Fig. 6.

Figure 12d shows the zonally averaged differences be-
tween the weighted-mean AoA and the actual AoA of the
model (see Fig. S33 for remaining days). The differences dis-
played in Fig. 12c are similar in size and distribution to the
corresponding ones from the non-averaged CLaMS datasets
shown in Fig. 8c. The average difference is slightly higher
in the case of the lookup tables from zonal mean data, at
0.06 years, than in the case of the lookup tables from the
non-averaged, where it is 0.02 years, but these differences
are very minor.
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Figure 12e shows the standard deviations in the zonal di-
rection of the difference between actual model and weighted-
mean AoA (see Fig. S34 for remaining days). These standard
deviations are also remarkably similar to the corresponding
ones of the full zonally dependent calculation (Fig. 10).

Figure 12f is the result of Fig. 12d and e added together as
a RMSE (color coding, not contours) and represents an esti-
mation for the zonally averaged uncertainty of the weighted-
mean AoA (see Fig. S35 for the remaining days). In other
words, if the uncertainties of the weighted-mean AoA values
(see Eq. 2) were zonally averaged, the results should closely
resemble the color-coded values in Fig. 12f. Figure S29 is
the correspondence to Fig. 12f for the lookup tables from
the non-averaged CLaMS data. Since there are also no ma-
jor differences between the two cases in this final uncertainty
estimation, it can be concluded that estimation of the rela-
tion between trace gas mixing ratio and mean age from zonal
mean data yields just as reliable results than the estimation
from the full 3-D data. This conclusion can be drawn for all
4d considered (see the respective figures in this article and
the Supplement).

4 Discussion

4.1 Toward an application for satellite measurements

The proposed method to derive AoA requires knowledge of
its functional relations with respect to mixing ratios of cer-
tain trace gases. In a model environment, where the true AoA
values are known, these functional relations can be easily es-
tablished. It is, however, unclear how well such model-based
relations might reflect the actual conditions in the real atmo-
sphere. Therefore, it is preferable to establish the required
functional relations directly from the satellite measurements
itself rather than from model results.

For that purpose, we suggest to first calculate AoA from
SF¢ with well-established standard methods like the convo-
Iution method proposed by Garny et al. (2024b) in combi-
nation with the SFg sink correction by Garny et al. (2024a),
as a first guess. Given the difficulty in retrieving SF¢ from
satellite measurements, this first-guess AoA would be af-
flicted with significant uncertainties that make interpretations
of individual values impossible. In order to reduce the mea-
surement noise, the first-guess AoA is likely possible only
for data averaged over larger areas (e.g., zonal mean data).
The required lookup tables could be calculated from the av-
eraged first-guess AoA and likewise averaged mixing ratios
with a method similar to the one described in Sect. 2.2. The
thus established lookup tables could then be used to calculate
weighted-mean AoA at the individual points of observation
inside the respective areas. The necessary size of these areas
(e.g., the length of longitude ranges for zonal averaging) will
depend on the amplitude of the noise in future satellite mea-
surements of SFg and needs to be specifically defined for the
satellite instrument considered.
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Figure 12. Selection of plots exemplifying the analysis in Sect. 3.3 for lookup tables created from zonally averaged CLaMS results. All plots
refer to 1 July 2011. The bold black lines in (c) to (f) indicate the zonally averaged tropopause according to the ERAS reanalysis (lapse rate
tropopause following WMO, 1957). (a) Creation of lookup table for zonal mean AoA from zonal mean CFC-12 in the Southern Hemisphere
(see Figs. 4 and A2). (b) Dashed, dotted, and dot-dashed colored lines: total uncertainty of each tracer in the Southern Hemisphere. Solid
black line: combined total uncertainty for all tracers according to Eq. (2) (see Figs. 5 and A3). (¢) Zonally averaged weighted-mean AoA
from synthetic measurements with lookup tables (see Fig. 8). (d) Zonally averaged difference between weighted-mean AoA from synthetic
measurements and CLaMS clock tracer (see Fig. 9). (e) Standard deviations of zonally averaged differences between weighted-mean and
clock-tracer AoA (see Fig. 10). Note that the differences are calculated before the standard deviations. (f) Estimation of uncertainty of
weighted-mean AoA from lookup tables along all longitudes (values in (d) and (e) added together as a RMSE).

In the case of a large SF¢ measurement uncertainty, the
first-guess AoA would have to be calculated for averages
over the entire longitude range (zonal mean data) to reach
a sufficient reduction in noise to enable the construction of
the required lookup tables. On the basis of observations by
MIPAS, Stiller et al. (2012) have demonstrated that reliable
zonal mean AoA values can in fact be derived from exist-
ing satellite measurements of SF¢. The results in Sect. 3.5
suggest that it should be possible to derive AoA with an un-
certainty of just a few percent even from zonal mean trends
in most of the lower stratosphere throughout the year. For fu-
ture satellite measurements with further reduced uncertainty
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in the SFg retrieval, it is to be expected that the areas for the
necessary averaging can be further reduced and that the ac-
curacy of the estimated AoA can be further increased.

