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Abstract. The representation of stratospheric transport in Chemistry-Climate Models (CCMs) is key for accurately reproducing
and projecting the evolution of the ozone layer and other radiatively relevant trace gases. We evaluate stratospheric transport
in CCMs that have participated in three model intercomparison initiatives (CCMVal-2, CCMI-1, and CCMI-2022) over the
last ~15 years using modern satellite datasets and reanalyses. Key long-standing model biases persist across generations, with
some worsening in recent simulations. Transport remains overly fast in the models, with a global mean age of air young bias of
~1 year for the CCMI-2022 median. It is argued that this bias could be associated with too fast tropical upwelling in the lower
stratosphere, insufficient horizontal mixing and/or excessive vertical diffusion. In the springtime southern polar stratosphere,
the final warming is delayed (~3 weeks), downwelling is underestimated (~25%), and the depth of the ozone minimum is
overestimated (~10 DU) on average in the most recent models. The tropopause is too high in all generations, and the tropical
cold point tropopause is too warm in the latest generation (~1-2 K). Long-term trends in transport and over 1980-1999 are
consistent across model generations and highlight the crucial role of ozone depletion in contributing to accelerate the Brewer-

Dobson circulation and delaying the southern polar vortex breakdown.

1 Introduction

Over recent decades, coordinated chemistry—climate model (CCM) simulations have been conducted in support of the qua-
drennial World Meteorological Organization/United Nations Environment Programme (WMO/UNEP) Scientific Assessments
of Ozone Depletion (including for World Meteorological Organization, 2014, 2018, 2022). These simulations provide the basis
for interpreting observed past changes in the ozone layer, understanding the underlying chemical and physical processes, and
projecting its future evolution in the context of global warming and under continued compliance with the Montreal Protocol.
Ozone depletion caused by human emissions is a chemical process, but it is strongly influenced by transport and dynamics.
For instance, the Antarctic ‘ozone hole’ has large year-to-year variability due to the variable strength of the polar vortex (e.g.,
Chipperfield et al., 2022). The fact that the polar stratospheric clouds (PSCs) that facilitate photochemical destruction of ozone
need extremely low temperatures to form provides the clearest link between the dynamics and ozone chemistry. Winters with
strong, undisturbed polar vortices allow efficient isolation of polar lower stratospheric air masses and sustain the necessary cold
conditions (around -87 °C) required for ozone depletion processes. In contrast to the Antarctic, these conditions are not met
every winter in the Arctic; as a result, dynamical variability plays an even larger role in driving interannual ozone variability
there. In addition, ozone-depleting substances (ODS) are emitted at the Earth’s surface and need to be transported all the way to
the polar lower stratosphere to affect ozone depletion. Stratospheric transport is also responsible for redistributing ozone from
its source region in the tropical middle stratosphere to higher latitudes and lower altitudes, where the largest accumulation of
ozone occurs during winter and spring. Moreover, stratospheric transport is responsible for the distribution and variability of
important trace gases such as water vapor, NOy, and CH,4, which either affect ozone chemistry directly, and/or lead to changes
in the radiative balance with impacts on surface climate.

The global transport circulation in the stratosphere is known as the Brewer-Dobson circulation (BDC), named after the two

scientists who postulated the existence of an overturning circulation that transports air masses from the tropical tropopause
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upward in the tropics, poleward, and downward in the extratropics (Brewer, 1949; Dobson, 1956). This meridional mean circu-
lation shapes the zonal mean climatological structure of trace gases with sufficiently long lifetimes. Specifically, the isopleths
(contours of constant concentration) of tropospheric tracers (e.g., nitrous oxide, NoO) slope upward in the tropics and down-
ward toward high latitudes. This pattern reflects large-scale stratospheric transport, with tropical upwelling and extratropical
downwelling acting on the vertical tracer gradients, together with a stratospheric sink (e.g., Plumb, 2002). However, the over-
turning circulation alone does not explain the full zonal mean structure of tracer contours. In particular, in the mid-latitudes,
there is a region of quasi-horizontal contours, associated with strong isentropic mixing linked to Rossby wave breaking. This
region, dominated by large-scale stirring, is known as the surf zone (Mclntyre and Palmer, 1984). Wave breaking is promoted
by strong potential vorticity gradients at the edge of the polar vortex, which act as a waveguide for planetary waves. The polar
night jet itself acts as an efficient barrier to mixing and plays a key role in isolating polar air masses and keeping them cold
in winter. The representation of these different transport features will determine the ability to realistically represent ozone and
other tracers in chemistry-climate models. The strength of the large-scale stratospheric transport circulation is commonly di-
agnosed using the mean transport time from a reference surface—typically the tropical tropopause—to a given location in the
stratosphere (Hall and Plumb, 1994; Waugh and Hall, 2002). These mean transport times are known as the mean age of strato-
spheric air. A key advantage of this diagnostic of the BDC strength is that it can be derived from observations of long-lived
tracers, while other metrics such as the overturning circulation can only be indirectly obtained from reanalyses.

