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Abstract Age of stratospheric air is a well established metric for the stratospheric transport circulation.
Rooted in a robust theoretical framework, this approach offers the benefit of being deducible from observations
of trace gases. Given potential climate-induced changes, observational constraints on stratospheric circulation
are crucial. In the past two decades, scientific progress has been made in three main areas: (a) Enhanced process
understanding and the development of process diagnostics led to better quantification of individual transport
processes from observations and to a better understanding of model deficits. (b) The global age of air climatology
is now well constrained by observations thanks to improved quality and quantity of data, including global satellite
data, and through improved and consistent age calculation methods. (c) Itis well established and understood that
global models predict a decrease in age, that is, an accelerating stratospheric circulation, in response to forcing by
greenhouse gases and ozone depleting substances. Observational records now confirm long-term forced trends in
mean age in the lower stratosphere. However, in the mid-stratosphere, uncertainties in observational records are
too large to confirm or disprove the model predictions. Continuous monitoring of stratospheric trace gases and
further improved methods to derive age from those tracers will be crucial to better constrain variability and long-
term trends from observations. Future work on mean age as a metric for stratospheric transport will be important
due to its potential to enhance the understanding of stratospheric composition changes, address climate model
biases, and assess the impacts of proposed climate geoengineering methods.

Plain Language Summary Transport strongly influences the composition of the stratosphere, the
layer at around 10-50 km altitude. Air masses are transported upward into the stratosphere in the tropics, and get
distributed globally by a hemisphere-wide overturning circulation. Stratospheric age of air is a measure of the
transport times along this circulation. This metric is a crucial measure of the circulation strength, deducible from
observations of certain stratospheric gases. Over the past two decades, scientific progress has been made in three
main areas. First, we now understand better which processes influence transport times. Second, we have good
knowledge on the global average distribution of age of air, thanks to more observational data and improved
methods to deduce this metric. Third, a large focus has been on climate-change related trends in age of air. While
it is well established and understood that global models predict an accelerating stratospheric circulation, the
related decrease in age of air can only be confirmed observationally in the lower stratosphere. Continuous
monitoring of stratospheric trace gases will be crucial to constrain circulation trends throughout the
stratosphere. This is essential for understanding climate change effects, improving climate models, and
assessing potential climate intervention strategies.

GARNY ET AL.

1 of 51


https://orcid.org/0000-0003-4960-2304
https://orcid.org/0000-0002-3427-6991
https://orcid.org/0000-0002-1267-5115
https://orcid.org/0000-0002-1004-0861
https://orcid.org/0009-0002-4446-2066
https://orcid.org/0000-0003-0225-8120
https://orcid.org/0000-0003-0557-3935
https://orcid.org/0000-0001-9683-5931
https://orcid.org/0000-0002-3241-5062
https://orcid.org/0009-0003-3878-7478
https://orcid.org/0000-0001-9768-3511
https://orcid.org/0000-0001-8727-9849
https://orcid.org/0000-0002-3030-7922
https://orcid.org/0000-0001-6663-1786
https://orcid.org/0000-0003-2883-6873
https://orcid.org/0009-0007-5027-7744
https://orcid.org/0000-0002-4501-6108
https://orcid.org/0000-0003-3420-9454
mailto:hella.garny@dlr.de
https://doi.org/10.1029/2023RG000832
https://doi.org/10.1029/2023RG000832
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023RG000832&domain=pdf&date_stamp=2024-10-21

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2023RG000832

stratospheric overworld

tropopause

Winter Pole Equator Summer Pole

Figure 1. Schematic of the stratospheric circulation and age of air. The schematic displays the stratospheric circulation
processes at solstice as a function of latitude and height (here with potential temperature as vertical coordinate): the mean
stratospheric overturning circulation (diabatic circulation in isentropic coordinates) is shown as thick gray arrows, including
also the global mesospheric circulation (thin gray arrow). The dash-dotted gray lines indicate the edges of the tropical pipe
(lines of zero diabatic velocity), with squiggly orange arrows indicating adiabatic mixing across these edges. The tropopause
is shown as solid blue line, and the “stratospheric overworld” is indicated to lie above the isentrope intersecting the tropical
tropopause in dashed blue. A contour of constant mean age is shown as thick green line. The inset panels show examples for
tropical and mid-latitude age spectrum, which poses different shapes despite having the same mean age. In purple, four
trajectories are traced from their entry at the tropical tropopause to the location in the mid-latitudes whose age spectrum is
shown in the right inset panel (shortest trajectory in lightest purple, longest trajectory in darkest purple).

1. Introduction

While merely around 10% of the atmospheric mass is situated above the tropopause, the composition of the
stratosphere, spanning from approximately 10-50 km, significantly influences the global climate system through
its chemical and radiatively active trace gas species. Variations in the stratospheric content of water vapor
(Solomon et al., 2010), ozone (Forster & Shine, 1997), aerosol (Solomon et al., 2011; Vernier et al., 2011) and
other trace gases (e.g., Prather et al., 2023) can substantially alter the global radiation budget and cause climate
feedbacks (e.g., Banerjee et al., 2019; Charlesworth et al., 2023). In global climate models, small uncertainties in
simulated stratospheric trace gas distributions can imply significant radiative effects (Riese et al., 2012). Hence,
understanding of the relevant processes that control stratospheric composition is crucial to comprehend and model
the coupled climate system and future changes therein.

A key factor controlling the chemical composition of the stratosphere is the stratospheric overturning circulation,
the Brewer-Dobson circulation (Brewer, 1949; Butchart, 2014; Holton et al., 1995). Brewer (1949) had postulated
the existence of such a circulation to explain measured distributions of water vapor. However, it was not until a
few decades later that the stratospheric transport circulation had been fully recognized and understood. Today, the
common conceptual picture of the Brewer-Dobson circulation (BDC) consists of global-scale circulation cells in
each hemisphere with slow upward motion (upwelling) in the tropics, poleward flow, and downwelling in the
extratropics (Figure 1, gray arrows). This overturning circulation is driven primarily by momentum deposition
through the breaking and dissipation of planetary-scale waves (Haynes et al., 1991). The wave breaking also leads
to strong horizontal stirring and subsequent mixing of air masses (in the following referred to as (two-way) “eddy
mixing”), which causes no net mass transport but influences transport of trace constituents in the stratosphere
(Figure 1, red wiggly arrows). The combined effect of slow overturning and eddy mixing shapes the distribution
of stratospheric trace gases. For example, the stratospheric ozone column (i.e., vertically integrated concentra-
tions) maximizes in the extratropics despite strongest chemical production in the tropics. This can be understood
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from the poleward and downward transport of air masses by the stratospheric transport circulation (here used
interchangeably with BDC).

A common way to diagnose the strength of the overall transport circulation in the stratosphere is by the mean
transport time from a reference surface, typically taken to be the tropical tropopause, to any given point in the
stratosphere (Hall & Plumb, 1994; Waugh & Hall, 2002). Those mean transport times are referred to as the mean
age of stratospheric air. This diagnostic of the strength of the BDC has a number of advantages, as will be
elaborated in the following: (a) Age of air measures the full transport circulation as experienced by stratospheric
trace gases, incorporating all processes, and is as such relevant to interpret observed tracer concentrations and
their changes over location or time. (b) Age of air can be directly derived from observables, namely measurements
of specific trace gases. This is opposed to the velocities of the slow overturning circulation, which are on the order
of millimeters per second, and thus cannot be directly observed. (c) Age of air is based on a solid theoretical
framework, with a general mathematical description of transport that has been developed and applied for various
systems (e.g., the ocean).

In the overall conceptual picture of stratospheric transport, as depicted in Figure 1, the regions of upwelling in the
tropics and of downwelling in the extratropics are separated from the tropics by a transport barrier (gray dash-
dotted line in Figure 1). The wintertime extratropics are well mixed due to strong wave breaking, termed “surf
zone” region (McIntyre & Palmer, 1984). The subtropical transport barrier is associated with the zero westerly
wind line, equatorward of which planetary-scale waves cannot propagate. The region of suppressed mixing within
the subtropical transport barriers is known as the “tropical pipe” (Neu & Plumb, 1999). The relatively well
separated regions of upwelling and downwelling lead to relatively young air masses in the tropics, with a steep
gradient toward older air masses in the extratropics, as depicted by a typical age contour line in Figure 1 (green
line). A certain air volume on this age contour is, however, not characterized by a single time scale, but by a
distribution of transit times, called the “age spectrum.” One can envision the air volume to consist of individual
fluid elements (Schoeberl et al., 2000) that have traveled different pathways through the atmosphere (depicted as
purple trajectories in Figure 1), making up the age spectrum. The “mean age of air” at a given location in space
and time then represents the average of the age spectrum. Age spectra in the tropics and extratropics typically
differ even if corresponding to the same mean age value (Figure 1, which illustrates the different nature of
transport to those locations). This emphasizes that age is an integrated measure of all different transport processes
like the overturning (residual) circulation advection, eddy-mixing and turbulent diffusion. Hence, age is a
measure of the net transport circulation.

In the lowermost stratosphere, below about 380 K potential temperature (see dashed blue line in Figure 1), tracers
are strongly influenced by mixing across the extratropical tropopause, in addition to transport via the BDC from
the deep stratosphere (e.g., Bonisch et al., 2009; Hauck et al., 2020). This somewhat complicates the concept of
age of air in this region due to the multiple entry points, and in this review we mostly focus our attention to levels
above the lowermost stratosphere, which is often referred to as the “stratospheric overworld” (Holton et al., 1995,
see Figure 1).

Application of age of air as a diagnostic for the stratospheric circulation has a history of several decades. In an
early attempt to estimate stratospheric age of air, Kida (1983) calculated the age spectrum from the motion of a
large number of Lagrangian air parcels to investigate transport by the Brewer-Dobson circulation. Subsequent
work has deduced age of air as lag time between stratospheric and tropospheric mixing ratios for trace gas species
with systematically increasing tropospheric concentrations (Bischof et al., 1985; Schmidt et al., 1991). However,
ambiguities in these calculations have been pointed out related to seasonal and interannual fluctuations in
tropospheric concentrations (Hall & Prather, 1993). In a seminal paper, Hall and Plumb (1994) solved these issues
and presented a precise mathematical theory relating age of air to the boundary propagator (Green's function) of
the transport operator. This theory made it clear that equality between mean age and tracer lag time exists only for
species with linearly increasing concentrations in the troposphere. For deducing mean age from other species,
information on the age spectrum needs to be included. Soon thereafter, a rigorous calculation of mean age from a
trace gas with a quadratic tropospheric increase was carried out by Volk et al. (1997), and since then numerous
studies have used this method to derive mean age of air from stratospheric trace gas measurements, such as CO,
and SFg.

Age of air derived from observations as well as diagnosed in global models has proven valuable in understanding
and quantifying the stratospheric transport circulation in many ways. Comparisons between observed and
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modeled age of air are used to evaluate the ability of global models to simulate stratospheric transport (e.g.,
Abalos et al., 2021; Dietmiiller et al., 2018; Waugh & Hall, 2002). Understanding the past evolution of the
stratospheric ozone layer and assessment of the expected progress of its recovery hinges on knowledge of how
ozone depleting substances (ODS) are transported from the troposphere to the stratosphere. Estimation of the
ozone-depletion potential of halocarbons (e.g., Engel et al., 2018; Newman et al., 2007), largely relies on
calculating fractional release factors which include information on the amount of a halocarbon that is released to
its inorganic form, that is, the species that are directly involved in catalytic ozone destruction cycles. These
calculations, in turn, relate the measured stratospheric mixing ratio to the air parcel's tropospheric mixing ratio
lagged by the stratospheric age.

Age of air has gained particular attention as a circulation measure in view of potential long-term trends in the
stratospheric circulation (e.g., Waugh, 2009). Answering the question whether the stratospheric circulation is
increasing in a future climate is highly relevant when assessing and projecting impacts of climate change. Models
predict an acceleration of the stratospheric circulation in response to rising greenhouse gases (GHG) (Butch-
art, 2014), with impacts on the transport of stratospheric ozone to Earth's surface (Hegglin & Shepherd, 2009) and
on the distribution, and thus radiative forcing, of ozone and water vapor. The fact that age can be derived from
tracer observations provides one of the few ways to verify this model prediction. To date, observationally-based
age records confirm model simulated age trends only in the lower stratosphere (Ray et al., 2014), while in the
middle stratosphere past studies suggested a discrepancy between models and observations (Engel et al., 2009,
2017). This has been the motivation for many studies over the past years to better understand the processes leading
to age of air changes, as well as uncertainties in deriving age of air from observations.

As age is based on a general mathematical framework it can be applied also to other geophysical circulations
beyond the stratosphere. Recently, age theory has been applied to estimate tropospheric transport time scales from
the surface to the tropopause and lowest stratosphere (Luo et al., 2018; Ray et al., 2022). In this regard, age can be
applied as a diagnostic for rapid convective transport, but needs to take into account regional aspects of the
reference surface (e.g., Holzer & Hall, 2008; Orbe et al., 2013). Also for ocean circulation the age theory is
frequently applied to investigate transport time scales (e.g., Haine & Hall, 2002). In this case the ocean or water
age is defined based on when the water was last in contact with the surface ocean, and in the ocean interior it is
significantly higher (decades to centuries or even millennia) compared to stratospheric age of air which usually
ranges from months to years.

More than two decades have passed since the publication of the last review article on age of stratospheric air by
Waugh and Hall (2002), and numerous research activities have been undertaken and led to new results and in-
sights into stratospheric transport and age. Therefore, we consider it to be the right time for a new, updated age of
air review paper. First, research on the question whether the stratospheric circulation is changing with increasing
GHG has substantially enhanced our knowledge of the stratospheric circulation and stratospheric age of air.
Nevertheless, the key question whether there is a significant circulation trend remains unanswered, and here we
provide a new age trend assessment based on a synthesis of most recent results. Second, new age-based di-
agnostics which are dedicated to disentangling the effect of different processes, like the residual circulation, eddy
mixing, or vertical mixing have been developed over recent years. Third, satellite trace gas observations have
become available which allow the deduction of global age of air distributions from measurements. Also, new in
situ observation capabilities have been set-up enabling local estimates of stratospheric age with high precision. In
particular in view of these new observational capabilities it appears critical to consolidate on a method of how to
calculate stratospheric age of air from observations which identifies and reduces the uncertainties inherent in
these calculations. Such a “consolidated recipe” to calculate stratospheric age from realistic, measurable trace gas
species, including all current knowledge of related methodological uncertainties, is provided in this review article.

The structure of this review article is as follows. First, Section 2 provides the theoretical background with special
emphasis on the aspects relevant to calculate age from observations and in models. Thereafter, Section 3 discusses
the relation between age and various transport processes, first within an idealized model framework and then
based on global age distributions, and reviews recently developed age-based diagnostics for particular transport
processes. Section 4 presents an overview of available measurements for stratospheric age calculation, both based
on satellite and in situ balloon and aircraft data. This section also provides a review on how age has been deduced
from tracer observations, including the consolidated recipe for age calculation we suggest here. In Section 5, we
review how most recent model simulations represent age, both compared to each other and compared to
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observations. Section 6 reviews our knowledge on variability and trends in age, and provides a synthesis of most
recent findings on this subject leading to a new assessment of stratospheric age trends. Finally, Section 7 points
out the main conclusions from this review and summarizes our subjective view of most urgent open issues
regarding stratospheric age.

2. Theory of Age of Air in Geophysical Fluids

Transit time is frequently used as a diagnostic of circulation, both for the circulation in the ocean and in the
stratosphere. In the stratosphere, the transit time of air to a given location has been termed the “age of stratospheric
air” (in the following the “stratospheric” is dropped in many instances for brevity). In the following we review the
general theory of age of air, with a special focus on those aspects relevant for the calculation of age of air from
realistic, measurable tracers, which will be later introduced in Section 4.

2.1. The Transit Time Distribution or Age Spectrum

Without the existence of atmospheric mixing processes (including molecular diffusion), an air parcel would
remain intact during its travel through the stratosphere and would be characterized by a single transit time and
constant composition (for a chemically passive gas). However, as mixing processes on a wide range of different
scales, eventually cascading down to molecular diffusion, are present in the real atmosphere, such an air parcel
will undergo changes in its composition on the way through mixing with other air parcels. Thus, it can be
considered as a mixture of “fluid elements,” which traveled different paths for different durations to end at the
same time ¢ and location x (see Figure 1). The statistical distribution of the transit times of these fluid elements
(often termed “irreducible,” e.g., Schoeberl et al., 2000) making up a given air parcel is termed its age spectrum.
Mathematically, this description was formalized by Hall and Plumb (1994) based on the transport equation of a
conserved and passive tracer, that is,

(% _
E+£(;()_0. (1)

Here, y is the tracer mixing ratio and L the transport operator, which is assumed to be linear for the trace gas
species under consideration. As for many fluid-dynamical application, in the case of stratospheric tracer transport,
L may be represented as an advection-diffusion operator (e.g., Holzer & Hall, 2000). Since the operator L is
linear, the general solution to Equation 1 subject to a time-varying homogeneous boundary condition y, on a
given reference surface S, can be expressed using a form of Green's function Q(x,t; So,t’) , which depends on both
the given stratospheric sampling location x and the reference source surface S, as well as the time ¢ and source
time ¢’ . The Green's function can be re-written as a function of transit time or ager=1— ¢’ instead of source time,
G(x,t;89,7) = Q(X,t; So,t'), such that the general solution to Equation 1 is given by

t

x(x,0) = /0[)(0 (t') Q(x,t; So,t') df’ = /0)(0([ —1)G(x,1; Sy,7) dr. 2)

Specifically, G(x,1; So,t) is the solution to Equation 1 satisfying the boundary condition y(¢) = 6(t — 1) and
initial condition y(x,0) = 0. Because it effectively propagates the boundary condition through the whole domain,
G is sometimes referred to as the boundary propagator (for a rigorous presentation, see Holzer & Hall, 2000).
When written in terms of transit time, G(X,#; Sy,7) is termed the “age spectrum” of stratospheric air (e.g., Hall &
Plumb, 1994). In the more general case of inhomogeneous boundary conditions, the general solution (Equation 1)
includes a spatially dependent boundary propagator integrated over the boundary surface (e.g., Holzer &
Hall, 2000).