4.2 Further improvements

This study presents a proof of concept that AoA could po-
tentially be derived more accurately and with higher spatial
and temporal resolutions from satellite measurements if trace
gases other than SFg were taken into account, as well. In or-
der to make the general idea of deriving AoA from corre-
lations of trace gases with AoA easier to understand, a rel-
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atively simple method was developed in this study. Several
measures to improve this simple method could be worth ex-
ploring before employing it on actual satellite observations.
One potential way the method might be improved could be
a separation of data points into narrower latitude bands than
just the two hemispheres considered here. It might, for in-
stance, be preferable to consider the tropical latitudes sepa-
rately, since these constitute unique regions in terms of dy-
namics that are characterized by fast upwelling. A separa-
tion into different altitude bands might also be a valuable im-
provement of the method.

Another way the presented method might be improved
is by including a larger number of trace gas species. Addi-
tional trace gas species to the ones considered in this study
with long stratospheric lifetimes might also show sufficiently
compact correlations with AoA in the lower stratosphere.
Including more trace gases with such compact correlations
would be useful to further reduce the uncertainty of AoA de-
rived with the presented method. However, all these species
need to be retrieved from satellite observations with reason-
ably low uncertainty. Potential trace gases with the required
properties could include certain species of chlorofluorocar-
bons (CFCs), hydrochlorofluorocarbons (HCFCs), hydroflu-
orocarbons (HFCs), and per fluorocarbons (PFCs).

4.3 Model and method uncertainties

This study should, first and foremost, be viewed as a proof
of concept for the proposed method to calculate AoA. Such
a proof of concept can only be demonstrated within the per-
fectly self-consistent environment of a model, where the true
values of the desired quantity are already known. Since no
model is a perfect representation of the actual atmosphere,
the lookup tables required for applying the proposed method
should ideally be constructed directly from measurements, as
laid out in Sect. 4.1, rather than from model results. Due to
the lack of suitable measurement data, we had to establish
the lookup tables required for applying the method to the
GLORIA-B data using the available model results. We are
confident that the CLaMS-based lookup tables used on the
GLORIA-B data represent the actual atmospheric conditions
reasonably well, and we find the AoA profiles derived from
these lookup tables to be more plausible than the correspond-
ing ones derived with the standard method (see Fig. 11). Our
confidence in the CLaMS-based lookup tables stems from
the following three reasons:

1. The reliability of the CLaMS model for the utilized
trace gases has been demonstrated in previous stud-
ies (see Laube et al., 2020, for CFC-11, CFC-12, and
HCFC-22; Konopka et al., 2004, for CHy; and Pomm-
rich et al., 2014, for N,O).

2. There is excellent agreement between the AoA profiles
reported by Schuck et al. (2024b) and those derived us-
ing the proposed method from the GLORIA-B mea-
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surements at Kiruna (see Fig. 11). The balloon-borne
air samples collected by Schuck et al. (2024b) should
closely resemble the air masses observed by GLORIA-
B during its first flight, as both balloon flights took place
in August 2021 in Kiruna, Sweden. The fact that Schuck
et al. (2024b) obtained similar results for comparable
air masses using a different calculation method strongly
supports our expectation that the utilized CLaMS-based
lookup tables reflect the conditions of the actual atmo-
sphere reasonably well.

3. The upper boundary region, arguably the biggest source
of bias in the simulation as a whole, seems to have
only limited impact on the model tracer mixing ratios
in the considered altitude region (i.e., below 25km).
Figure A4 in Appendix A shows the temporally aver-
aged zonal mean SFg distribution of the model results
up to the upper boundary over two different 3-month
periods. Figure 11a shows the average distribution from
December 2010 to February 2011, representing winter
in the Northern Hemisphere, and Fig. 11b shows the av-
erage distribution from June to August 2011, represent-
ing winter in the Southern Hemisphere. The winter pe-
riods were chosen because they represent the time when
the downward transport of air from higher altitudes by
the deep branch of the BDC is strongest in the respective
hemisphere. SFg was selected because, in relative terms,
it reaches the upper boundary with higher amounts than
all other tracers (due to the absence of a stratospheric
sink). Out of all model results, the influence of the upper
boundary is therefore expected to be strongest for SFg
during winter in the respective hemisphere. Figure 11
suggests that the downward transport of SFg-depleted
air from the upper boundary only seems to have an af-
fect below 25km at high latitudes in the winter hemi-
sphere. This limited influence of the upper boundary on
model results below 25 km could partly be related to the
slower stratospheric circulation in ERAS compared to
other reanalyses, as pointed out in Sect. 3.4. This slow
bias, however, effects the six long-lived trace gases in
the same way as the model clock tracer and therefore
cannot be responsible for any biases that the model-
based lookup tables might have.