A number of studies have carried out multi-model evaluations of stratospheric transport. The first that we are aware of is Hall
et al. (1999) on the evaluation of models in the NASA "Models and Measurements 11" (MM?2) study (Park et al., 1999). This
study evaluated 12 two-dimensional (latitude-height models) and 11 three-dimensional chemical transport models, with each
model performing six transport experiments, including mean age and tropical “tape recorder” simulations. Early multi-model
stratospheric CCM evaluations (Pawson et al., 2000; Austin et al., 2003) focused on the dynamics and chemistry, but not on
transport, and the models did not perform consistent simulations. The next major multi-model transport evaluation was the
Chemistry-Climate Model Validation Activity for Stratosphere-Troposphere Processes And their Role in Climate (CCM Val
SPARC), which evaluated 13 CCM:s that performed the same transient forcing simulations (Eyring et al., 2006). The CCM Val
study included similar mean age and tape recorder diagnostics as MM2, but while the MM2 models were primarily chemical
transport models, the CCMVal models had coupled chemistry and dynamics. The second phase of CCMVal (CCMVal-2)
involved an extensive, coordinated evaluation of the CCMs that led to a number of peer-reviewed journal articles (e.g Strahan
et al., 2011; Gettelman et al., 2010; Hegglin et al., 2010) as well as a formal SPARC report (SPARC, 2010). This evaluation
considered a wide range of metrics for the chemistry, dynamics, and transport in the models, including the use of grading
metrics (Douglass and Rodriguez, 1999; Waugh and Eyring, 2008) to quantify model-observational differences. While there
have been two subsequent multi-model initiatives, CCMI-1 (Eyring et al., 2013; Morgenstern et al., 2017) and CCMI-2022
(Plummer et al., 2021), there has been less extensive/coordinated evaluation of these, although some studies have examined
mean age and other transport metrics of models in the Fifth Climate Model Intercomparison Project (CMIP5; Hardiman et al.,
2014), the WCRP-APARC Chemistry Climate Model Initiative (CCMI-1; Dietmiiller et al., 2018; Orbe et al., 2020; Abalos
et al., 2020), the sixth Climate Model Intercomparison Project (CMIP6; Abalos et al., 2021). The goals of this study are to
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provide a benchmark for the current representation of stratospheric transport in CCMs, to identify the main limitations and
strengths, and to assess the progress made since the CCMVal-2 SPARC report (SPARC, 2010). Different from SPARC (2010),
the approach we follow is not to assess the performance of individual models, but rather to provide an overview of the ability
of the last three generations of CCMs in representing key processes (CCMVal-2, CCMI-1, and CCMI-2022). Note that while
what constitutes a model ‘generation’ is open for debate, for readability we refer to the set of participating CCMs that were
current at the time of each model intercomparison exercise as a generation. Hence, throughout the paper, the figures show the
multi-model median (MMMed) and spread (defined as the median absolute deviation, MAD, or the 15th-to-85th percentile
range) for the three generations. Nevertheless, since the information on each individual model can be useful for modelers and
users, we include in the Supplementary Material the equivalent figures showing all the individual models.

The selected diagnostics encompass the main transport processes (advection and mixing), along with relevant dynamical
features, integrated transport measures, and stratospheric ozone. We focus on the mean climatology, including the seasonal
cycle, and also analyze past trends in a subset of diagnostics. Section 2 presents the observational and model datasets and
describes the diagnostics. Section 3 addresses the climatology of transport diagnostics, Section 4 discusses the long-term

trends over the last two decades of the 20th century, and Section 5 summarizes the main conclusions.

2 Data and Methods
2.1 Models

We use output from the historical simulations of the three latest generations of CCMs: CCMVal-2 refB1 (Eyring et al., 2006),
CCMI-1 refC1 (Eyring et al., 2013; Morgenstern et al., 2017), and CCMI-2022 refD1 (Plummer et al., 2021). These are
atmosphere-only historical simulations that use observations as boundary conditions for anthropogenic and natural emissions
and prescribe sea surface temperature (SST) from observations. The quasi-biennial oscillation (QBO) is relaxed (nudged)
towards observational winds in most simulations, but some models have an internally generated QBO. The time periods con-
sidered for these simulations (over which most of the models provided output) are 1960-2000 for CCMVal-2, 1960-2010 for
CCMI-1, and 1960-2018 for CCMI-2022. We highlight that the different time periods covered by the generations implies that
it is not possible to have a long overlap period that also covers the most recent decades when high quality observations are
available. This implies that the periods are not exactly the same in the different datasets compared. We tried to minimize the
impact of this caveat by averaging over long (20 years or more) time periods, adjusted to the different diagnostics and datasets.