As G represents a distribution of transit times, the choice of the reference surface S, is of particular importance. In
general, S, can be chosen as any surface where the flow enters the domain, but usual choices are the tropical
tropopause or the tropical or global surface. If the Earth's surface is chosen as reference, the transit time also
includes the time scale of tropospheric transport which, however, can usually be assumed to be much smaller
(days to weeks) than the stratospheric transport time scale (months to years). The only necessary condition for the
reference surface is that the considered trace gas mixing ratio is homogeneous on that surface (but allowed to be
time-varying), so that it can be written as y, (t/) in Equation 2. For most trace gases, the tropical tropopause

GARNY ET AL.

5of 51

diy) suonIpueD pue swis 1 841 ass *[120z/TT/ET] U0 AkIgIT8UIUO A8|IM “UBWSD Z}oywRH " Ul MUed Wey N4 'J WnieZ yasia Ad Ze80009HEZ0Z/620T OT/I0p/LI00 A8 Im ARelq1jput|uo'sandnfie//sdiy woJy papeoiumod 'y b0z '8026v6T

0B 1M ARe1q!

5017 SUOWILLIOD A0 3|qeo1|dde 8y Aq peusenod afe Sapo1Le YO SN J0 S9N 10§ AReiq 1T 8UlIUO A3|IA UO (SUONIPUOD-pUE:



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2023RG000832

fulfills this condition, because the troposphere is well-mixed, and can be considered as “single entry point” into
the stratospheric overworld (above about 380 K, see Figure 1). In the lowermost stratosphere, however, this single
entry point assumption generally does not hold as a substantial amount of air originates from the extratropical
tropopause where the tracer entry mixing ratio differs (e.g., Hauck et al., 2020, and discussion in Section 4).

Assuming a sufficiently long time passed since starting to release a tracer with a constant boundary condition
(xo = 1) at the reference surface, this constant mixing ratio propagates to the whole domain (y(x,#) = 1). In this
limit (# — oo0), Equation 2 leads to the normalization condition of the age spectrum:

/+mG(x,t; 7)dr = 1. 3)
0

Here and in the following, we have dropped the reference to the source surface for compactness. The normali-
zation to unity reflects the property of the age spectrum to be the probability distribution of transit times for an air
parcel.

2.2. Mean Age of Air

Of particular interest for investigations of stratospheric transport is the first moment of the transit time distribution
G, which is termed the mean age I" and is defined as

I'(x,t) = f wr G(x,t; 7)dz. 4)
0

For a tracer whose mixing ratio is linearly growing at the boundary according to y, = a t (where a is the constant
growth rate), mean age can be calculated without knowledge of the age spectrum, as in this case Equation 2
reduces to the simple relation

x(x.1) = ot —=I'(x.1)) = a (1 = I(x.1)) ©)

Hence, for such a particular tracer the mean age is nothing but the lag time between the given stratospheric mixing
ratio and the occurrence of that mixing ratio in the tropospheric reference time series. Note that this relation is
valid for any age spectrum but only for a tracer linearly increasing at Sy, although useful approximations exist for
periodic and exponentially growing tracers (Hall & Plumb, 1994).

It is also illustrative to consider the transport equation Equation 1 in the absence of mixing. In this case,
Equation 1 is solvable along Lagrangian trajectories (the characteristics of the equation), and
g(x.1; /)= 6(/ —T(x,1)) and y(x,1) = yo(t — [(x,1)). Hence, in this case, the mean age I'(x, 1) corresponds to the
actual, unique transit time from the boundary to (x,7).

By construction, mean age has a number of specific properties which make it especially appealing to characterize
transport. Considering the transport equation for a linearly increasing tracer, hence inserting Equation 5 into
Equation 1 shows that this definition is mathematically equivalent to that of the “ideal age,” that is a tracer with
source of one unit per unit time in the interior of the domain, whose evolution is governed by

or
o +L(I) =1, 6)

with I' = 0 at the boundary Sy (Neu & Plumb, 1999). As L includes all transport processes (i.e., advection,
mixing, diffusion), mean age measures the full transport circulation as seen by a tracer and is as such a useful
measure of the net transport circulation.

2.3. Moments of the Age Spectrum

It is instructive to consider also higher-order moments M,, of the age spectrum, which can be defined similarly to
the definition of mean age I" as
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M, (x,1) = f+anG(X,l; 7)dr. @)
0

These higher-order moments can be related to tracers with a boundary condition evolving as a polynomial
function of time 7 and of order N, given by y,(t — 7) = y,(t) + Zﬁ:’:l a,7", where the a,, are the coefficients of the
polynomial. Inserting this boundary mixing ratio timeseries into Equation 2 yields

N
2,0 = 1o(D) = D ap M, (x,0). ®)

n=1

A particular case of such tracers with polynomial boundary condition are linearly increasing tracers, where N = 1,
a; <0, and y(t — 1) = () + 7.

The second order moment of the age spectrum is of particular interest as it is used to define the width A of the
spectrum

My(x,0) — T(x,0)*

. ©

A(x,1) = %/‘*"”(T —I'(x,0)*G(x,1,7)dr =
0

A related parameter that is frequently used to parameterize stratospheric age of air spectra is the ratio of moments,

which is defined as the ratio of spectrum width squared and mean age A?z.

It should be stressed that moments of the age spectrum are very sensitive to aged air, that is, the tail of the age
spectrum. This statement is already valid for mean age and holds even more so for higher-order moments. From
theoretical considerations of the linear transport operator presented in Prather (1996) and Ehhalt et al. (2007), and
from model studies (e.g., Diallo et al., 2012; Ploeger & Birner, 2016; Scheele et al., 2005), it may be argued that
the decay of the tail of the age spectrum may be approximated as an exponential function of transit time
(G(x,1,7) = A(x,1)exp(—A(x,1)7). The contribution of the tail to the age spectrum moment of order n, denoted
oM, can be readily estimated in the case of an exponential tail as

M, (x,1) = / +m1”A(x, t)exp (—A(x,1)7) dz, (10)

and the expression is nothing but the incomplete gamma function of order n + 1.

2.4. Insights From Conceptual Models of Stratospheric Transport

To gain understanding on the stratospheric transit time distribution and its sensitivity to processes, it is
enlightening to consider idealized models of stratospheric transport (Waugh & Hall, 2002). As a simplified model
of stratospheric transport, the global diffusor model has been introduced by Plumb and Ko (1992). This model
assumes very rapid horizontal mixing compared to the much slower overturning circulation, such that mean
transport in this model reduces to a 1D-diffusion equation

dy Kk df dy
AL, = 11
at+pdz<pdz) 0 (n

with H the density scale height (p = p, exp(—3)). Strictly, the vertical coordinate in the global diffusor model is
the reference height of isopleths of a long-lived tracer.

Assuming a constant diffusivity , the analytical solution to the transit time distribution (Hall & Plumb, 1994) in
this model corresponds to the Wald, or inverse Gaussian function

[ 3 _ 2
G(T) = 47[2213 exp (_ I_‘(:.Azl;) >, (12)
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which is completely parameterized by its first two moments (mean age and width). The mean age I follows from
using this explicit form of the age spectrum in Equation 4 and is given by I" = %z, and similarly the age spectrum

widthby A = —“‘)’:7 Consequently, the ratio of moments is given by A?z = HTZ Note that the ratio of moments in that

model is independent of z.

The canonical form of the transit time distribution as an inverse Gaussian function, as given in Equation 12, is
frequently used as a first guess for stratospheric age spectra. Using a single age spectrum of this shape for
stratospheric transport inherently assumes a single entry point for transport into the stratosphere. As discussed
above, in the lowermost stratosphere this assumption does not hold and additional adjustments are necessary (see
also Section 4).

The global diffusor model only provides an imperfect conceptual picture of stratospheric transport. In particular,
it does not account for mixing barriers at the edge of the polar vortex and the subtropics. Another conceptual
picture that does account for mixing barriers is the tropical pipe model (Plumb, 1996), which represents
stratospheric transport with three coupled vertical profiles corresponding to the isolated tropics and the hori-
zontally well-mixed extratropical surf-zones. However, it was soon acknowledged that while the tropics are
relatively well isolated, horizontal mixing between the tropical upwelling region and the extratropics is crucial for
amore complete conceptual picture of stratospheric transport, leading to the formulation of the tropical leaky pipe
(TLP) model (Neu & Plumb, 1999). The TLP model will be used later in Section 3.1 to illustrate the sensitivity of
age of air with respect to different transport processes.

3. Transport Processes and Diagnostics

Stratospheric age of air is affected by the interplay of a variety of different transport processes (e.g., residual
circulation transport, eddy, and turbulent mixing; see Figure 1) and integrates the effects of these processes along
the air parcel's pathway. In general, it is not straightforward to interpret a given age of air change in terms of either
residual circulation or mixing changes. First, mean age is a non-local and non-instantaneous measure of circu-
lation, essentially integrating the transport processes in space and time. Second, dynamical processes driving
residual circulation and eddy mixing can be tightly related (e.g., breaking of atmospheric waves), so that their
relative effect on mean age is not immediately clear. Conceptual models can be used to gain understanding on the
role of different processes for mean age and the age spectrum, as will be demonstrated in the next Section 3.1. To
quantify the role of different transport processes for age of air and its changes from global comprehensive model
or observational data, sophisticated diagnostics have been developed based on theoretical understanding, as will
be reviewed in Section 3.2.

3.1. Insights on Effects of Different Processes on Age of Air From a Conceptual Model

The TLP model represents stratospheric transport with three coupled vertical profiles corresponding to the
relatively isolated tropics and the horizontally well-mixed extratropical surf-zones of each hemisphere (see Text
S4 in Supporting Information S1 for equations and details). This conceptual model includes mean advection,
vertical diffusion in each of the three columns and horizontal mixing between the tropics and extratropics.
Analytical and numerical solutions for the age spectrum and mean age in idealized TLP model settings with
constant vertical velocities have been presented in Neu and Plumb (1999) and Hall (2000) and highlight the role of
different transport processes. First considering only the advective part of the circulation, the tropical pipe age
spectrum is characterized by a pronounced mode responding to the bulk advection with tropical upwelling ve-
locity. The mid-latitude column naturally exhibits a long tail resulting from the downwelling of air detrained from
the tropics at different levels. Including the mixing term between the tropics and extratropics generates recir-
culation loops and tends to introduce a tail in the tropical spectrum and to increase the tail in the mid-latitude
spectrum. The TLP model allows independent variation of residual circulation upwelling and eddy mixing,
and thus is ideally suited to demonstrate how different processes affect mean age and the age spectrum, as will be
described in the following.

3.1.1. Mean Age

A set of idealized TLP model simulations demonstrate the sensitivity of residual circulation, eddy mixing and
vertical diffusion on mean age. The TLP model equations were solved with particle trajectories and
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Figure 2. Idealized tropical leaky pipe mo

del results demonstrating sensitivity of mean age (left) and age spectra in tropics (middle) and mid-latitudes (right) to different

processes: Top row shows sensitivity to mean circulation changes, the middle row sensitivity to mixing time scale changes and the bottom plot sensitivity to vertical
diffusion. Solid lines are tropical profiles, dashed lines mid-latitude profiles. The spectra are averaged over 8—10 km above the tropopause in each region. The oldest and
youngest mean ages for the midlatitude spectra are shown by the vertical dotted lines.

photochemistry as in Ray et al. (2016). The reference state vertical velocity and horizontal mixing time scale
profiles are also similar to previous studies (Ray et al., 2014, 2016) and based on MERRA reanalysis (see Figure
S9 in Supporting Information S1 for the profiles). Figure 2 shows TLP model output sensitivity to mean cir-
culation strength, horizontal mixing time scales and vertical diffusion. The mean circulation in the runs is varied
by +20% around the reference profile. The response of mean age to residual circulation changes is straightforward
to interpret: mean age decreases with faster circulation both in the tropics and mid-latitudes, with changes by
30%—40% at all levels.

The sensitivity to horizontal mixing time scales between the mid-latitudes and tropics is shown by varying the
value of the mixing efficiency parameter ¢ and holding the mean circulation strength constant (see Text S4 in
Supporting Information S1) for details on the relation of the mixing efficiency and mixing time scale, and Figure

GARNY ET AL.

9 of 51

a 't 'v202 '8026v6T

wouy

SUONIPUOD PUe SWB | BUY 89S *[720Z/TT/ET] U0 AfRIqIT 8UNUO AB|IM “URWeD Z}OYWRH A Ul MUyed Wwney "N-4n 4 Wwniuez yasid Aq Ze80009HEZ02/620T OT/I0p/LID A1

fonm

85UB017 SUOWILLIOD A0 3|qed 1 jdde 8y Aq peusenob a1e s3Ik YO ‘8SN JO S3|N. 10} AT 8UlUO AB[IAA UO (SUORIPUOD-P



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2023RG000832

S9 in Supporting Information S1 shows the mean age (see Figure 2, left middle row) increases by roughly the
same amount in both the tropics and mid-latitudes at all levels greater than ~5 km above the tropopause in
response to faster mixing. This effect of horizontal eddy mixing leading to a global increase in mean age above the
level of mixing can be directly derived from the TLP model (see Neu and Plumb (1999)), and can be conceptually
understood in the following way: horizontal eddy mixing transports relatively young air from the tropics to the
mid-latitudes and old air from mid-latitudes to tropics. This might lead to the expectation that age of air would
decrease in the extratropics due to mixing; however the old air mixed into the tropics will travel upward in the
tropical pipe, and eventually be advected to the extratropics, where the air parcel sinks to the initial mixing level
(see example trajectories shown in Figure 1). Thus, this air parcel contributes to “aging” in the extratropics which
can be shown to overcompensate the initially mixed younger air (see e.g. Garny et al., 2014). This process is
sometimes referred to as “re-circulation.” The response of mean age to mixing changes is nonlinear in the sense
that mixing time scale changes from the shortest mixing times result in relatively larger mean age changes
compared to mixing time scale changes from the longest mixing times.

One fact to note is that increases in mixing strength amount to similar increases in mean age in tropics and in mid-
latitudes. A faster residual circulation, on the other hand, decreases mean age more strongly in the extratropics
than in the tropics. This fact revealed from the conceptual model can be generalized and used to infer circulation
strength from the difference of mean age between tropics and mid-latitudes (see Section 3.2.1).

The sensitivity to vertical diffusion is shown by varying the value of the vertical diffusivity constant k., from 0.01
to 0.3 m?/s in both the tropical and mid-latitude regions while holding the mean circulation and horizontal mixing
fixed at the base profile values. In general, the stronger the vertical diffusion the younger the mean age in both
regions and at all altitudes, consistent with previous studies (e.g., Dietmiiller et al., 2018). For the largest values of
k., the sensitivity of mean age decreases, suggesting a saturation of the effect of vertical diffusion. The effect of
vertical diffusion on mean age can be understood as essentially an additional “effective” vertical velocity, and
appears to have similar effects on mean age as a faster residual circulation. Therefore, it is not trivial to judge
based on mean age alone which process is responsible for mean age changes or differences among models (see
e.g. Guptaetal., 2021). In the following it will be discussed that the age spectrum does show distinct responses to
changes in the individual processes, demonstrating the usefulness of the age spectrum for understanding transport
processes.

3.1.2. Age Spectrum

The age spectra sensitivity to various processes is shown in Figure 2 (middle and right panels) based on the same
TLP model runs discussed above. The Lagrangian particle trajectory technique of these TLP runs allows age
spectra to be calculated in vertical bins for each region (Ray et al., 2014). The mean circulation strength affects the
timing of the mode as well as the shape and the tail of the spectra. A slower circulation results in a mode at an older
transit time, concomitant with a flattening of the peak. This response is roughly linear, as can be seen most clearly
in the tropics. The mid-latitude spectra clearly show the difference in the tail beyond 6 years where there is
significantly higher probability for the slower circulation runs. The ratio of moments (see Section 2.3) increases
both in the tropics and mid-latitudes for a slower circulation, thus the broadening of the spectrum dominates over
the increasing mean age.

The mixing sensitivity is different to that of the mean circulation in that the timing of the spectrum mode does not
change but the shape of the tail does such that faster mixing results in a higher probability of transit times older
than seven (two) years in mid-latitudes (tropics). The change in the slope of the tail does affect the amplitude of
the mode as expected since the spectra are normalized. In the mid-latitudes, the spectrum tail appears to become
insensitive to horizontal mixing, in particular for the fastest mixing time profiles. Faster mixing leads to an in-
crease in the ratio of moments, similar to a slower circulation.

The age spectrum sensitivity to vertical diffusion is unique from either of the other two processes in that the
diffusion changes both the mode timing and the shape of the tail but in the opposite sense to the mean circulation
changes. A larger vertical diffusion moves the mode to a shorter transit time (in the tropics), while also increasing
the probabilities in the tail of the spectra. These age spectrum sensitivities demonstrate how diffusion acts to
spread air parcels and essentially flattens the distribution of ages. Given the younger mean age, and broader age
spectrum, the ratio of moments increases for enhanced vertical diffusion.
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3.2. Transport Diagnostics Based on Global Age and Tracers

As demonstrated in the previous Section 3.1, interpreting age of air changes in terms of processes is challenging as
an interplay of residual circulation advection, eddy mixing and vertical diffusion affects age of air in non-unique
ways. To quantify the role of those transport processes individually in the atmosphere or in complex models it is
necessary to apply sophisticated transport diagnostics to unambiguously interpret actual age of air changes. Over
recent years, two new diagnostic frameworks have been established and applied to model and observational age
data. Both diagnostic frameworks essentially target to separate the role of the mean advective circulation on age of
air from the effects of quasi-horizontal eddy mixing. The former (Section 3.2.1) uses a rigorous formulation in
isentropic coordinates, and allows to estimate the strength of the mean diabatic circulation from the age difference
between tropics and extratropics. As such, it only requires global data of mean age on isentropes, providing the
unique opportunity to diagnose the strength of the overturning circulation from observational data. The second
framework (Section 3.2.2) explicitly calculates the contribution of residual circulation advection and mixing to
mean age of air, and can be applied to model data upon knowledge of the mean age and the 3-D winds. This
separation between residual circulation and mixing proved particularly useful to better understand the impact of
those processes on local age of air (changes), as well as model differences.

3.2.1. Diabatic Mass Flux Strength From Age Difference

A process diagnostic that can be derived from mean age and that has been developed further over the recent years
is the difference of mean age between tropics and extratropics, which can be related theoretically to the total mass
flux (or the diabatic circulation), thus separating the advective part of the circulation from effects of eddy mixing.