While these considerations give us confidence in the plau-
sibility of the CLaMS-based lookup tables, it is important
to emphasize that a thorough analysis would be necessary
to fully assess the influence of the upper boundary on each
of the six trace gases specifically and to evaluate the ex-
tent on which the derived lookup tables reflect the conditions
of the real atmosphere. Such an analysis would ideally in-
volve the use of several atmospheric models and/or reanaly-
sis datasets to better quantify potential biases and uncertain-
ties. Additionally, the influence of uncertainties in the kinetic
model parameters, such as photochemical data and model-
calculated loss rates, on AoA cannot be ruled out. A thor-
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ough analysis of the influence of these uncertainties on AoA
would also be needed. However, conducting such extensive
analyses is beyond the scope of this study.

5 Conclusions

We have introduced a new method to derive stratospheric
AoA from tracer mixing ratios in order to reduce the high
uncertainty that arises when stratospheric AoA is derived
from remote sensing observations using a common standard
method. The standard method to calculate AoA from trace
gas observations is only applicable for trace gases that ap-
proximate an ideal clock tracer sufficiently well. The only
approximate clock tracer that has been retrieved from satel-
lite observations within a sufficiently meaningful uncertainty
range is SFg (Stiller et al., 2008). The uncertainty of retrieved
SFg is, however, still significant. Standard methods (Garny
et al., 2024b) have therefore, until now, only been applied
on zonally averaged satellite measurements of SF¢. The new
correlation-based method to calculate AoA introduced in this
study is an attempt to make use of the full spatial resolution
of satellite observations and to avoid the necessity to restrict
to zonal mean data. With this new method, AoA can be de-
rived from any trace gas that holds a compact correlation with
AO0A in the stratosphere and not just from approximate clock
tracers like SFg. Using other trace gas species in addition to
SFg to derive AoA has the advantage that the uncertainty as-
sociated with the AoA estimate gets reduced with every new
species with sufficiently high accuracy added. Although the
methods to derive AoA proposed by Leedham Elvidge et al.
(2018) and Ray et al. (2024) also use other trace gases in
addition to SFg, they are not applicable on typical remote
sensing measurements, because they rely on trace gases that
cannot be retrieved without a significant uncertainty.

The applicability of the new method introduced in this
study for atmospheric remote sensing observations has been
demonstrated based on balloon-borne measurements. The
application of the new method produced significantly lower
Ao0A uncertainties than the application of the standard
method, and the results for the new method fell entirely
within the uncertainty range of the results for the standard
method. Comparison of mean age from the balloon-borne
measurements with ERAS reanalysis-driven model simula-
tions showed that the new correlation-based method pro-
vides mean age profiles with sufficiently reduced uncertainty
compared to standard methods to truly enable constraining
the model. Consequently, it could be shown that the strato-
spheric circulation in the ERAS reanalysis data is slower
than the actual stratospheric circulation in the real atmo-
sphere. Furthermore, it is still an open question whether or
not — and if so where exactly and to what degree — the BDC
will accelerate due to the changing climate and the associ-
ated warming of the troposphere and cooling of the strato-
sphere. Age of air datasets calculated from observations with
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the new correlation method could be used to validate sim-
ulated circulation trends. Furthermore, such datasets could
be invaluable for studying exchange processes between the
troposphere and the stratosphere. These studies have wide-
ranging applications in atmospheric science, including but
not limited to understanding the transport of water vapor and
other trace gases, investigating the impact of stratospheric
ozone on climate, assessing the influence of tropospheric pol-
lutants on stratospheric chemistry, and helping to better con-
strain emissions of various substances (including prohibited
ones like CFCs).

It was demonstrated on the basis of model output from
CLaMS that the new method produced reliable zonal average
AoA distributions in the lower stratosphere. These retrieved
age distributions even showed smaller-scale variations con-
sistent with the actual AoA from the clock tracer like a layer
of relatively young AoA at higher altitudes in the North-
ern Hemisphere summer lowermost stratosphere caused by
the outflow of the Asian summer monsoon. The analysis
with CLaMS also showed the potential usefulness of the new
method for deriving AoA on individual satellite observation
points in the lower stratosphere throughout the year. The av-
erage uncertainty of AoA derived with the new method is
expected to be around 0.3 years at any day and location.
The application of the new correlation-based method to de-
rive AoA on future limb-imaging satellite observations such
as CAIRT could therefore provide spatially resolved global
distributions of AoA in the lower stratosphere with signifi-
cantly reduced uncertainty. Such datasets do not exist up to
this point and are urgently needed to enhance our understand-
ing of transport processes in the stratosphere and to study the
effects of these processes by improving their representation
in climate models.
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Figure A2. Same as Fig. 4 but for the Northern Hemisphere.
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