As age is a record of the Lagrangian history of a parcel, it has a useful relationship with mass transport, as pointed
out by Neu and Plumb (1999) and more recently by Linz et al. (2016, 2021). Indeed, considering a general
advective-diffusive transport operator £(y) = uVy + /l) V- (p k Vy) it can be shown from the continuity and age

evolution equations that the age substance pI” obeys the budget equation:

r
%+V~Fr=p, (13)

with the flux of mean age F' given by FT = pI'u + p x VI. Integrating Equation 13 over a volume V bounded by
a closed surface S and assuming steady-state results in a relation between the age flux and mass

f F' -ngdA = M, (14)
S

with the normal unit vector ng pointing outside of the volume. Hence, the total age flux leaving the volume V
through the boundary surface S is equal to the mass of air enclosed by that surface. This statement holds for any
closed surface, be it a pressure level, or the tropopause. Particularly suitable is a translation of the circulation to
isentropic coordinates as it naturally separates the isentropic horizontal mixing from the meridional diabatic
circulation and is thus desirable for disentangling the effects of these processes on age, as done in Linz
etal. (2016, 2021). The meridional circulation in isentropic coordinates covaries closely with the more traditional
residual circulation vertical velocity, especially if the residual circulation is calculated using diabatic heating rates
as well (Linz et al., 2019). Hence, we rewrite the relationship between age flux and mass above a surface
(Equation 14) in isentropic coordinates:

f 60TdA = —M(6), 15)
0

where o = —é % is the isentropic density, @ is the diabatic heating (the vertical velocity in isentropic coordinates),

Jp is the integral over the 6 surface and M(0) = fy6dV is the mass above the @ surface. This relationship has
neglected diabatic diffusion, so the extent to which this relationship holds for a model is a measure of the
combination of diabatic and numerical diffusion (Gupta et al., 2021).
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Figure 3. Diagnosing the diabatic circulation strength from the age difference. (a) Schematic of the time-mean (or statistically steady-state) circulation with one
isentrope in the stratosphere emphasized in black. The upwelling region is shown in solid black, and the downwelling region is shown in dotted black. (b) Updated from
Linz et al. (2017, Figure 2), the age difference between the tropics and extratropics from a model (WACCM) run with ideal age (blue) and an SF¢-based age (green) with
no sink correction. Note that the mesospheric sink in this version of WACCM is too weak. Purple shows the age difference calculated from the most recent MIPAS SE
retrievals but without the mesospheric sink correction, and red shows the age difference from MLS N,O using the cubic fit from A. E. Andrews, Boering, et al. (2001).
(c) Updated from Linz et al. (2017, Figure 3), the implied diabatic circulation strength from the two age products shown in (b), from two reanalyses based on their radiative
heating rates (dashed lines, JRA-55 in teal and ERA-Interim in yellow) and from the radiative heating rates in WACCM (blue dotted line). For more details, see Linz

et al. (2017).

To determine the total overturning mass flux through a surface, that surface is divided into upwelling and
downwelling regions and the total flux through each is equal and is given by

/ 60dA = —f 60dA = M(0). (16)
up down

Then,

MAT = / 60TdA = M, a17)
0

where AI' =T'; —T', is the difference in mass-flux-weighted age averaged over the downwelling region (where

6<0) and over the upwelling region (where 6> 0). This is shown schematically in the first panel of Figure 3.

For this relationship to hold identically, it is necessary to know the age and the velocities through the isentrope, as
I'y and T, are mass-flux weighted, but area-weighting introduces only a small bias (about 10% in an idealized
model with seasonal cycle, Linz et al., 2016). Thus, the age, pressure, and isentropic density on an isentropic
surface are sufficient to calculate the mass flux through that surface. Note that the total circulation strength is not
related to the average of all age above the surface but is related to the difference in age between upwelling and
downwelling through the surface. The mixing is along the isentrope and affects both regions equally.

This age difference diagnostic was applied to mean age from model as well as satellite data (Linz et al., 2017).
These results are shown in Figure 3 in panels (b) and (c). The satellite-based data from MLS N,O are only valid
for a limited region because of the limitations of the translation from N, O to age. The version of the MIPAS SE;
age used here has not been corrected for the mesospheric sink. Based on the WACCM model, this sink will start to
impact the age difference quite substantially above 700 K, but this version of the WACCM model has too weak a
mesospheric sink, and so the comparison is likely invalid even at lower levels (compare also to Garny, Eichinger,
etal., 2024). For the region between 450 and 500 K, the different calculations generally agree well for the diabatic
circulation strength.

Given this diagnostic can be applied to mean age derived from satellite products, it provides a unique opportunity
to estimate the strength of the mean diabatic overturning circulation from observations. With improved methods
to derive mean age, and additional data products becoming available (see Section 4), this is a promising avenue
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for future research. Ongoing work is using the age from SE, with a mesospheric sink correction and from N, O to
calculate the mean circulation strength and trends.

Two notable follow-up papers use this diagnostic framework to address the diabatic mass flux in isentropic
coordinates and along-isentropic mixing. Linz et al. (2021) present the hemispheric separation of the diabatic
mass flux calculation and describe a metric for along-isentropic mixing into and out of the tropical pipe region
based on the vertical gradients of age in the tropics or extratropics. These diagnostics are more limited than the
global diabatic mass flux calculation because of assumptions about regions being well mixed: both assume that
the tropics are well mixed, and the along-isentropic mixing metric assumes that the extratropical region is well
mixed. This latter assumption is not reasonable and leads to nonphysical implied mixing in some cases, which was
addressed by a follow up study by Gupta et al. (2023). That study presents the age-isentropic streamfunction that
better represents the full picture of the stratospheric mixing and eliminates nonphysical results from Linz
et al. (2021). The age-isentropic streamfunction does rely on more than just observed age, however, and so it
cannot be calculated directly from observations.

3.2.2. Residual Circulation Transit Times and Aging by Mixing

The effects of different transport processes on age, in particular of the interplay of residual circulation advection
and eddy mixing, can be clearly illustrated by consideration of the zonal mean tracer continuity equation
(Equation 13). For mean age and in isentropic coordinates, this age budget equation can be written (see also D. G.
Andrews et al., 1987; Plumb, 2002)

- Voo 1 |
oF= 1 -2, -0l +=V-M —=0,(oT), (18)
R/—/L/—/ L,_/ o
Source advection mixing

Here, (V*§*> represent the 2D zonal mean residual circulation, ¢ the isentropic mass density, a Earth's radius,
overbars denote zonal mean quantities and primes the deviations from these. The 2D eddy flux vector components

for mean age are given by M, = —(6v) T’ and M}, = —(¢Q)'T". The first term on the right-hand side represents
the unit source of age, the second term the avection by the residual circulation, and the third term represents the
effects of eddy mixing. The last term on the right-hand side is generally very small and can be neglected in the
budget.

Integration of Equation 18 along air parcel trajectories, the characteristics of the equation, results in a decom-
position of mean age into residual circulation transit time (RCTT) and the integrated mixing effect, which has
been termed “aging by mixing” (Garny et al., 2014). The RCTT is calculated as the transit time along 2D residual
circulation trajectories, and as such requires knowledge of the residual circulation velocities from model or
reanalysis data (T. Birner & Bonisch, 2011). The concept of RCTT was used earlier to estimate stratospheric
transport timescales (Rosenlof, 1995). More recently, the diagnostic of RCTTs has proven useful to disentangle
the effects of residual circulation transport and mixing in reanalysis and global models (Garny et al., 2014;
Ploeger et al., 2015). Based on 3D model data, the effects of mixing on age can be calculated explicitly by
integrating the eddy mixing tendency in Equation 18 along the residual circulation trajectories (Ploeger
et al., 2015). If 3D data is not available (e.g., for observations) the aging by mixing can be calculated to a good
approximation as a residual in the age budget (mean age minus RCTT). It should be noted that the aging by mixing
term is influenced both by the mixing strength and by the residual circulation strength through recirculation (see
Garny et al., 2014, a faster circulation will cause faster re-circulation and thus reduced aging by mixing.).

The stratospheric distribution of mean age, RCTT and aging by mixing is shown in Figure 4 based on a reanalysis-
driven transport model. Throughout the stratosphere the contributions of residual circulation and mixing on mean
age are of similar magnitude. RCTT is, in general, younger than mean age, except in the polar lower stratosphere.
The large latitudinal gradients in RCTT polewards of about 60° indicate the separation between the shallow and
deep branches of the Brewer-Dobson circulation (T. Birner & Bonisch, 2011). Compared to the RCTT, mixing
causes a significant aging of stratospheric air, in particular in mid-latitudes around 50 hPa. This additional aging
by eddy mixing is consistent with the conceptual model results discussed in the previous section, and the aging by
mixing diagnostic can in addition reveal the 2D structure of mixing effects. Specifically, aging by mixing is
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Figure 4. Effects of residual circulation and eddy mixing on age of air. (a) Mean age from ERAS5-driven CLaMS model simulation as annual average (contours
highlighted in black), with pressure levels shown as gray lines. (b) Same but for residual circulation transit time. (c) Same but for the integrated mixing effect “aging by

mixing” (explicitly calculated).

highest in the lower stratosphere in mid-latitudes, where the integrated effect of mixing and re-circulation
maximizes, while the tropics and high latitudes are more isolated (for a thorough discussion, see Ploeger
et al., 2015; Garny et al., 2014). Furthermore, if the aging by mixing is calculated explicitly from the resolved
fluctuations in the 3D fields, the residual from the age budget in Equation 18 can be analyzed for effects of
unresolved mixing in models due to numerical diffusion (Dietmiiller et al., 2017).

4. Age of Air From Observations

This section presents and discusses the basic principles related to the calculation of mean age of air from ob-
servations of long-lived tracers (Section 4.1), the currently available observational data from in situ (Section 4.2)
and remote sensing (Section 4.3) methods and the consistency of data from different sources (Section 4.4).
Finally, transport diagnostics that can be derived from observed age-related tracers are reviewed in Section 4.5.

4.1. How to Calculate Mean Age From Realistic Tracers

The basic relationship on which all methods to derive mean age of air in the stratosphere rely is Equation 2. This
equation states that the mixing ratio of an inert tracer in the stratosphere can be described by the integration
backward in time over the representative tropospheric mixing ratios weighted by the transit time distribution.
Consequently, the observed mixing ratio in the stratosphere carries information on the transit time distribution and
in particular its first moment, the mean age of air (see Equation 4). In the derivation of Equation 2, two funda-
mental assumptions have to be made. This is first that the tracer is chemically inert, thus it neither is destroyed nor
is it produced during the transport process. The second fundamental assumption is that there is a single point of
entry from the troposphere into the stratosphere, which in practice is interpreted as a homogeneous region (the
tropical tropopause) rather than a single point. The transit time distribution is thus the probability density function
for the occurrence of a given transit time from this single point of entry to the given location in the stratosphere for
which the mean age of air is sought. This assumption of single entry point is closely related to a second pre-
requisite, which is that the tropospheric reference time series is a unique function and that the time series of the
input mixing ratio to the stratosphere can thus be described correctly using a single time series. The tracers most
commonly used in the past to derive mean age of air are SE; and CO,. Other tracers, in particular CH4 and N, O,
while not being age tracers have also been used in the calculation of mean age and in deriving global age dis-
tributions. Available databases for these tracers and other tracers that have been suggested to be used as mean age
tracers in the stratosphere are discussed in Sections 4.2 and 4.3.

In Section 4.1.1, we will discuss the reference time series and how these can be derived for several decades into
the past. We then discuss in Section 4.1.2 how well the assumption of chemical inert behavior is in reality for the
different mean age tracers which have been used, and how deviations from chemical inertness can be corrected
for. Finally, it has been shown by Hall and Plumb (1994) that Equation 2 can be solved very easily to derive the
mean age of air in case of a linear time series of the mean age tracer. In this ideal case, no information on the shape
of the transit time distributions is needed. We will discuss in Section 4.1.3 how well this assumption is met for
different tracers and discuss methods used to correct for non-linear behavior. All methods used to correct for non-
linear behavior require some knowledge or assumptions on the shape of the transit time distributions. Of
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particular importance in this correction is the so-called ratio of moments, that is, the ratio of the squared second
moment of the transit time distribution (the width) to the first moment of the transit time distribution (see Sec-
tion 2.3). This property can be derived from atmospheric transport models but is not a directly observable
quantity. Section 4.1.5 finally describes a suggested method to derive mean age of air. Python source code for the
numerical implementation of this suggested method is made publicly available (Wagenhiuser et al., 2024; see
also Data Availability Statement Section). A number of age data sets have been recalculated with this method and
are discussed and inter-compared in Section 4.4.

4.1.1. Reference Time Series

To calculate mean age from tracers, the time-series of the input reference mixing ratios of the age tracer is
required (see Equation 2). The reference surface where the age of air is defined as zero has traditionally been
considered to be the tropical tropopause for air parcels in the stratospheric overworld (e.g., Kida, 1983). Since
there are no regular measurements of trace gases at the tropical tropopause, measurements at the earth's surface
have been most commonly used as reference time series. An average of mixing ratios observed at Mauna Loa
(19°N) and American Samoa (13°S) have often been used to derive representative entry mixing ratios for the
tropical tropopause (e.g., Boering et al., 1996), in some cases with considering a lag between about 26 days (Park
et al., 2007) to about 2 month (Boering et al., 1996) to approximate the transport time from the surface to the
tropical tropopause. Volk et al. (1997) even used a lag time of 0.8 years based on the observed lag of SE; mixing
ratios between the global mean surface time-series and the tropical tropopause. Especially for CO,, which has a
strong seasonal cycle in the troposphere, the magnitude of the seasonal cycle could also be dampened during the
transport to the tropical tropopause. The amplitude of the seasonal cycle in CO, at the tropical tropopause has
been estimated at about 3.2 ppm peak-to-peak (A. E. Andrews, Daube, et al., 2001), which is similar to the
amplitude of a tropical mean time series (e.g., from the average of Mauna Loa and American Samoa mixing
ratios). It should be noted that inaccuracies in the estimate of the input time series will directly influence the
derived mean age values. For example, if the input to the stratosphere were more strongly dominated by the
Northern Hemisphere (with higher mixing ratios) this would lead to a systematic underestimation of mean age.
Also input from the Asian Summer Monsoon could lead to inaccuracies of the assumptions on the input time
series. In the course of this review, we have compiled our best estimates of reference of mixing ratios at the
tropical Earth's surface from 1945 to 2023 for the mean age tracers SE and CO,, as well as for CH, and N, O (see
Text S1.2 in Supporting Information S1 for details).

4.1.2. Correction for Chemical Sinks and Sources

A perfect age tracer should have neither sources nor sinks in the region in which it is applied as an age tracer. This
is not ideally given for either of the two age tracers which have most commonly been used. CO, has a chemical
source in the stratosphere from the oxidation of methane (Boucher et al., 2009; Shindell et al., 2017), and SK; has a
chemical sink in the upper stratosphere and lower mesosphere (Reddmann et al., 2001). Some of the alternative
mean age tracers suggested for example, by Leedham Elvidge et al. (2018) have probably extremely long life
times and no chemical sources in the stratosphere or mesosphere. These tracers are, however, much more
challenging to measure with good precision and accuracy in the stratosphere.

In the case of CO,, the chemical source from the oxidation of methane can contribute to CO, mixing ratios by up
to about 1.5 ppm, which would lead to an underestimation of mean age by up to a half year at the oldest mean ages
(Ray et al., 2017) if not corrected for. Using simultaneous CH, measurement, the amount of CO, produced from
the oxidation of methane can be easily estimated. To account for CH, oxidation, the traditional approach has been
to subtract the difference between CH, stratospheric and global surface mean mixing ratios at the time of
measurement from the stratospheric CO, mixing ratios (Boering et al., 1996; Daniel et al., 1996). If simultaneous
stratospheric CH; measurements are unavailable and N,O measurements are available, then CH, can be
approximated using the nearly linear N,O-CH, relationship (A. E. Andrews, Daube, et al., 2001; Michelsen
et al., 1998).

The correction for the chemical loss of SE; is much more difficult. It has long been assumed that the loss is
negligible in the middle and lower stratosphere outside the polar vortex, where depleted air is transported
downward from the upper stratosphere and mesosphere (e.g., Engel, 2006). However, over the past years the
lifetime of SE was found to be lower than previously assumed by a number of studies (Kovécs et al., 2017,
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Leedham FElvidge et al., 2018; Ray et al., 2017), and it was acknowledged that the chemical sink can induce
substantial biases in mean age throughout the stratosphere (Leedham Elvidge et al., 2018; Loeffel et al., 2022).
Since the calculation of mean age relies on absolute differences in tracer concentrations, a chemical sink with
constant depletion rates induces a larger bias on mean age for higher absolute abundances. Thus, with a
monotonically increasing tracer, an apparent positive trend in mean age is induced by a chemical sink (Loeffel
etal., 2022; Schoeberl et al., 2000). Recently, a correction scheme for the effects of chemical sinks of SE; has been
suggested by Garny, Eichinger, et al. (2024), and it was shown that observational mean age estimates based on SE
can be reconciled with mean age from other tracers when applying this sink correction (see also Section 4.4).
However, the fit parameters of the correction are so far based on global model data. More high-quality obser-
vations of mean age and alternative age tracers are necessary to constrain the sink correction by observations.

4.1.3. Correction for Non-Linear Increasing Tracers

For the propagation of an inert tracer into the stratosphere, the age spectrum can be thought of as a weighting
function, describing how strongly air with a given transit time contributes to the observed mixing ratio in the
stratosphere. Only for a perfectly linearly increasing (or decreasing) chemically inert age tracer, can mean age be
simply calculated as the lag time between the reference time-series and abundances at a given location in the
stratosphere, as was shown theoretically in Section 2. For such a tracer, no additional knowledge on the age
spectrum is needed. While such tracers can be easily implemented in global models, in practice no such perfect
linearly increasing tracer exists, so that the calculation of mean age from observations requires knowledge of the
age spectrum (see Equation 4). This is of course a circular problem, since if the age spectrum were known, mean
age would be directly accessible. Therefore, different approaches have been used in the past to overcome the
problem. All of these approaches are based on assumption about the second moment of the age spectrum (see
Section 2.3), generally referred to as the width of the age spectrum. There are generally two different approaches.
The “fit method” is based on the assumption that the reference time series can be described by a second order
polynomial, in which case an analytical solution can be found (Hall & Plumb, 1994; Volk et al., 1997). In the
“convolution method” an exact mathematical description of the age spectrum is required and mean age is derived
numerically by finding the value of mean age which matches the observed mixing ratio. The methods were tested
and illustrated in detail in Fritsch et al. (2020), and in the following they are briefly described.

o Fit method In this method it is assumed that the reference time-series can be fitted using an analytical function,
most commonly as polynomial of second order. If the time series can be approximated using a second order
polynomial the mean age calculation only requires knowledge of the relation of the width of the age spectrum
to the mean age, the ratio of moments (see Section 2.3). The general approach was first suggested by Hall and
Plumb (1994) and then solved for a second order fit by Volk et al. (1997), and later applied by for example, by
Engel et al. (2002, 2009) and follow-up studies. They assumed a fixed ratio of moments, using values between
1.25 years (Volk et al., 1997) and 0.7 years (Engel et al., 2009). Engel et al. (2009) included the uncertainty
arising from the unknown ratio of moments in their error estimates of mean age, but as found later this un-
certainty does also depend on a second parameter, namely the length of the time-series used to perform the
polynomial fit on (Fritsch et al., 2020). Thus, the advantage of this method is that no explicit form for the age
spectrum needs to be assumed and that the solution can be solved analytically. The disadvantage is that this
method can only be applied to age tracers for which the tropospheric reference time series can be described by
a second order polynomial and that additional uncertainty enters through the uncertainty in the polynomial fit,
and in choosing the fit interval.

o Convolution method If the age spectrum is known, the convolution of the reference time-series and the age
spectrum provides an expected tracer mixing ratio (see Equation 2). If the reference time series is monotonic,
this relates in a unique relationship between observed mixing ratio and mean age. A common assumption for
the age spectrum is the inverse Gaussian function based on the “global diffuser” model (see Section 2,
Equation 12). This inverse Gaussian can be parameterized based on a mean age value and on a given ratio-of-
moments. Thus, if assuming the ratio-of-moments, the convolution with the reference time-series can be
performed for a range of mean age values, resulting in a range of stratospheric tracer concentrations. Sub-
sequently, mean age is estimated to be the age value with the best match to the observed value (either via
interpolation from a “look-up” table, or via iteration as in Stiller et al. (2008)). Thus, the advantage of this
approach is that it can be used for any behavior of the reference time-series with variable temporal slopes. It is
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also possible to use different age spectra in this convolution method, for example, model derived age spectra.
The disadvantage is that the explicit shape of the age spectrum needs to be assumed.

4.1.4. Limitations of Methods to Determine Mean Age

For any of the age calculation methods outlined above, the ratio-of-moments is a critical input parameter that
needs to be assumed in case of non-linear temporal increase. In addition, information on the temporal evolution of
the mean age tracer in the source region as well as chemical loss or production during transport and in case of the
convolution method on the exact shape of the age (e.g., an inverse Gaussian) spectrum add to uncertainty in mean
age values derived from observations. A rather detailed assessment of the different sources of uncertainty has
been given in the supplement to Engel et al. (2009). They concluded that the total uncertainty could add up to
about a year (see Table S1 in the supplement to Engel et al., 2009). The main sources of uncertainty are related to
the assumptions about the correct description of the tropospheric reference time series of the mean age tracer and
to non-linearity related uncertainties. These factors will partly vary over time, as for example, the non-linearity in
the time series may change with time. Note that chemical loss of SF¢ was not included in this uncertainty analysis.
However, if long-term changes are of interest, different factors may dominate uncertainty. The slope and cur-
vature in the reference time-series may change with time causing systematic changes or biases over time.
Interhemispheric gradients and associated uncertainty in how to represent the tropospheric input time series will,
however, vary less over time. For example, Fritsch et al. (2020) showed that the same data set used by Engel
et al. (2017) yielded different long-term trends when applying different ratios-of-moments and using different
methods to calculate mean age (see also Section 6.2). In the past, values for the ratio-of-moments used in
observational studies had to rely on model data since this quantity has not been constrained from observations so
far. Early estimates of the ratio of moments by Hall and Plumb (1994) report a value of around 0.7 years based on
global model simulations. This value has been used widely in mean age calculations (e.g., Engel et al., 2009), but
was updated to a larger values based on modern model simulations (Fritsch et al., 2020; Hauck et al., 2019). In
particular, it is crucial to account for the long tail for transit times beyond 10 years when calculating the ratio of
moments. As outlined in Section 3.1, different transport processes can affect the age spectrum shape, and the
ratio-of-moment. It is highly sensitive to the underlying circulation: for example, estimates of the ratio-of-
moment in mid-latitudes in the middle stratosphere vary between 0.7 and 1.3 years for two different rean-
alysis, despite being driven by the same transport model (see Text S1.1 and Figure S1 in Supporting Informa-
tion S1). This leads us to conclude that the ratio-of-moments is currently not well constrained from neither models
nor observations, and thus imposes a major uncertainty in the calculation of mean age and its trends (see
Section 6.2.2).

Another uncertainty is imposed by assuming a single entry to the stratosphere, equivalent to a mono-model age
spectrum. This assumption is violated most strongly in the lowermost stratosphere, where seasonal entry across
the extra-tropical tropopause into this region is known to occur (e.g., Ray et al., 1999). A number of studies have
accounted for the multiple entry points into the lowermost stratosphere in order to calculate mean ages in this
region from trace gas measurements (e.g., Bonisch et al., 2009; Hauck et al., 2019, 2020; Wagenhiuser
et al., 2023). In this study we have focused on age of air in the stratospheric overworld above 380 K where the
single entry point assumption is most valid.

Furthermore, age tracers with strong seasonal cycles like CO, impose problems to derive mean age close to the
entry point at the tropopause, and the derivation of mean ages of less than about 2 years from CO, is problematic
(A. E. Andrews, Boering, et al., 2001; A. E. Andrews, Daube, et al., 2001). To overcome this problem, A. E.
Andrews, Daube, et al. (2001) used correlations of age to N, O mixing ratios to constrain mean ages. The N,O-age
correlation has also been used more generally to derive mean age from N, O satellite data (Linz et al., 2017), and
this poses a promising method that might, if further developed, be explored to enrich the current satellite-based
mean age data sets (see also Section 4.2).

4.1.5. A Consolidated Method to Calculate Mean Age

Based on the above discussion, we suggest here a consolidated method that should be used in the calculation of
mean age values in order to yield comparable and consistent results. First, we suggest using the convolution
method rather than the fitting method, because it is the most versatile method (see Section 4.1.3). A second
advantage of this method is that it can also be used with age spectra deduced from model simulations to derive an
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expected tracer mixing ratio. In this way, the seasonalities in troposphere-to-stratosphere transport can be taken
into account as well as seasonal cycles in the tropospheric reference time series. This method also eliminates the
need to choose an appropriate fitting interval for a tropospheric reference time series, which on the one hand
covers the relevant period, yet can be reasonably approximated by a quadratic function (see discussion in Fritsch
etal., 2020). As noted above, a mathematical approximation of the age spectrum and the ratio-of-moments need to
be chosen in the convolution method. As shown by Ploeger and Birner (2016), the annual mean age spectrum is
well described by an inverse Gaussian function. We therefore suggest that this will be a good analytical form for
an age spectrum in the convolution method. The ratio-of-moments is needed for our suggested method, as for all
other approaches, and may well be the single largest source of uncertainty. Given this quantity is currently not
constrained by observations, we suggest to use climatological mean values from transport model simulations with
CLaMS, driven by the ERA-interim reanalysis. ERA-Interim is chosen, because mean age driven by this rean-
alysis was found to compare overall best to observational constraints of mean age and long-term changes (see
Supporting Information S1 for more information on the chosen model and data set). Furthermore, the reference
time-series as described in Text 4.1.1 and in Supporting Information S1 should be used.

Code for the age calculation and the necessary input (reference time-series, ratio-of-moments climatology) is
provided by Wagenhiuser et al. (2024) and Garny, Eichinger, et al. (2024) (see also Data Availability Section). In
Section 4.4 we present mean age derived from SE with the method defined here from balloon, aircraft and
satellite data, and discuss implications of the new calculation method. We constrain here the method to the trace
gas SE;, because of the complication of the seasonal cycle in CO,. Future work will be needed to define a
consistent and improved method to derive age from CO,, in particular in the lower stratosphere.

4.2. In Situ Observations

Over the last two decades a large number of stratospheric in situ data sets have become available, many of which
are suited for the derivation of mean age of air. This has helped to further our understanding of age of air and the
stratospheric overturning circulation in many ways. Perhaps the most obvious contribution was to constrain and
improve the detailed picture of the BDC and its representation in models. In addition, a few select examples will
be given here.

In terms of their use as indicators of stratospheric circulation variability, CO,, SE, and N,O have been the most
established age tracers for some time (A. E. Andrews, Daube, et al., 2001; Volk et al., 1997). This was underlined
by their application to establish, and later improve, the equivalent effective stratospheric chlorine (EESC, Engel
et al., 2018; Leedham Elvidge et al., 2018; Newman et al., 2006, 2007; Ostermdéller et al., 2017). EESC is the
metric of choice for the stratospheric loading of ozone-depleting chlorine and bromine species, and therefore of
major importance for tracking the recovery of the ozone layer (Daniel et al., 2022). A more direct age of air
application has been the observation-based long-term data set compiled by Engel et al. (2009) and updated in
Engel et al. (2017), which did not confirm expectations of the BDC trends from many models. This has sparked
multiple scientific debates, some of which are still ongoing. More details on this complex topic can be found in
Section 6.2.

As the understanding of transport and processes evolved, so did the expectations on the quality of those data—
especially on appropriate precisions and accuracies, as well as a robust characterization of overall uncertainties.
We primarily focus on those published data sets that have been used to derive mean ages while at the same time
considering such traceability and comparability aspects (Table 1). This specifically includes a comprehensive
characterization of the analytical instrumentation, a good link to an established calibration scale (with specific
scale years) as well as to a tropospheric time series. For the latter two, long-term trends derived from the two main
global observational networks (NOAA Global Monitoring Laboratory, https://gml.noaa.gov/ and AGAGE,
https://agage.mit.edu/) have been the most frequently used. On the mean age side, the expectation is that tracer-
tracer relationships are compact throughout the profiles, and that their tropospheric end points are close to the
corresponding tropospheric background values. Importantly, this does not preclude the use of all the earlier (pre-
2000) in situ observations, as for some of them the trace gas data is of sufficient quality (Leedham Elvidge
et al., 2018); whereas for others it was possible to remeasure air samples that had been archived at the time (e.g.,
Engel et al., 2009).

We classify the data sets into three categories, based on (a) the quantity and altitude ranges of available obser-
vations, and (b) the suitability of the trace gas as an age tracer (see Section 4.1):
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Table 1

Overview of Available High-Altitude Stratospheric In Situ Data Sets for Mean Age Derivation From Priority 1 and 2 Trace Gases

Time period (no. of flights)platform®

Latitude range (°)

Altitude range (km)

Trace species

Reference/campaign

1975-2005 (27 B)
12/1989-02/1990 (18 H)
08/1991-03/1992 (33 H)
10-11/1992, 04-05/1993, 10/1993 (23 H)
01-11/1994 (45 H)

03-05, 10-11/1995, 01-02, 07-09, 12/1996, (54 H)
1996-2000 (8 B)

01/1997, 04-09/1997 (36 H)
11/1998, 09/1999, 12/1999-03/2000
02/1999 (1 B)

06/2008 (1 B)

10-11/2009 (2 H)

01-02/2010 (7 H)

12/2011 (2 H)

09/2016 (2 H)

03-04/1999, 09-10/1999 (20 H)
05-07/2002 (19 H)

01-02/2004 (8 H)

2002-2004 (3 B)

06/2005 (9 H)

06/2005-10/2006 (3 B, 5 H)
01-02/2006 (16 H)

08/2007 (7 H)

04/2010 (5 H)

10-11/2011 (5 H)

2012-2022 (98 A)

08-09/2013 (20 H)

02/2015 (4 B)

08/2015, 05/2016 (4 A)

2016-2018 (15 A)

07-08/2017 (6 H)

2021-2023 (5 A)

06-08/2021, 05-07/2022 (30 H)
02-03/2023 (21 H)

32-51N 5-43 SE;, CO,, CH, Engel et al. (2009)
37-81 N 10-21 N,O AASE®
21-90 N 10-21 SE;, N,O AASE2"
14-60 N 10-21 SE;, CO,, N,O, CH, SPADE®
70 S-87 N 10-23 SE;, CO,, N,O, CH, ASHOE"
2S-62N 10-21 SE, CO,, N,O, CH, STRAT
7 S-68 N 10-34 SE;, CO,, N,0, CH, OMS
3S-90N 10-21 SE;, CO,, N,0, CH, POLARIS®
11-89 N 10-22 SE;, CO,, N,0O, CH, SOLVE®
68 N 9-26 SE;, CE, G, K, Leedham Elvidge et al. (2018)
58 14-34 C; K, HFC-23, HFC-125
48-54 N 10-20
62-77 N 9-19
62-71 N 15-20
3341 N 10-21
5-39N 10-20 SE;, N,0, CH, ACCENT
12-39 N 10-19 CO,, CH, CRYSTAL-FACE
3S-39N 10-19 SE;, CO,, N,O, CH, Pre-AVE
34N 10-33 SE;, CO,, N,O, CH, BOS
18-43 N 10-19 SE, N,0, CH, AVE
22 S-44N 12-34 SE Laube et al. (2010)
1 S-40N 10-20 SE,, CO,, N,O, CH, Costa Rica-AVE
1-37N 10-19 SE;, CO,, N,0, CH, TC4
12-85N 10-20 SE;, N,O, CH, GloPac
6-37N 10-19 SE;, N,0, CH, ATTREX
458S,36-40N, 67 N 10-26 CO,, CH, NOAA GML®
15-52 N 10-21 CO,, CH, SEAC4RS
10 S 17-29 CO,, CHy, SE Sugawara et al. (2018)
49, 54 N 0-32 CO,, CH, Engel et al. (2017)
67 N (11), 52N (4) 8-30 SE Laube et al. (2020)
21-30 N 0-20 CO,, SE,, C, , HFC-125 Vogel et al. (2023), Adcock et al. (2021)
3940 N 10-24 SE;, CO,, N,0O, CH, NOAA®
24-57N 10-21 SE;, CO,, N,O, CH, DCOTTS
17-81 N 10-20 SE;, N,O, CH, SABRE

platforms: H: high altitude aircraft (above 15 km), B: large balloon, A: AirCore balloon. "Data and mission information available from https://espoarchive.nasa.gov/

archive/browse. “Data and project information available from https://gml.noaa.gov/ccgg/arc/?id=144.

e Priority 1: SFq, CO, (CH4 required for the latter), N,O

e Priority 2: Other inert tracers (CE,, C, , C; K, HFC-23, HFC-125)
e Priority 3: Other chemically active/non-passive species (e.g., CFC-11, CFC-12, HCFC-22, CO, O3, H,0)

In some cases, Priority 3 species have been used to derive mean ages indirectly, for example, through a previously
established tracer-mean age correlation (e.g., Ehhalt et al., 2007; Ray et al., 2022). We do not consider these here
as such approaches inherently incorporate additional uncertainties thus limiting their additional value for long-
term trend derivation. The only exception for such chemically active gases is N,O, justified by the generally
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high quality and temporal and spatial density of available observations; as well as its relatively long stratospheric
lifetime which allows for compact correlations up to mean ages of well over 4 years. Due to the changing nature of
such correlations, continued work is needed to constrain this relation better for future use. In addition, it is worth
noting that observations of gravitational separation derived from the ratio of more abundant gases (e.g., Ar/N,)
have recently shown promise as diagnostic tools for air transport processes in the stratosphere (e.g., B. Birner
et al., 2020; Sugawara et al., 2018).

Three main platforms have been utilized for obtaining in situ data, with aircraft-based data generally excelling in
latitude and longitude coverage (but limited to below ~20 km), and balloon-based data providing access to higher
altitudes up to ~35 km. Launches of large balloons (payloads of several hundred kg) have become increasingly
rare in recent years, mainly due to the tightening of safety requirements leading to fewer viable launch locations,
but also because of the high costs. A more recently established and increasingly popular balloon-based alternative
are AirCores—miniature passive air samplers that only weigh a few kg and are therefore both relatively flexibly
deployable and cost-effective (Karion et al., 2010). In addition, it is important to make the distinction between in
situ measurements carried out aboard the platform, and air sampling with post-flight analysis; the former
generally providing more enhanced spatial and temporal sampling whereas the latter allowing for a broader range
of trace gases to be analyzed. More details on major field campaigns are given in the platform-based sections
below, as well as Table 1. Closely related to the platforms are the actual trace gas detection methods, which are
described in Supporting Information S1 (Text S2.1).

4.2.1. Large High-Altitude Balloon

The largest compilation of mean ages derived from large balloon-based instrumentation has been published in
Engel et al. (2009). This work combined data from 27 flights carried out between 1975 and 2005 at Northern
Hemisphere mid-latitudes (from the U.S., France, and Japan). Various instruments were involved, but the
comparability of the derived mixing ratios underlines the aforementioned importance of quality control. Apart
from other mid latitude activities (e.g., A. E. Andrews, Daube, et al., 2001), some large balloon flights have been
carried out elsewhere, predominantly in the Arctic (A. E. Andrews, Daube, et al., 2001; Engel, 2006; Ray
et al., 2017) with a few launches in the tropics (Laube et al., 2010; Leedham Elvidge et al., 2018; Sugawara
et al., 2018). All of these are listed in Table 1.

4.2.2. Aircraft

For the aircraft-based data we make a distinction between “normal” (up to about 15 km) and high-altitude aircraft
(up to about 20 km), with the latter being able to reach the stratosphere at all latitudes. Much of the available data
originates from the former, as high-altitude aircraft are far rarer and considerably more expensive to operate. The
comparable wealth of data in the lowermost stratosphere exceeds the scope of this work, but it is worth
mentioning some of the more extensive activities, that is, (a) the multi-season field campaigns SPURT (Engel
et al., 2006), HIPPO (B. Birner et al., 2020; Wofsy, 2011), and ATOM (Thompson et al., 2022), (b) multiple
missions using the American DC8 and the German HALO research aircraft (e.g., Ehhalt et al., 2007; Krause
et al., 2018; Wagenhduser et al., 2023, as well as iii) the long-running CONTRAIL (e.g., Umezawa et al., 2018)
and CARIBIC/IAGOS-CARIBIC (Brenninkmeijer et al., 2007) programs. As for high altitude data, these
essentially link to three aircrafts, that is, the Russian M55 Geophysica, and the American ER-2 and WB-57, as
well as one UAYV, that is, the U.S.-based Global Hawk (Glopac and ATTREX missions). All high-altitude aircraft
campaigns with publicly available and/or published data of sufficient quality are listed in Table 1, including
references to the respective project and/or publication.

4.2.3. AirCores

AirCore-based observations rely on the passive collection of air during the descent part of a weather balloon
flight. For relevant trace gases such flights started in 2009 (Karion et al., 2010), and were, for the first years,
limited to CO, and CH, (Engel et al., 2017; Hooghiem et al., 2020; Membrive et al., 2017; Wagenh&user
et al., 2021). More recently, SE, and N,O have also become available (Laube et al., 2020; J. Li et al., 2023).
AirCores are sampling from the stratosphere to the ground, and most of the focus so far has been on the validation
of remote sensing-based measurements (e.g., for trace gas total column derivation, Agusti-Panareda et al., 2023).
While much data exists, most of it has not yet been used for stratospheric transport studies. Nevertheless, it has
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been demonstrated that it is possible to derive mean ages from AirCore-based CO, and CH, (Engel et al., 2017) as
well as SE (Laube et al., 2020). It is however worth keeping in mind that AirCores tend to sample much smaller
amounts of air (typically less than 300 ml for the entire stratospheric part), and therefore are, on an individual
sample basis, the least spatially representative in situ technique; though this is somewhat compensated for by the
flexibility and cost-effectiveness of the technique enabling much more frequent flying. All available data sets are
again listed in Table 1.

4.3. Remote Sensing Observations

Remote sensing instruments on balloon-borne and space-based platforms have provided vertical profiles of trace
gases that can be used with various methods to determine the stratospheric mean age of air. While remote sensing
observations from aircraft also exist, they typically cover a limited region of the atmosphere at or below the flight
altitude only. We focus here on instruments and missions that provide vertically resolved information on the
priority 1 gases (see Section 4.2) over a wider vertical range of the atmosphere, with a particular focus on the
period from 2000 to present. A more detailed summary of the balloon-borne and space-based remote sensing
measurements, including older missions and those that measure priority 2 and 3 gases, can be found in Supporting
Information S1 (see Text S2.2).

The first remote sensing measurements of stratospheric trace gases were made from high-altitude balloons
(Murcray et al., 1975). Over the past decades, several balloon-borne instruments have been measuring strato-
spheric tracers from the three priority groups noted above. These instruments include the MKIV interferometer
(Toon, 1991, operating 1989-present), Limb Profile Monitor of the Atmosphere (Camy-Peyret, 1995, operated
1992-2009), Michelson Interferometer for Passive Atmospheric Sounding (MIPAS-B/B2) (von Clarmann
et al., 1993, operated 1989-2014), and GLORIA-B (Gimbaled Limb Observer for Radiance Imaging of the
Atmosphere-Balloon) (Friedl-Vallon et al., 2014; Riese et al., 2014, operating 2021-present). With respect to the
priority 1 tracers, all of these instruments retrieve profiles of N,O and CH, and the MKIV interferometer also
provides SFq and CO, and GLORIA-B provides SF4. To date, stratospheric age of air has not been determined
from balloon-based remote sensing profiles.

Several space missions have provided data on long-lived tracers that can be used to derive information on age of
stratospheric air. For priority 1 gases, these satellite missions are compiled in Table 2, along with information on
the year(s) of the mission, the latitudinal coverage, and the species measured. For priority 2 and 3 tracers, this
information is given in Supporting Information S1 (see Table S1). Of these missions, the Halogen Occultation
Experiment on the Upper Atmosphere Research Satellite (Gunson et al., 1996), the Sub-Millimeter Radiometer
(SMR) on Odin (Urban et al., 2005), MIPAS on Envisat (Fischer et al., 2008), the Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE-FTS) on SCISAT (Bernath et al., 2005) and the Microwave
Limb Sounder on the Aura satellite (Aura-MLS) (Waters et al., 2006) have provided time series of stratospheric
tracer measurements extending longer than a decade (some more than 20 years) and SMR, Aura-MLS, and ACE-
FTS are still operating at present. The High Resolution Dynamics Limb Sounder on Aura (Gille et al., 1980) and
the Improved Limb Atmospheric Spectrometer (ILAS-II) (Nakajima et al., 2006) provide more limited temporal
coverage. The space-based instruments that provide priority 1 tracer measurements prior to 2000 are also listed in
Table 2 and details about these observations are provided in Supporting Information S1.

From here, we highlight those missions and measurements that have been used to derive stratospheric age of air
from remote sensing. Following the first space measurements of SE; by the Atmospheric Trace Molecule
Spectroscopy Experiment (ATMOS) on the Space Shuttle (e.g., Rinsland et al., 1990, 1996), there are two sat-
ellite missions only that provide SE; among various tracers, namely ACE-FTS on the SCISAT satellite, and
MIPAS on Envisat. Those will be described in more detail in the following. Other than that, UARS-HALOE CH,
and H,O from 1986 to 1998 were used by Johnson et al. (1999) to derive stratospheric age spectra, and Schoeberl
et al. (2005) used the first year of ACE-FTS measurements of CFC-11, CFC-12, CH, and N,O to determine age
spectra. Furthermore, the dense global measurements of N,O by Aura-MLS were used to determine age of air by
Linz et al. (2017).

ACE-FTS is a high-resolution infrared spectrometer that operates from a 650 km circular orbit with a high
inclination of 74° and records up to 30 profiles (15 sunrise, 15 sunset) per day. It has been taking solar occultation
measurements since February 2004, which are processed at the ACE Science Operations Center at the University
of Waterloo (e.g., Boone et al., 2020, 2023). The high signal-to-noise ratio of the spectra allows ACE-FTS to
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Table 2
Space Missions Measuring Priority 1 Stratospheric Age Tracers
Instrument Period Latitude SE N,O CH,
ACE-FTS 2004-present —85 to 85 X X X
ATMOS-SL3 1985 —47 to —51 and 26-35 X X X
ATMOS-ATLAS-1 1992 —55 to 0 and 0-31 X X X
ATMOS-ATLAS-2 1993 —50 to —10 and 63-68 X X X
ATMOS-ATLAS-3 1994 —65 to —73 and 3-49 X X X
Aura-MLS 2004-present Global X
Aura-HIRDLS 2004-2008 Global X X
CRISTA 1994 —59 to 64 X X
CRISTA-2 1997 —74 to 74 X X
Grille-SL1 1983 —68 to 43 X X
ILAS 1996-1997 57-73 and —63 to —88 X X
ILAS-IT 2003 56-70 and —63 to —88 X X
MIPAS 2002-2012 —87 to 87 X X X
Nimbus-7 SAMS 1979-1981 —50 to 68 X X
Odin-SMR 2001-present Global X
UARS-CLAES 1991-1993 —80 to 34 and —34 to 80 X
UARS-HALOE 1991-2005 —80 to 34 and —34 to 80 X
UARS-ISAMS 1991-1992 —80 to 34 and —34 to 80 X
Note. Note, for solar occultation measurements, sunrises, and sunsets sample different latitudes.
measure many tracers that can be used to infer age of air. Vertically resolved measurements of more than 40 trace
gases are retrieved routinely, including SE, N,O, CH,, CFC-11, CFC-12, HCFC-22, CCl,, CFC-113, CH;Cl, and
H,0. However, due to SCISAT's high inclination orbit, 3 months of measurements are required to sample all
latitudes. In addition to the study by Schoeberl et al. (2005), SE, measured by ACE-FTS has recently been used to
infer age of air using the convolution method described in Section 4.1 over the observation period from 2004 to
2021 (see Section 4.4 and Saunders et al., 2024). ACE-FTS measurements have been validated through com-
parisons with other satellites. ACE-FTS and MIPAS climatologies generally agree well (see Section 4.4), and
more detailed comparisons found that ACE-FTS and MIPAS SE profiles agree to within 10% globally and agree
within one standard deviation with in situ balloon profiles (Saunders et al., 2024). An earlier ACE-FTS SE
product compared well with the SLIMCAT 3D chemical transport model over all altitudes (Brown et al., 2022).
ACE-FTS and MIPAS CH, measurements have been compared by Plieninger et al. (2016). Comparisons of ACE-
FTS N,O with MIPAS and Aura-MLS were presented by Sheese et al. (2017).
MIPAS was an infrared limb-emission sounder on Envisat (Fischer et al., 2008). It operated between 2002 and
2012 from a sun-synchronous polar orbit and provided about 1,300 trace gas profiles per day (about 1,000 profiles
per day before 2005). Global vertically resolved distributions of SE, N,O, CH,, CFC-11, CFC-12, HCFC-22,
CCly, CFC-113, CH;5Cl, and H,O were derived, among others, from the spectral data over the full mission
lifetime. Most data products have been retrieved by four different processors run by four scientific teams. We
focus here on the official data record released by ESA (https://earth.esa.int/eogateway/instruments/mipas/prod-
ucts-information, last access 18 September 2023), and the one produced by a research data processor run within a
collaboration of Institute of Meteorology and Climate Research, Karlsruhe Institute of Technology (IMK-KIT)
and Instituto de Astrofisica de Andalucia (IAA), CSIC (https://www.imk-asf.kit.edu/english/308.php). These
data are referred to as IMK/IAA data in the following. The other two data records have been retrieved by the
University of Oxford (see http://eodg.atm.ox.ac.uk/MIPAS/, last accessed on 9 June 2023), and by CNR-ISAC—
Istituto di Scienze dell’ Atmosfera e del Clima del Consiglio Nazionale delle Ricerche (CNR-ISAC), Bologna,
Italy (https://www.isac.cnr.it/~rss/mipas2d.htm, last accessed 9 June 2023).
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Figure 5. Global mean age climatologies from satellite data, based on (a) Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) v3.5/3.6 (2004-2020), (b) MIPAS V5R_224/225 (2005-2012), (c) ACE-FTS sink-
corrected, and (d) MIPAS sink-corrected. Data are zonally averaged, and averaged over all available years.

The demonstration that MIPAS spectra contain information on SE distributions was provided by Burgess
et al. (2004) who presented mean profiles for various latitudes derived from MIPAS spectral measurements in
September 2002. Currently SE; is only retrieved with the IMK/IAA processor. The first global data record for the
early mission years from 2002 to 2004 were provided by Stiller et al. (2008). Stiller et al. (2012), and Haenel
etal. (2015) used improved MIPAS data versions and extended the data record to the full mission lifetime. Stiller
et al. (2008, 2012), and Haenel et al. (2015) derived an age of air monthly zonal mean data set that covered, for the
first time, the full globe up to about 40 km altitude and, in its last version, also the full 10 years of MIPAS’
operation time (see Figure 5). Linear trends over the 10 year record of age depending on latitude and altitude were
also derived. They showed an unexpected change of the Brewer-Dobson circulation with air becoming younger in
the Southern hemisphere and the tropics, while becoming older in the Northern hemisphere. Stiller et al. (2017)
traced this behavior back to a shift of the tropical pipe as part of natural variability over the observation period.
MIPAS age has been widely used for model evaluation (e.g., Abalos et al., 2021; Eichinger et al., 2019, see also
Section 5), and many other applications, for example, to determine the atmospheric lifetime of SF¢ (Kovacs
et al., 2017).

Methane and nitrous oxide belong to the standard products of MIPAS and are also made available by ESA. Their
latest data version, version 8.22, is derived from the spectral version 8.03 and available via https://doi.org/10.
5270/EN1-c8hgqx4 (Dinelli et al., 2021; Raspollini et al., 2022). The latest data version of CH, and N,O from
MIPAS IMK/IAA so far was provided by Glatthor et al. (2023). The previous data version, published by Plie-
ninger et al. (2015) and validated by Plieninger et al. (2016) was found to have a high bias of CH, in the order of
0.1 ppmv below about 25 km altitude, while for N,O, comparisons to other instruments were inconclusive with
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respect to a bias. Further tracers available from the ESA processing are CFC-11, CFC-12, HCFC-22, CCly,
CH;Cl, and H,O. All these data products, and additionally, CFC-113 and CO, are also available from the
IMK/IAA processor.

Next to SE-based mean age, vertically and latitudinally resolved stratospheric circulation distributions (von
Clarmann et al., 2021, see also Section 4.5) were derived from the IMK/IAA MIPAS data of SE (Haenel
et al., 2015), CFC-11, CFC-12, and HCFC-22 (Stiller et al., 2023), H,O (Milz et al., 2009; von Clarmann
et al., 2009), CCl, (Eckert et al., 2017), and CO (Funke et al., 2009). Zonal means of tracers from the IMK/IAA
MIPAS and ACE-FTS data processors were calculated and compared to the products of other satellite instruments
(UARS-HALOE, Odin-SMR, ACE-FTS, Aura-MLS, Aura-HIRDLS) within the SPARC Data Initiative (Hegglin
& Tegtmeier, 2017; Hegglin et al., 2021; Tegtmeier et al., 2016). The zonal mean data are available from zenodo
(https://zenodo.org/record/4265393, Hegglin et al. (2020, 2021)).

4.4. Summary of Currently Available Observational Age Products

As discussed in the last sections, both additional in situ as well as satellite-based remote sensing age data have
become available for the last decades. Based on the consolidated method presented in Section 4.1.5, mean ages
based on SE; observations were re-calculated for data from two satellite missions (ACE-FTS v3.5/3.6 and MIPAS
V5R_224/225) as well as a large number of balloon and aircraft-based in situ observations (see Table 1; spanning
from years 1975-2017 for balloon data and 1991 to 2023 for aircraft data). Mean age based on CO, was not re-
calculated, as this will require additional refinement of the method to account for the seasonal cycle in CO,.
Therefore, mean ages based on CO, is provided for calculations as originally published. In addition to the new
calculation method of SE;-based mean ages, those ages are also provided with the sink correction scheme applied
that was recently developed by Garny, Eichinger, et al. (2024).

Satellite-based instruments provide information on the global climatological distribution of mean age (see
Figure 5). Both products suggest very old air in the high-latitude stratosphere with mean ages above 8 years.
When applying the sink correction, mean ages are reduced to below 6 years. MIPAS and ACE-FTS based mean
ages agree generally very well (see also Figures 6 and 10 for profiles). Discrepancies in the tropics likely arise
from sparse sampling by ACE-FTS is this region. In Figure 6, the satellite-based mean ages are compared to
profiles based on averaged balloon and aircraft data for five latitude bands. Note that the number of available
measurements drastically varies between the latitude bands, with the highest data density in northern hemisphere
mid-latitudes (see Figure S4 in Supporting Information S1). In particular the balloon profiles are only based on 2
and 3 flights in the tropics and northern high-latitudes, respectively, limiting their representativeness. At northern
high-latitudes, one of the three profiles is taken in March within the polar vortex (Ray et al., 2017), with extremely
old air (see also Figure S5 in Supporting Information S1 for seasonally resolved profiles), and the older ages in the
balloon data compared to the satellite data likely result from this over-representation of polar vortex air in the
average balloon profile. Overall, but in particular at northern mid-latitudes, where most data is available, mean
ages from different data sources agree remarkably well. The mean ages from SE; without the sink correction show
a clear bias toward older age compared to the CO, mean ages, but upon application of the sink correction this bias
is clearly reduced. This can be seen more clearly when comparing concurrent observations of CO, and SE, mean
ages in a scatter diagram (see Figure 7), demonstrating the improved agreement in particular for older air. For very
young air, mean ages from CO, are problematic due to the seasonal cycle, thus only ages above 1 year are
compared here. Figure 7 further demonstrates that the effect of the new consolidated calculation method applied
for SK;-based data overall has a relatively small effect, but is still desirable to exclude methodological reasons for
disagreement between data sets.

Overall, the available in situ and remote sensing mean age data has substantially improved in quality and also
became much more consistent. In northern mid-latitudes, the available in situ data appears to be rich enough to
have converged to climatological values, while the limits in terms of spatial and temporal representativity remains
valid at other latitudes. Given the good agreement between in situ and remote sensing data at northern mid-
latitudes, the remote sensing mean age climatologies can confidently be used for scientific studies and model
evaluation (see Section 5). At the same time, filling gaps in in situ observation will remain of high importance to
evaluate remote sensing data, specifically in the tropical and southern hemispheric stratosphere.
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Figure 6. Mean age profiles averaged over high-latitudes (90°-60°), mid-latitudes (60°-30°) of each hemisphere, and tropics (—30° to 30°) from SE; satellite data
(MIPAS, gray dashed line uncorrected mean, solid line sink-corrected mean, and gray shading displays range of +1 standard deviation of the sink-corrected data) and
from ACE (darkgreen, shown is only the sink-corrected mean) and averaged over available balloon flights (blue dotted: SE; mean ages; blue solid: SE; mean ages with the
sink correction applied; red: CO, mean ages) and averaged over available aircraft flights (light-blue dotted: S mean ages; light-blue solid: S, mean ages with the sink
correction applied; magenta: CO, mean ages).

4.5. Age-Related Transport Diagnostics From Observed Tracers
4.5.1. Empirical Age Spectra From Measured Tracers

The calculation of age spectra from trace gas measurements is a challenging problem primarily due to the limited
ability of any single trace gas to constrain the full shape of the age spectra. Initial efforts focused on trace gases
such as CO,, H,O or CH, (A. E. Andrews et al., 1999; A. E. Andrews, Boering, et al., 2001; Johnson et al., 1999),
which have unique growth rates and/or seasonal variability, or trace gases such as N,O and other photolytic
tracers (Ehhalt et al., 2007; Schoeberl et al., 2000, 2005), which are shorter lived and thus sensitive to different
parts of the age spectra. The sensitivity of stratospheric age spectra to a wide range of trace gases with different
lifetimes and variability was described in Podglajen and Ploeger (2019).

Recent estimates of age spectra have focused on the troposphere and lower stratosphere where transport times
from the surface can be very short (hours to days) and thus require the addition of trace gases with shorter
lifetimes than those considered in the stratosphere. Age spectra for transport from the NH to SH surface (Holzer &
Waugh, 2015), in the tropical Pacific (Luo et al., 2018) and the North American monsoon UT/LS (Ray
et al., 2022) made use of a wide range of trace gases to define basic features of the age spectra in these regions.

Issues still remain in estimating the full age spectra from trace gas measurements in either the troposphere or
stratosphere. In particular, while the above studies were able to constrain the mean, mode and width of the age
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Figure 7. Mean age from aircraft data (dots) and balloon profiles (crosses) from concurrent observations of SF and CO, for
mean ages with the originally published calculation (gray), with the consolidated method for SE; (black), and in addition with
the SE; sink correction applied (magenta).

spectra they were generally unable to constrain more detailed features such as those due to seasonal and inter-
annual variability or the shape of the long tail out to many decades.

4.5.2. Transport Diagnostics Beyond Age

Deriving stratospheric transport characteristics from observed trace gases can be challenging (see Section 4.1),
and often only a limited set of species is available from specific observational platforms. Therefore, transport
diagnostics from other trace gas species than the usual age tracers have often been utilized as alternative or
complementing approach to characterize stratospheric transport. This section briefly summarizes such past ap-
proaches based on water vapor, the CO, seasonal cycle, and the general inversion of the trace gas continuity
equation. Another diagnostic framework that has been applied often to understand transport are tracer-tracer
relationships. Given two independent tracers with different sources or sinks are transported by the same circu-
lation, shifts in tracer-tracer correlations can indicate circulation changes (e.g., Bonisch et al., 2009). Tracer-tracer
correlations were extensively reviewed by Plumb (2007), and we refer the reader to this review for further
information.

Most water vapor enters the stratosphere through the tropical tropopause layer, where extremely low temperatures
cause dehydration through freeze-drying (Fueglistaler et al., 2009). The annual cycle in tropical tropopause
temperatures is imprinted on the water vapor concentrations, which are then propagated upward by the BDC,
creating the water vapor tape recorder signal first identified by Mote et al. (1996). This tape recorder signal has
been used as a diagnostic of the upwelling circulation (Flury et al., 2013; Niwano et al., 2003; Schoeberl
et al., 2008), but significant vertical mixing in the lowermost stratosphere (Glanville & Birner, 2017) and the
contribution of methane oxidation in the middle and upper stratosphere mean that it has only a weak correlation
with either the diabatic or residual circulation (Linz et al., 2019). The attenuation of the water vapor anomalies as
they move upward through the stratosphere has been used to provide constraints on vertical diffusion and mixing
of extratropical air into the tropics (Mote et al., 1996). Such analysis can only provide upper limits on the two
effects since their impacts on the signal are similar.

Similarly, the conservation property of stratospheric total water H,0, + 2aCH, has been used to deduce changes
in stratospheric age of air by Hegglin et al. (2014), and the method has been further evaluated by Poshyvailo-
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Strube et al. (2022). In this approach, the change in stratospheric water vapor is divided into changes in strato-
spheric entry water vapor and methane and changes in the methane fractional release factor

AH2O = AH2O[G] +2 CUACH4[€] + 2CH4[E]AG (19)

Here, the stratospheric entry values, denoted by a subscript [¢] have been diagnosed at the tropical tropopause and

propagated to the stratospheric location under consideration, and the change in the fractional release factor

CH,
CHypg

mean age of air based on the compact correlation between fractional release and age (Hegglin et al., 2014). The
advantage of the total water method is the better availability of high quality stratospheric water vapor observations
compared to observations of long-lived age tracers. However, the method is based on a number of approxima-
tions, like uniformity of the a-age correlation and assumptions on propagation of entry mixing ratios, which could

a=1-

are mainly caused by changes in the stratospheric circulation and can be translated into changes in

have significant effects on the estimated age change (Poshyvailo-Strube et al., 2022).

Another trace gas with a seasonal cycle at the tropical tropopause is CO,. The propagation of the seasonal cycle
upward and poleward has been used to estimate tropical upwelling rates and outward mixing from the tropics to
the extratropics, respectively, using N,O as the vertical coordinate (Boering et al., 1996). The N,O vertical
coordinate allows the combination of tropical and extratropical data, since both are influenced similarly by
seasonal and Quasi-Biennial Oscillation (QBO) variations in lower stratospheric transport resulting in a compact
N,0O-mean age correlations across latitudes and seasons (Plumb & Ko, 1992). The seasonal cycle and long-term
trend together have been used to derive an empirical age spectrum for the tropical lower stratosphere (A. E.
Andrews et al., 1999) and for the midlatitude lower stratosphere (A. E. Andrews, Boering, et al., 2001). Similar to
water vapor, CH, oxidation must be accounted for in the analysis, and the use of N,O as a vertical coordinate
limits the usefulness of the derived upwelling velocities because the location of N,O isopleths vary seasonally.

A particularly elegant method to infer transport properties from trace gas measurements is the direct inversion of
the tracer continuity equation. This approach, as developed in the Analysis of the Circulation of the Stratosphere
(ANCISTRUS) model (von Clarmann & Grabowski, 2016, 2021), provides meridional circulation velocities and
eddy mixing coefficients from mixing ratios of a suite of trace species. Advantages of this approach are the direct
deduction of circulation vectors without the detour via age of air, the insensitivity to chemistry outside the region
of interest such as the mesospheric SE; when evaluating stratospheric transport, and the potential to use a variety
of non-ideal chemical tracers by integrating stratospheric chemistry effects in a straightforward manner. On the
other hand, in all past applications the mixing coefficients have been further constrained due to the mathematical
complexity of the inversion, such that resulting velocities have to be interpreted as effective velocities including
both advection velocities and eddy transport contributions. Figure 8 presents an example of the effective velocity
fields derived with ANCISTRUS. In this specific case, the mixing coefficients were forced to zero by regula-
rization. These effective velocities thus include also the contributions of mixing. For more details, see von
Clarmann et al. (2021).

5. Age of Air in Models

Age of air is a useful diagnostic for evaluating stratospheric transport in atmospheric models. This diagnostic can
be applied to a variety of different models, including Chemistry Transport Models (CTM), comprehensive
Chemical Climate Models, and also idealized models like 2D zonal mean models, box models, or TLP models
(see Section 3). These models generally apply very different resolutions, numerical schemes for advection and
vertical diffusion, and age of air diagnostics are frequently used for model transport assessments (e.g., Abalos
et al., 2021).

5.1. Implementation of Age Tracers in Models

The most common age of air diagnostic used is the mean age. Alternatively to the calculation of mean age as first
moment of the age spectrum, stratospheric mean age can be more easily calculated in models following one of two
common approaches. First, mean age can be calculated by advecting an inert “clock-tracer” with a linearly
increasing source at a boundary surface in the troposphere. By comparison of the observed stratospheric mixing
ratio and the tropospheric reference time series the mean age can be estimated simply by the lag time between the
time series (see Section 2). The second approach solves the ideal age equation (Equation 6) using a tracer with
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Figure 8. Mean monthly circulation pattern for January—February, derived
from zonal mean distributions of the trace gases SE;, CFC-11, CFC-12,
HCFC-22, CCl,, N,0, CHy4, H;0, and CO, and the years given by the header,
from MIPAS observations. Maximum velocities in meridional and vertical
direction are also provided by the header.

Therefore, the age spectrum can be directly inferred from the pulse tracer
mixing ratios. Mathematically, this approach is known as deriving the Green's
function as fundamental solution of the tracer transport equation (e.g., Holzer
& Hall, 2000, see also Section 2). Equation 20 shows that the age spectrum

The color coding and length of the resolution along transit time depends on the frequency of tracer pulse emis-

arrows is given by \/(I/q,degree‘lmonth)2
units of degree per month and kilometer per month. Pink arrows refer to
velocities higher than representable by the color scale chosen. For more details,

see von Clarmann et al. (2021).

5 ) sions. Details in implementing the pulse tracers in models, such as emission
+ (I/ka"month) for v4 and v, in . . . .

: frequency and pulse duration, need to be considered when inter-comparing
different models (for more details on the method see e.g., Ploeger &
Birner, 2016). Comparison of mean age calculated as first moment of the age
spectrum and from a linearly increasing clock-tracer shows that the results
from both methods are generally consistent, but that the first moment of the spectrum critically depends on the

length of the spectrum tail resolved by the simulation (Ploeger & Birner, 2016, Figures 4 and Al).

Next to age of air, model studies have also employed other realistic and artificial tracers to study transport.
Realistic tracers can be used for direct comparisons of transport-related diagnostics to observational data, for
example, the water vapor tape recorder (see Section 4.5). Commonly employed artificial tracers include tracers
with specific source regions and a fixed exponential decay, targeted toward a special region or transport barrier.
To name one of many examples, the so-called €90 tracer with constant surface emissions and an e-folding lifetime
of 90 days was designed and employed to study troposphere-stratosphere transport (Abalos et al., 2017, 2020;
Orbe et al., 2020).

5.2. Mean Age in Global Model Simulations

The climatological mean age distribution from the newest generation chemistry-climate models (CCMI2 multi-
model mean [MMM]) and reanalyses-driven transport model simulations (multi-reanalysis mean) is compared in
Figure 9, and for comparison the satellite climatologies are repeated from Figure 5. The general characteristics in
stratospheric mean age in the different data sets are qualitatively similar. Low mean age values are present in the
tropical stratosphere, the region of upwelling of young tropospheric air into the stratosphere, and age increases
with altitude and latitude. However, quantitatively the data sets show significant differences. Highest mean age
are found for the satellite observations. Applying the SE sink correction decreases these high age values and
reduces the difference to models. The climate model mean age shows generally lowest values, while reanalysis-
based mean age are similar to the satellite observations. The inter-model spread (Figure 9, black contours) shows
larger differences between reanalyses (up to 1.2 years) than climate models, which is related to significant dif-
ferences in the climatological strength of the stratospheric circulation in current reanalyses (Ploeger et al., 2019,
2021). While the uncertainty across models is largest at higher levels and latitudes (up to 0.8 years spread in mid-
and high latitudes above 30 hPa), the largest spread between reanalyses occurs in the lower stratosphere.

Mean age of air from climate models is compared to different observations at 20 km altitude and in terms of
vertical profiles in the tropics and northern mid and high latitudes in Figure 10. In agreement with Section 4.4,
observational climatologies are generally in good agreement with each other and are thus a good basis to evaluate
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Figure 9. Zonal mean distribution of mean age of air from observations, chemistry-climate models and reanalyses. (a) MIPAS, (b) Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS). Both satellite-based mean ages are sink corrected, same data products as in Figures 5c and 5d. Panel (c) same, but for
multi-model mean (MMM) of 7 CCMI2 models (refD1 simulations). (b) Same, but for multi-reanalysis mean (MRM) from CLaMS offline-model simulations driven
with ERAS, ERA-Interim and JRASS reanalysis data. Black contours show the standard deviation, in years, across the models/reanalyses in panels (c) and (d). The
dashed gray lines depict the thermal tropopause for the MMM (c) and MRM (a), (b), and (d). Time average is from 2002 to 2012, except for ACE-FTS (2005-2012).

models, which remained difficult even in recent work (e.g., Abalos et al., 2021). An exceptions from the good
agreement is the high-latitude in situ profile, likely because of poor representativeness given it is based on only
few balloon flights. In general, climate models still underestimate stratospheric mean age across latitudes and
altitudes. We can report clear improvement compared to the climate models from two decades ago as presented by
Waugh and Hall (2002), with an increase in the MMM of roughly 1 year at all latitudes at 20 km altitude. Over the
different generations of model intercomparison projects, progress could be reported between CCMVal-2 and
CCMI-1 (Dietmiiller et al., 2018), but since then the still overall large spread across models appears to stagnate
(for CMIP6 and CCMI-2022 see Abalos et al., 2021, and Figure 10, respectively).

The inter-model differences in age of air are related to differences in the representation of circulation and of
transport processes in different models. In general, differences in residual circulation and mixing processes are
both responsible for the spread in age of air between models, although eddy mixing effects appear to be the
dominant factor to explain inter-model differences (Dietmiiller et al., 2018; Gupta et al., 2021). Furthermore, age
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Figure 10. (a) Latitudinal structure of mean age of air at 20 km from observations and models as a function of latitude. (b—d) Mean age vertical profiles in the tropics
(30°S-30°N), mid-latitudes (30°N-60°N) and high latitudes (60°N-90°N). In situ aircraft and balloon observations as described in Section 4.4, (black symbols),
satellite estimates include MIPAS (blue) and Atmospheric Chemistry Experiment Fourier Transform Spectrometer (green). All SF;-based ages have been corrected for the
chemical sink. Model data is from CCMI2 refD1 simulations from 6 models, averaged over 1975 to 2018, with the intermodel spread shown as the two standard deviation
range across models (shading), and the interannual and intraseasonal variability is shown as the two standard deviation averaged for all models (dashed lines).

of air model differences can be caused by differences in model numerics and related differences in numerical
diffusion. In this regard, differences in model resolution as well as in the dynamical core may cause substantial
differences in stratospheric age of air due to differences in resolved circulation and in the numerical representation
of transport processes (Gupta et al., 2020, 2021). Similarly, differences in the representation of trace gas transport
have been shown to affect stratospheric age of air, with a more diffusive transport scheme resulting in younger air
in most regions of the stratosphere (Charlesworth et al., 2020).

5.3. Age Spectra in Models

The age spectrum by definition resolves the transit time scales of the different transport pathways and processes
and can be used as a diagnostic for residual circulation, mixing, and diffusion. In particular, the modal age of the
spectrum, the transit time of the highest spectrum peak which is characterizing the most probable transit time, is
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Figure 11. Tropical and extratropical age spectra from comprehensive models: Chemistry Transport Models simulations with
CLaMS driven by the reanalysis ERA-Interim (blue) and ERAS (green) taken from Ploeger et al. (2021) and GCM
simulations with EMAC (red) taken from Fritsch et al. (2020). Note that the resolution along the transit time axis differs
between CLaMS (1 month) and EMAC (3 months), which contributes to smooth the peaks in EMAC relative to CLaMS.

mainly affected by the bulk transport as related to the residual circulation (Waugh & Hall, 2002). Strahan
et al. (2009) found good agreement between modal ages and the time scale of residual circulation upwelling in the
tropical pipe. A global analysis of model age spectra further showed that in the tropical lower stratosphere and in
the wintertime middle to high-latitude stratosphere (above about 500 K) the age spectrum modal age is a good
proxy for residual circulation timescales (Ploeger & Birner, 2016), in agreement with results from the conceptual
TLP model (see Section 3.1). The age spectrum tail, on the other hand, is strongly affected by mixing processes
and recirculation of aged air into the tropics, such that recirculation changes can be diagnosed from changes in the
age spectrum tail (F. Li et al., 2012).

Age spectra therefore could serve to reveal the influence of different processes on transport times in compre-
hensive models. However, the high number of pulse tracers necessary to derive age spectra so far limits the
available model simulations of age spectra. Here, we discuss exemplarily the comparison of age spectra from two
CTM simulations (with CLaMS) and one free-running global model simulation (EMAC). The spectra from the
comprehensive models show more detailed structure in the age spectra compared to the idealized TLP model-
based spectra discussed in Section 3.1, as more detailed transport processes are included (Figure 11). Conse-
quently, the structures in age spectra in the real atmosphere and in models with increased resolution (which
resolve more details on transport processes) can be expected to be even more plentiful. The annual peaks in the
age spectra are clear imprints of the seasonality in stratospheric transport (Ploeger & Birner, 2016; Reithmeier
etal., 2008), and are absent in annual mean spectra. The prominence of these multiple spectrum peaks depends on
the model transport and likely degrades for more diffusive transport schemes (as here for EMAC compared to
CLaM\S).

The comparison between the spectra for the different models in Figure 11 shows that stratospheric age spectra are
very sensitive to inter-model differences in transport. Significant differences exist both between different models
(EMAC, CLaMS) and between different reanalysis used to drive the same model (CLaMS driven with ERAS and
ERA-Interim). The difference in the modal ages in the tropical age spectra, for instance, must be caused by
differences in tropical residual circulation upwelling and/or vertical diffusion in the models (compare the TLP-
model discussion in Section 3.1). The fact that the decrease in modal age coincides with a decrease in the spectrum
tail points to differences in residual circulation upwelling as a cause for the spectra differences. As the EMAC
model spectrum shows the youngest modal age, this indicates that the model has the fastest tropical upwelling,
whereas ERAS upwelling being slowest and ERA-Interim upwelling being in between (Figure 11), in agreement
with previous reanalysis inter-comparisons (Ploeger et al., 2021). The lower height of the maxima together with a
shift to younger peak transit times could indicate stronger vertical diffusion in EMAC compared to both CLaMS
simulations, consistent with work by Charlesworth et al. (2020) and with the TLP model results presented in
Section 3 (note that increased horizontal diffusion could enhance aging by mixing). Overall, age spectra appear to
be very valuable diagnostics to quantify such model transport differences and to identify model deficits.
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6. Age-Of-Air Variability and Trends

The stratospheric Brewer-Dobson circulation is affected by various modes of variability which also imprint on
stratospheric age of air. Next to irregular internal variability of the atmosphere, the most relevant quasi-periodic
variability factors include the QBO and the El Nifio Southern Oscillation (ENSO). Moreover, variations in
stratospheric aerosol optical depth due to volcanic eruptions can cause variations in age, and anthropogenic
factors like changes in ODS and GHG can lead to forced long-term trends.

6.1. Interannual Variability in Age

The QBO is known to modulate tropical upwelling by inducing anomalously strong upwelling during easterly
shear phase and anomalously weak upwelling during the westerly shear phase. The QBO also affects mixing
between tropics and extratropics, which weakens during the easterly shear phase and strengthens during the
westerly shear phase (Baldwin et al., 2001). Hence, anomalously low (high) mean age is found in the tropical
lower stratosphere during easterly (westerly) shear phase, and this signal further propagates through the strato-
sphere (e.g., Diallo et al., 2012).

ENSO is characterized by increased upwelling during positive (El Nifio) phase which decreases age of air, and by
decreased upwelling and increased age of air during negative La Nifia phase (Calvo et al., 2010; Konopka
et al., 2016). Moreover, ENSO causes structural changes in the stratospheric circulation pattern, with the shallow
Brewer-Dobson circulation branch shifting upwards during El Nifio phase (Diallo et al., 2019).

Volcanic aerosol following strong eruptions reaching the stratosphere affects atmospheric temperatures with
implications for wave propagation and circulation. However, the aerosol effects on the Brewer-Dobson circu-
lation and age of air are controversially debated based on climate models (Muthers et al., 2016) and reanalyses
(Diallo et al., 2017).

Another potential factor influencing variability in transport and mixing in the lower stratosphere is the Asian
monsoon in boreal summer (e.g., Konopka et al., 2010; Shuckburgh et al., 2009). The Asian monsoon circulation,
characterized by strong convection in the troposphere and a confining anticyclonic circulation at upper levels,
provides a particularly rapid pathway for air masses into the stratosphere such that variability in the related
processes affects variability in lower stratospheric composition and age (e.g., Garny & Randel, 2013). Further-
more, the comparatively high mixing ratios of SE; in monsoon air masses complicate the use of this species as an
age tracer.

Inter-annual variability in mean age from satellite observations, climate models, and reanalyses is shown in
Figure 12 for the tropical and middle latitude stratosphere at 70 and 30 hPa. The power spectra from an FFT
analysis of these deseasonalized time series show distinct peaks. The clearest spectral peak occurs at about
28 months and is attributed to the QBO. QBO-related mean age variability is strongest in the tropical stratosphere
at 30 hPa, but also emerges clearly from the spectra at other locations, and is stronger in reanalyses than climate
models (see also Figure 13).

Further peaks in the spectra between 3 and 7 years are most likely associated with ENSO, and they are relatively
stronger in the lower stratosphere (70 hPa) compared to 30 hPa. Amplitudes of age variability are stronger in
reanalyses than in climate models (Figure 13). This difference between reanalyses and climate models is most
pronounced at even longer periods around 10 years and beyond (not shown). At these longer, decadal timescales,
reanalyses show significantly stronger variability compared to climate models. Variations on these time scales are
likely related to volcanic aerosol (e.g., after the 1991 Mount Pinatubo eruption), or a combination of different
variability modes.

The variability in age deduced from MIPAS observations (black symbols in Figure 12) is similar to the reanalysis-
based estimates, demonstrating that global satellite mean age data are well suited for studies of stratospheric
variability (see e.g. Haenel et al., 2015; Stiller et al., 2012). However, the available record of about 10 years is
rather short for analysis of inter-annual variability. For ACE-FTS mean age data (gray symbols), the available
record is longer, but the data is prone to large scatter, likely due to the sparse sampling. Therefore, for an
observation-based analysis of inter-annual transport variability improved observations of high sampling and high
precision would be beneficial.
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Figure 12. Mean age of air variability in reanalyses and climate models. (a) Deseasonalized anomaly of mean age in the tropics (10°S—10°N) at 30 hPa from CCMI2
climate models (gray), reanalyses (colored), MIPAS (black crosses), and Atmospheric Chemistry Experiment Fourier Transform Spectrometer (gray crosses) satellite
data. Panel (b) same, but in middle latitudes (40°N—60°N). (c—f) Power spectrum of mean age variability at 30 and 70 hPa, in the tropics (10°S—10°N) and in middle
latitudes (40°N—60°N) for CCMI2 (multi-model mean in black, 1 — ¢ range as gray shading) and reanalyses (multi-reanalysis mean as thick red, 1 — o range as thin dashed
red lines). Data has been smoothed using 3 and 6 months running means.

An attribution of mean age variability to different drivers based on a multi-linear regression analysis (MLR) is
presented in Figure 13 (see Diallo et al., 2017, for details on the method). The variations in age in response to
QBO and ENSO are of similar magnitude, and both drivers contribute significantly to age of air variability.

The mean age variations related to QBO and ENSO show distinct patterns throughout the stratosphere. For QBO
variability, strongest variations occur in the tropical lower stratosphere, but significant variations extend to middle
and high latitudes. The global pattern of QBO variations is qualitatively similar between climate models and
reanalyses, though the QBO variability in reanalyses is stronger.

For ENSO-induced mean age variations the differences between climate models and reanalyses are larger than for
the QBO. At lower levels, below about 20 km, there is qualitative agreement with El Nifio decreasing mean age,
and this effect is stronger in reanalyses than climate models. Above, however, the ENSO-induced effects sub-
stantially differ between the two data sets. In this region, which is mainly affected by the deep Brewer-Dobson
circulation branch, climate models show mean age decreases during El Nifio while reanalyses show mean age
increases.

Particularly challenging is the interpretation of multi-year and decadal variability in mean age, which may result
from low-frequency variability modes in the climate system or from the interplay between different of the above
mentioned drivers. In this respect, a link between the Pacific Decadal Oscillation and the stratospheric circulation
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Figure 13. Variability amplitude in mean age of air for the Quasi-Biennial Oscillation and El Nifio Southern Oscillation, estimated with a multiple regression over the
1989-2015 time period for (top) reanalyses, and (bottom) for climate models (CCMI2 RefD1 simulations). Shown are multi-reanalysis mean and multi-model means.

has been identified in chemistry climate model simulations with related effects on stratospheric composition
(Iglesias-Suarez et al., 2021). Furthermore, the interplay between the QBO and the seasonal cycle has been
proposed to cause a robust mean age increase in the Northern hemisphere relative to the Southern hemisphere
after the turn of the millennium (Strahan et al., 2020), which causes a structural change in the pattern of the
Brewer-Dobson circulation (Han et al., 2019; Ploeger & Garny, 2022). Similarly, Neu et al. (2018) have shown
that changes in the relative duration of easterly and westerly shear phases of the QBO can drive decadal-scale
circulation variations which make detection of long-term changes in age challenging. In general, multi-year
and decadal variability in mean age and relation to drivers of variability appears not well understood, hitherto.

6.2. Long-Term Age Trends

Over the last two decades a large number of studies have investigated the impact of external forcings on
stratospheric age. Climate models project an acceleration of the Brewer-Dobson circulation in response to
increasing GHG, resulting in an overall decrease in mean age (Butchart, 2014). However, observational estimates
of age trends over the last decades have put into question this model result, and a growing body of literature is
devoted to understanding this discrepancy. In this section we summarize and describe the current state of
knowledge on forced trends in age, guided by the following overarching questions: (a) Do observational and
modeled age trends disagree when taking all the uncertainty into account? (b) What degree of confidence do we
place in current trend estimates? (c) When will trends become detectable? It is important to note that the term
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“trend” here refers to an externally-forced long-term change. Therefore, a linear fit over a short timeseries (less
than about 30 years) is not necessarily a trend, as it can be largely affected by internal climate variability.

6.2.1. Drivers and Mechanisms of Age Trends

Studies on the mechanisms driving age trends are largely based on climate models, which project an acceleration
of the residual circulation due to the increase in GHG. This residual circulation acceleration was first noted in
early climate model experiments (Rind et al., 1990) and has been remarkably robust over many generations of
climate models. The residual circulation acceleration speeds up transport and results in a global reduction of mean
age throughout the stratosphere (Butchart, 2014). The dynamical mechanism involves an enhancement of wave
dissipation in the subtropical lower stratosphere due to the upward shift of the critical lines associated with the
strengthening of the upper flanks of the subtropical jets in response to tropical upper tropospheric warming
(Garcia & Randel, 2008; Shepherd & McLandress, 2011). While all models consistently show an acceleration of
the residual circulation, the contribution of different waves in the forcing is more uncertain, especially for the
upper branch of the BDC where the contribution from parameterized gravity waves is largest (Abalos et al., 2021;
Butchart et al., 2010). The acceleration of the deep branch is closely connected with trends in the polar vortices, as
both are linked to wave dissipation, and both resolved Rossby and parameterized gravity waves are filtered by the
zonal wind (Palmeiro et al., 2014). Polar vortex trends are highly uncertain and inconsistent across models in the
northern hemisphere. This uncertainty is related to the large inter-annual variability in the polar stratosphere, the
counteracting effects of cooling by increased GHG and polar warming due to adiabatic heating by the BDC
acceleration, and also to uncertainties in wave generation in the troposphere (Karpechko et al., 2022).

In addition to the effects of GHG, several studies over the last two decades have shown that ozone depletion due to
increasing ODS has contributed substantially to the BDC residual circulation acceleration (F. Li et al., 2018;
Oman et al., 2009; Lin & Fu, 2013; Polvani et al., 2018). The mechanism involves cooling of the austral polar
lower stratosphere in late spring linked to the ozone hole, and associated strengthening of the zonal winds in early
summer, which delays the breakdown of the polar vortex and thus allows for enhanced wave propagation in this
season and causes a strengthening in the stratospheric circulation (Abalos et al., 2019; F. Li et al., 2018;
McLandress et al., 2011; Oberlédnder et al., 2013). These studies showed that the decline of ODS concentrations
thanks to the Montreal Protocol results in a 50% reduction of the global mean stratospheric mean age trend
between the periods before and after the year 2000, which corresponds to the peak of ODS concentrations
(Figure 14).

While the trends in the residual circulation have received more attention historically, the importance of changes in
mixing for the net transport trends has been recognized over the last years. Indeed, Eichinger et al. (2019) found
that the residual mean transport alone dominates age trends only in the polar lower stratosphere, whereas in
general reduced aging by mixing and recirculation is the dominant contributor to the mean age trends in the CCMI
models, although partly related to the residual circulation trends. They also showed that the spread in mean age
trends across models can be partly explained by the change in mixing efficiency in the models. In the lower
stratosphere, enhanced wave breaking leads to enhanced eddy mixing, while in winter the stronger jets act as
stronger transport barriers and reduce eddy mixing (Abalos & de la Camara, 2020). The connections between
changes in mixing estimates and mean age remain an open issue that needs further research. In addition to the
changes in mixing, other uncertainties in modeling mean age, discussed in Section 5 can affect the trends,
including the diffusion in models, which can be affected by model numerics, transport scheme and resolution,
among others (e.g., Charlesworth et al., 2020).

6.2.2. Observational Age Trends Estimates

As described in Section 4, a large number of observational data of mean age have become available over the last
decades. In particular, the estimation of long-term trends requires high-quality measurements over multiple
decades. To date, the only long-term record of high-quality mean age observational data is available from balloon
measurements over NH mid-latitudes. This data set was first published in 2009 (Engel et al., 2009), spanning
observations from the time period 1975 to 2005, and was updated later with additional observations from 2015 to
2016 (Engel et al., 2017). The reported trends indicated unchanged age over the considered periods, with trends of
+0.24 + 0.22 years/decade (Engel et al., 2009) and 0.15 + 0.18 years/decade (Engel et al., 2017), respectively.
The observational mean age trends come along with large error bars which result from a combination of
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Figure 14. Effects of ozone depleting substances (ODS) and greenhouse gases (GHG) on trends of mean age in models. Trends are larger before 2000 due to the
combined effects of both forcings. (a) trends during the ozone depletion period, (b) trends during the ozone recovery period, (c) ratio between future and past trends in
control simulations and sensitivity experiments with ODS or GHG fixed to 1960 levels. Adapted from Polvani et al. (2019).

measurement uncertainty, methodological uncertainty (related to mean age calculation from observed trace
gases), and sampling uncertainties (the representativeness error due to the sparse sampling), and will be further
discussed below. Even given the large uncertainty in the observational trend estimates, the modeled trends lied
outside this range (Garny et al., 2022; Waugh, 2009, see also Figure 16).

Several attempts have been made to understand and reduce the uncertainty in observational mean age. Following
up from Engel et al. (2009), Ray et al. (2014) included corrections of the data for sampling uncertainty and re-
ported the trend over a range of altitudes. This profile of observational mean age trends is presented in Figure 15.
The correction method vastly reduced the error bar, while the mean trend estimates still remained consistent with
the Engel et al. (2009) value. The trend profiles further revealed that in the lower stratosphere around 80 hPa, the
observational trend estimate is negative and statistically significant. Using a chemistry-climate model to optimize
the parameter selection for the derivation of mean age from SE (in particular the ratio of moments), Fritsch
et al. (2020) recalculated the trends from Engel et al. (2017) to be 0.07 years/decade. This value is included in
Figure 15 for comparison, and the error bars overlap with the Ray et al. (2014) observational estimates.

Figure 15 further summarizes published comparisons between mean age trends from observations, from rean-
alysis data and from the latest global chemistry-climate model simulations. As reported, mean age trends based on
different reanalysis data show strong deviations (Chabrillat et al., 2018; Ploeger et al., 2019, 2021), including
negative (JRA-55, ERAS) and positive (ERA-Interim) age trends in northern mid-latitudes between about 30 and
5 hPa (Figure 15). Remarkably, the trend profile based on ERA-Interim is in good agreement with the trend
profile derived from observations and it is also ERA-Interim for which the climatological mean age is closest to
observation-based estimates (e.g., Ploeger et al., 2021). However, it is not clear whether this agreement occurs for
the right reasons and generally the inter-reanalysis differences resemble the fact that the stratospheric circulation
is not well constrained in current reanalyses (for a more detailed age of air reanalysis inter-comparison see
Fujiwara et al., 2021).

The climate model trend estimates show consistently negative trends over all altitudes in mid-latitudes. In the
lower stratosphere, negative age trends from observations, reanalyses and climate models are in good agreement.
However, in the middle to upper stratosphere, an apparent discrepancy between age trends from climate models
and observations exists, and this discrepancy has been noted for different generations of climate model inter-
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Figure 15. Previously published trend estimates over 1975-2015 at northern mid-latitudes (30-50°N) as a function of altitude
derived from balloon observations (black diamonds with error bars and green symbol with error bar), climate models (gray
shading) and reanalyses (colored error bars). Model simulations include CCMI-2022 REFD1 simulations (7 models, each
with different number of members chosen randomly with a 1,000 Montecarlo sampling). The models and reanalyses results
have been averaged over 5 km-thick layers to match the observations. All error bars correspond to one standard deviation
uncertainty (95% confidence level). Error bars are associated with inter-annual variability for the reanalyses, with inter-
model and inter-member spread for the models, and with observational uncertainties in the observational estimates. Black
diamonds with error bars show observations from Ray et al. (2014), plotted at the center of the altitude range that they
represent; green rectangles show observations from Engel et al. (2009) updated by Fritsch et al. (2020), and they represent an
altitude range of 24-35 km.

comparison projects (e.g., CCMI-1, CCMI-2022, CMIP6 Abalos et al., 2021; Garny et al., 2022). While the sign
of the modeled and observed trends is opposite, both may overlap within uncertainty ranges if additional un-
certainty due to the mean age calculation method is taken into account (Fritsch et al., 2020, green symbol in
Figure 15).

Differences between mean age trends from climate models and observations can also arise from the fact that
model ages are typically calculated from ideal age tracers while observational ages are estimated from real tracers
with substantial uncertainties. Such uncertainties are related to measurement uncertainty, methodological un-
certainty (e.g., non-linear tropospheric increase and assumptions on ratio of moments), and sampling un-
certainties due to sparseness of observations (i.e., representativeness error). Methodological and sampling
uncertainties have been assessed in a few studies (e.g., Fritsch et al., 2020; Garcia et al., 2011) and are further
illustrated and investigated in Supporting Information S1. In summary, the representativeness error is mostly
below 10% of the true age value (in agreement with Engel et al., 2009) and causes an increase in standard error of
the trend by about 0.1 years/decade (compare Garcia et al., 2011). The methodological uncertainty in the trend
estimate arising from the use of realistic tracers CO, and SE, amounts to another 0.1 years/decade, largely related
to uncertainty in the ratio of moments (e.g., Fritsch et al., 2020).

These uncertainties need to be taken into account when assessing stratospheric age of air trends and in particular
when comparing trend estimates from observations and models. A synthesis plot of the current state of knowledge
on stratospheric mean age trends, including most recent model simulations and a re-assessment of observational
age trends, is presented in Figure 16. The figure shows the mean age timeseries in the NH mid-latitude middle
stratosphere, the region considered by Engel et al. (2009), and the trend values calculated for the different data sets
and different periods. For the model simulations, trends from the full model data are contrasted with trends sub-
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Figure 16. Re-assessment of mean age trends in the middle stratosphere from observations and models. (a) Timeseries of mean age anomalies averaged over 24-35 km
height and northern mid-latitudes (30-50°N) from observations (black symbols), CCMI-2022 models (gray lines) and reanalyses (colored lines). Observational mean
age from Engel et al. (2017) has been recalculated using the consolidated method (see Section 4.1.5); triangles correspond to SE;-based and circles to CO,-based estimates.
Panels (b)—(d) shows trends calculated over the periods 1975-2005 and 1975-2017 (from 1981 onwards for reanalyses due to limited data availability) for a variety of data
products: (b) observational estimates originally published by Engel et al. (2009, 2017) and trends from CCMI-2022 models based on the full time series. (c) Trends from
same observational data, but with mean ages calculated by the consolidated method (Section 4.1.5), compared to CCMI-2022 model data sub-sampled on the measurement
latitudes and months (sub-sampling is based on monthly mean, zonal mean data due to limited output availability, see Abalos et al., 2021), and to mean ages calculated in
the CLamS transport model from various reanalysis data sets with sub-sampling to days and locations of observations. (d) trends from observational mean ages with
consolidated method as in (c), but in addition adjustment of the data to account for latitudinal differences (following the method in Ray et al., 2014), which should be
compared to the trends from the full model data. The trend error bars for the observations represent the observational uncertainties associated with the measurements and
with the calculation of mean age from them. For the models and reanalyses the error bars correspond to the 95% confidence level, associated with inter-annual variability
(reanalyses) and with inter-model and inter-member spread (models).

sampled to the observation locations. Only the latest model output is used (CCMI-2022), but the results are
consistent for other model inter-comparison projects (Garny et al., 2022).

The original trend estimate by Engel et al. (2009) over the time period 1975-2005 of 0.24 + 0.22 years/decade
was found to disagree within error margins with model simulated mean age trends (MMM of —0.15 years/decade
with a range of —0.23 to +0.01 years/decade, see Figure 16b; see also Waugh, 2009). For the extended period
1975-2016, the observational trend estimate decreases to 0.15+0.16 years/decade, and the models simulate less
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negative trends (MMM of —0.10 years/decade with a range of —0.15 to 4+0.01 years/decade). The latter is
explained by the decline of ODSs since about 2000, flattening the age decrease (see Section 6.2.1). Hence, for the
extended period, the difference between simulated and observed age trends is decreasing, but the original trend
estimate from Engel et al. (2017) and trends based on full model data still disagree. However, since then, both the
methodological error and the sampling error were reassessed.

Following research on the methodological uncertainty, the observational age trend based on the data from Engel
et al. (2009, 2017) has been re-calculated using the consolidated method proposed in Section 4, resulting in
smaller positive trend estimates of 0.07 £ 0.24 years/decade and 0.12 + 0.16 years/decade for the period 1975-
2005 and 1975-2016, respectively (see Figure 16¢). When comparing those trends to model data, the sampling
uncertainty should be taken into account, and we contrast two methods that have been used to do so. The first
method involves sub-sampling of model data to the locations of the observations (following Abalos et al., 2021).
This sub-sampling results in model trends of —0.10 years/decade (range for individual models between —0.26 and
+0.07 years/decade) and —0.05 years/decade (range —0.16 to +0.18 years/decade) for the period 1975-2005 and
1975-2016, respectively. Hence, the sub-sampled climate model mean age trend lies within the uncertainty range
of the observational trend estimate for both periods. The second method to account for the sampling error includes
an adjustment of the mean age observations to account for the latitudinal variations, as has been proposed by Ray
et al. (2014). Applying a similar adjustment to the observational data (see Supporting Information S1 for details)
decreases the observed mean age trend to 0.18 + 0.20 years/decade and 0.05 + 0.13 years/decade, for the two
periods respectively (see Figure 16d). This adjusted observational trend should be compared to the model trend
value without sub-sampling (to avoid double accounting of the sampling error), and also with this method can we
conclude that the observational and model trend estimates do not disagree given the uncertainty ranges, in
particular for the longer time period. However, it should be noted that the adjusted trend values are somewhat
sensitive to the adjustment method (see Supporting Information S1). In summary, we conclude that when taking
methodological and sampling uncertainty into account, best estimate climate model and observational mean age
trend are still of opposite sign, but given the large uncertainty it cannot be concluded that model trends lie outside
the observational range.

The reanalysis-based mean age trends in Figure 16 show a very large spread, suggesting that the stratospheric
circulation is not well constrained in current reanalyses. Interestingly, the age trend for ERA-Interim is consistent
with the observations also when taking the observational sub-sampling into account. But as discussed above, it is
unclear whether this agreement in trends is for the right reason.

6.2.3. Lead Time Required to Detect Trends

Mean age trends over past decades exhibit large uncertainties that prevent knowing their magnitude (and
sometimes sign) with confidence. In this section we address the question when trends will become detectable and
what length of record (or “lead time”) is needed to discern forced trends from internal variability, following the
method by Rivoire et al. (2024). Figure 17 shows the detection power, that is, the magnitude of the smallest
detectable trends for a given data record as a function of time. A reference is shown for model knowledge (i.e.,
perfect or omniscient knowledge), that is, the detection power afforded by a continuous time series of perfect age
measurements. Using the trend values in Figure 16 we estimate that model trends of order 0.05 years/decade
became discernible from internal variability around year 2015 (with a record starting in 1981, and omniscient
knowledge). In this context, “discernible from internal variability” is an interpretation of the fact that a trend with
magnitude equal to or larger than 0.05 years/decade is only 5% likely to occur purely as a result of internal
variability over a ~35-year-long omniscient record (1981-2015), and the internal variability is deduced from
climate model simulations (see caption of Figure 17). It is worth noting that this estimate is less optimistic than the
20 years previously estimated by Abalos et al. (2021) (though the methods used differ).

The detection power granted by the observational record is also shown in Figure 17. The same method is applied,
but the model knowledge is degraded to emulate that offered by the high altitude balloon record. The later
emergence of trends inferred from this synthetic record reflects the effects of (a) the timing of the historical
sampling (1981-2017) including gaps in the record, (b) the typical vertical resolution of high-altitude balloons,
(c) changes in latitude of balloon launches, (d) conversion from tracer species to age of air (in this case, using an
empirical relationship for N,0), and (e) a range of possible future sampling frequencies (indicated in the legend).
The effects of instrumental uncertainties are not taken into account, and the smallest detectable trends are
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Figure 17. Smallest detectable trends in mean age (30-50 N average at 60 hPa) derived from models (black) and synthetic
observations (colors). Data are from CMIP6's UKESM1-0-LL and CNRM-ESM2-1 pre-industrial control runs. Trends are
given at the 95% confidence level for a record starting in 1981.

calculated assuming that dynamical variability can be removed (as in Ray et al., 2014). As a result, the smallest
detectable trend estimates should be used as lower bounds. The same 0.05 years/decade trend magnitude dis-
cussed previously does not emerge until year 2030-2050, depending on future sampling frequency.

Before the 2005-2015 gap in the historical record, limitations of the observational record were responsible for a
~10-year delay in the emergence of trends. For example, a trend of 0.25 years/decade would have been detectable
in 1990 with omniscient knowledge, but only in year 2000 based on the (synthetic) observational record. After the
gap in observational data, the delay grew to ~20 years, highlighting the importance of accounting for observa-
tional sampling when analyzing trends. In addition, the delay will continue to worsen over time unless future
sampling frequency is twice per year or better.

7. Conclusions
7.1. Achievements Over the Last 20 Years

Our conceptual picture of stratospheric transport had been established two decades ago (Plumb, 2002), along with
a solid theoretical understanding of the transport time and age of air concept (Waugh & Hall, 2002, compare their
schematic Figure 1 to our Figure 1). As outlined in the introduction, progress has mainly been made on the
following three themes: (a) process understanding and diagnostics, (b) quality and quantity of observational data,
and (c) diagnosis and understanding of long-term trends. The achievements in these areas are summarized in the
following:

1. Enhanced process understanding and development of process diagnostics enabled the quantification of in-
dividual processes from observational data and to understand model deficits. Based on an overall good
theoretical and conceptual framework for age of air, over the last decades substantial progress has been made
in quantifying and better understanding the underlying physical relationship of individual transport processes
to age of air. The development of dedicated diagnostic frameworks that relate age to the advective circulation
strength and eddy mixing enabled (a) better understanding of model differences and deficits and (b) to quantify
individual transport processes from observational data, in particular the diabatic circulation based on the age
difference diagnostic. Mean age provides a powerful diagnostic to test the integrated tracer transport in a
model. However, differences between models or discrepancies to observed age are not easily attributable to a
specific process, and even good agreement can occur due to compensating errors. Thus, the development of
diagnostics that can constrain individual processes both from observations and from models is a prerequisite
for model improvement.
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o Simulation of stratospheric transport by global models has clearly been improved compared to 20 years
ago, but there is still substantial spread and biases in the simulation of mean age. Application of di-
agnostics to disentangle the effects of residual circulation transport, and mixing/diffusion effects have
revealed that the still existing large spread in mean age is largely due to the latter. This can include both
effects of resolved eddy mixing, but also effects of unresolved (numerical) diffusion. Indeed, advanced
transport schemes with reduced numerical diffusion have been shown to strongly impact age of air. With
this knowledge we can also conclude in retrospective that the strong low bias of mean age found by Waugh
and Hall (2002) (with age approaching zero at 20 km at the equator for some models) was likely caused by
overly strong vertical diffusion caused by low vertical resolution and/or diffusive transport schemes.

e Quantifying processes from observations. In order to gain better knowledge of the individual transport
processes from observations (e.g., to constrain models), process diagnostics are needed that are based on
observations. The diagnostics applied to models outlined above require information of the residual cir-
culation, which is not an observable quantity. Over recent years, a diagnostic has been suggested that can
deduce the diabatic circulation based on the latitudinal difference of mean age, that is, is directly accessible
from global mean age data, as provided by satellites. Furthermore, efforts to deduce the age spectrum from
arange of tracers have been undertaken over recent years. These still involve a number of challenges, but
would provide more detailed information on effects of individual processes compared to mean age.
However, the calculation of observation-based diagnostics hinges on high-quality observational tracer and
age data.

2. The quality and quantity of observational mean age data has improved over the last decades. Since the last

review paper by Waugh and Hall (2002), our knowledge on age of air from observations has improved
drastically. We now have multiple global and temporally coherent data sets of mean age, thanks to remote
sensing observations from satellites. Moreover, not only did many additional aircraft observations become
available, but also additional age tracers have been explored, and aircores have been established as new
observational platforms. Given their cost-efficiency, this technique might provide a wealth of additional data
in the future. The compilation of the large number of in situ or direct measurements of tracer concentrations
from air samples taken on board of aircrafts or balloons by now can give information on climatologies in the
lower stratosphere, in particular at northern mid-latitudes where data density is highest (see Section 4.2). In
other regions, sparse sampling is still problematic for this task. Furthermore, so far either the length of the
records or the sparseness of data prevent robust conclusion on low frequency variability or long-term forced
trends. Remote sensing observations have the advantage to provide global coverage, but available mean age
data records have limitations due to uncertainties in the retrieval of tracer concentrations and only cover
comparatively short periods. Next to additional data availability, many studies over the past years have led to
an enhanced understanding and quantification of the uncertainties in deriving mean age from realistic tracers,
both due to their non-linear increase and due to chemical sinks. This highlighted the limitations of observa-
tional mean age data in estimating long-term trends, and clearly calls for establishing a consistent and
improved method to derive mean age from different data sources. In this review paper, we propose such a
consolidated method to calculate mean age from observed, realistic tracers, based on the best current un-
derstanding (see Section 4). The use of such a common method, including also a chemical sink correction for
SK-based mean age, clearly reduced the spread between different mean age data products, including better
comparability to model data.

. Forced long-term trends in mean age are overall well understood in models, but observational evidence can

only confirm model predictions in the lower stratosphere. The acceleration of the BDC and associated negative
mean age trends is one of the most robust model results on climate change related circulation trends and holds
over many generations of climate models. The mechanism for an acceleration of the shallow branch forced by
increasing GHG concentrations, and in addition by ODS-related ozone depletion, has been well understood for
more than a decade. The associated decrease in mean age in the lower stratosphere has been confirmed by
observational estimates of mean age trends. Given the high level of mechanistic understanding and agreement
of models and observations, we overall have high confidence in an acceleration of the BDC in the lower
stratosphere.

In the middle and upper stratosphere, climate models likewise consistently simulate a decrease in mean age in
response to GHG forcing. However, compared to the lower stratosphere the spread is larger between models,
and the mechanism is less clear, in particular in the NH, where models disagree on the future development of
the polar vortex. We have only limited high quality data available to deduce long-term trends from
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observations (see above). The only region with a long enough record are the northern mid-latitudes, in
particular thanks to a number of high-altitude balloon flights. This record had suggested a positive, but
insignificant increase in mean age in the middle stratosphere, and the apparent discrepancy to model trend
estimates has sparked many studies since the first publication of the record in 2009. In particular, the un-
certainties associated with the observational record have been extensively studied. Overall, we can now
conclude that there is very large uncertainty on observational trend estimates caused by uncertainties related to
sampling and by methodological uncertainties when deducing mean age from realistic tracers (see above). By
bringing together the gained knowledge on those uncertainties from recent studies, we can now assess that
uncertainties in middle stratospheric observational records are too large to disprove the modeled mean age
trends. However, model predictions of an accelerating circulation remain only confirmed by observations in
the lower stratosphere but not in the middle stratosphere.

7.2. Open Issues and Opportunities

Although previous research on stratospheric age of air has substantially enhanced our understanding and quan-
tification of its climatology and trends as described above, it has also prompted several open issues and unveiled
potential avenues for exploration:

Develop better theoretical and empirical constraints on calculating mean age from realistic tracers. One
major hurdle to study the transport circulation from observations is the large uncertainty in deriving mean age
from realistic tracers. From a theoretical or conceptual point of view, a more advanced canonical function of
the age spectrum could be beneficial, possibly along with accounting for multiple entry points to the
stratosphere, which is particularly relevant in the lowermost stratosphere. Furthermore, better observational or
combined model-observation constraints on the ratio-of-moment would be necessary to reduce uncertainty in
mean age derived from realistic tracers. Another avenue to derive mean age is to utilize empirical relationships
between mean age and trace gas mixing ratios, as has been used in the past to derive mean age from N,O.
However, a better understanding of the spatial and temporal variability of those relationships is necessary to
exploit their full potential.

Close observational gaps and ensure continued monitoring of stratospheric circulation to better constrain
variability and trends. Next to the issues of the method to derive mean age from trace gases, a significant
advancement in our knowledge on the stratospheric transport circulation would come through an improved
data record. One opportunity would be to use past satellite or aircraft mission data, or archived air samples
to complement our past record of mean age, in particular if combined with novel methods to derive mean
age from alternative age tracers. Our past data record in the northern hemispheric extratropics is currently
the longest and best record we have, but still uncertainties are too large to constrain variability and in
particular long-term trends. In other places on the globe, in particular the tropics and southern hemisphere
only few observations exist. Long-term, global and high-cadence measurements are needed to better
constrain variations in stratospheric transport associated with the QBO, ENSO, volcanic eruptions and their
interactions. Currently those variability modes are not robustly represented in climate models and rean-
alyses, but are also insufficiently constrained from observations. To reach a better quantification and an
improved understanding of stratospheric transport and its variability, global observations of multiple long-
lived trace species are required. The quantification of variability modes in stratospheric transport would be
an important opportunity for evaluating the ability of global models and reanalyses to capture transport
processes correctly, which would also increase our confidence in simulated long-term trends by those
models. All available satellite missions measuring stratospheric composition have expired or are at the end
of their lifetime (cf. Table 2), thus to reach this goal new satellite missions that observe trace gases
throughout the stratosphere are strongly desirable. Next to global observations, long-term continuous and
regular measurements by cost efficient local measurement techniques such as aircores would be of high
value to estimate long-term trends in the future. The presented time of emergence analysis (Section 6.2)
shows that compensating for the loss of detection power imparted by past observational gaps will necessitate
future sampling at least twice a year. With this frequency, trends of the magnitude estimated by the models
should become detectable by 2035.

Deduce improved observational constraints on individual transport processes to advance model improve-
ment. Observational constraints on stratospheric transport processes are in general insufficient in models and
reanalyses. For example, quantitative estimates of mixing effects are needed to constrain mixing in models.

GARNY ET AL.

42 of 51

diy) suonIpueD pue swis 1 841 ass *[120z/TT/ET] U0 AkIgIT8UIUO A8|IM “UBWSD Z}oywRH " Ul MUed Wey N4 'J WnieZ yasia Ad Ze80009HEZ0Z/620T OT/I0p/LI00 A8 Im ARelq1jput|uo'sandnfie//sdiy woJy papeoiumod 'y b0z '8026v6T

0B 1M ARe1q!

5017 SUOWILLIOD A0 3|qeo1|dde 8y Aq peusenod afe Sapo1Le YO SN J0 S9N 10§ AReiq 1T 8UlIUO A3|IA UO (SUONIPUOD-pUE:



ADVANCING EARTH
AND SPACE SCIENCES

Reviews of Geophysics 10.1029/2023RG000832

Acknowledgments

We want to express our gratitude to our
team member Thomas von Clarmann, who
passed away shortly before completion of
this work. Many thoughtful and valuable
discussions with Thomas helped to shape
this review article. He very much enriched
our group, and the wider community, both
scientifically and personally. This paper is
the outcome from the International Space
Science Institute (ISSI) team project on
“Stratospheric Age-of-Air: Reconciling
Observations and Models.” We thank ISSI
and the ISSI staff for support of two team
meetings held in Bern. MA acknowledges
funding from the national Spanish project
Recovery (PID2021-1247720B-100). AE
and FP acknowledge funding from the
Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—TRR 301
—Project-ID 428312742. FV and FP
acknowledge funding from the Deutsche
Forschungsgemeinschaft (DFG, German
Research Foundation)—Project ID
462476233, Support for this work at U.
Toronto was provided by the Canadian
Space Agency (Grant 16SUASCMEV)
and the Natural Sciences and Engineering
Research Council of Canada (Grant
RGPIN-2017-06664). Work at the Jet
Propulsion Laboratory, California Institute
of Technology, was done under contract
with NASA (8ONMO0018D0004). AP
acknowledges support from the Agence
Nationale de la Recherche (ANR, Grant
21-CE01-0016-01). We thank Aman
Gupta and an anonymous reviewer for
their detailed comments that led to a much
improved paper. Open Access funding
enabled and organized by Projekt DEAL.

The estimation of age spectra (or related diagnostics like the fraction of young air or higher moments) from
observations could also help to constrain processes from observations; however a better quantitative un-
derstanding of linking those properties to individual transport processes would be necessary. To make
progress, improved observational estimates of mean age and derived quantities will be an important step
(see above). For model improvement of stratospheric transport, past work has revealed that advanced, less
diffusive transport schemes that preserve tracer gradients are a promising way forward. Also, even most
recent reanalyses data sets show large uncertainties in representing the stratospheric circulation and age of
air and improvements of underlying forecast models and assimilation schemes seem a very promising way
forward.

The lines of work outlined above provide an avenue toward a better understanding, observational quantification
and modeling of stratospheric transport and its variability and trends. Those improvements have relevance for:

(a) improved understanding of stratospheric composition changes, for example, the observed ozone decrease in
the lower stratosphere over the past two decades that is likely linked to transport variability, but so far neither
completely understood nor reproduced by model simulations (e.g., Ball et al., 2018; Hassler et al., 2022).

(b

=

potentially removing long-standing biases in climate models and reanalyses via improved transport and
representation of lower stratospheric water vapor. This bias was recently shown to be strongly mitigated by
introducing an advanced, less diffusive transport scheme, and next to healing lower stratospheric temperature
biases, also effects on the tropospheric circulation were found (Charlesworth et al., 2023).

(c

~

studying the (side-)effects of stratospheric aerosol injection (SAI) as one proposed method for climate
geoengineering. The distribution of injected material and thus its effects on climate will strongly depend on
the stratospheric transport circulation. Thus, a prerequisite for credible projections of the possible effects and
side-effects of SAI on climate are models with reliable stratospheric transport (Bednarz et al., 2023; Haywood
et al., 2022). To evaluate models with respect to their representation of stratospheric transport, age of air
provides a very powerful concept.

Data Availability Statement

The data base of newly complied mean age data from in situ and remote sensing instruments is published by
Garny, Saunders, et al. (2024). Python code for the consolidated method to calculate mean age is published by
Wagenhiuser et al. (2024). Updated versions of this code will be made available at https://zenodo.org/doi/10.
5281/zenodo.11127612.
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