The list of models used for each generation is provided in Tables 1, 2, and 3, along with the variables used for each model. The
main characteristics and reference for the models are given in Appendix A. We consider all available output from all models in
each generation unless the output has known issues. Note that this means that the number of models differs between generations
and for different diagnostics, which can affect the spread of the multi-model figures. The alternative was to include only the
models that contributed to all three intercomparisons, but this would have greatly reduced the number of models for some
diagnostics, as few models output all variables across all three intercomparisons. In addition, given that not all models output

all metrics, the different diagnostics are evaluated for a different set of models. The eight model families which participated in
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the three phases are identified in the right column of Tables 1-3, these are models that are considered developments of the same
model. In case a model provides several realizations (members) for a given simulation, the ensemble mean is considered.

As stated above, the figures in the main text show the multi-model median and spread for the three generations. The median
is used instead of the mean because it is less sensitive to outliers and thus more representative of the central value of the
distribution. The inter-model spread is computed as a symmetric interval of width equal to the median absolute deviation
(MAD), which is the median of the absolute deviations from the median. The MAD is multiplied by a correction factor
dependent on the number of simulations included to make it a good estimate of the standard deviation (Akinshin, 2024).
Having a symmetric representation of the spread around the median is not appropriate when the size of the sample is small.
Hence, for variables in which we have only a limited number of model simulations (~7), we include the spread as the 15th
and 85th percentiles of the distribution. This interval encloses a number of simulations similar to considering one standard

deviation in a Gaussian distribution, and for a small sample of ~7 models, it typically leaves 1-2 outliers out of the envelope.

Table 1. The 19 CCMVal2 models and variables used in this study.

model variables family
AMTRAC3 U, T, AoA, N2 0O, O3, Cly, H,O
CAM3.5 T, AoA, CFC-12, Os, Cly, H.O
CCSRNIES U, T, (vs,w*), VT100, N2O, O3, Cly, H,O Fl
CMAM U, T, (v%,w*), AoA, VT100, N,O, CFC-12, O3, Cly, H,O | F2
CNRM-ACM U, T, N2O, O3, Cly, H2O
E39CA U, T, (v%,w"), VT100, N3O, O3, Cl,, H,O
EMAC U, T, (v%,w"), N2O, Ogs, Cly, HoO F3
EMAC-FUB U, T, VT100, Cly, HoO
GEOSCCM U, T, AoA, (v%,w*), N2O, O3, Cly, H,0 F4
LMDZrepro U, T, AoA, (v+,w"), VT100, N2O, Os, Cl,, H,O F5
MRI U, T, AoA, (v%,w*), VT100, NyO, CFC-12, Os, Cly, H,0
NIWA-SOCOL U, T, AoA, (v%,w*), VT100, N2O, Os, Cly, HoO
SOCOL U, T, VT100, N2 O, O3, Cly, H2O F6
ULAQ U, T, AoA, (vk,w*), N3O, CFC-12, O3, Cly, H,O
UMETRAC 3N20, O3, Cly
UMSLIMCAT AOA, (v#,w*), N2O, O, Cly, Hy0
UMUKCA-METO U, T, (vx,w"), N3O, Os, Cl,
UMUKCA-UCAM U, T, AoA, VT100, N2 O, O3z, Cly F7
WACCM U, T, AoA, (vk,w*), N3O, CFC-12, O3, Cly, H,O F8
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Table 2. The 20 CCMI-1 models and variables used in this study.

model variables family
ACCESS-CCM U, T, (v%,w"), N2O, Os, Cl,*
CCSRNIES-MIROC3.2 U, T, (v%,w"), VT100, N2 O, O3, Cl, Fl1
CHASER-MIROC-ESM O3
CESM1-CAM4-Chem U, T, H.0
CESM1-WACCM U, T, AoA, N2O, O3, H,O F8
CMAM U, T, (v%,w"), AoA, VT100, N2 O, Os, Cly, H2O F2
CNRM-CM5-3 U, T, (v¥,w"), N2O, Oz, Cly, H2O
EMAC-L47TMA U, T, (vx,w™), AoA, VT100, N, O, CFC-12, O3, Cly, H,O
EMAC-L9OMA U, T, (v¥,w™), AoA, VT100, NoO, CFC-12, O3, Cly, H2O F3
GEOSCCM U, T, (v¥,w™), AoA, VT100, N2 O, CFC-12, O3, Cly, H2O F4
GFDL-CM3 U
GRIMs-CCM U, T, H20
HadGEM3-ES U, T, AoA, VT100, N>O, CFC-12, O3, Cly, F7
IPSL/LMDZREPROBUS U, T, N2O, O3, Cl,*, HoO F5
MRI-ESM1r1 U, T, (v*,w™), AoA, VT100, N,O, CFC-12, O3, Cly, H,O
NIWA-UKCA U, T, (v*,w"), AoA, VT100, N,O, Og, Cl,*
SOCOL3 U, T, N2 O, O3, Cl,* F6
ULAQ-CCM U, T, (v%,w™), AoA, N0, O3, Cl,, H,O
UMSLIMCAT U, T, N2O, O3, Cly, H2O
UMUKCA-UCAM U, N20, O3 F7*

Cly * indicates Cly was archived incorrectly, but reconstructed from HCl + CIONO» + ClO + HOCI. * UMUCKA-UCAM is

used in the ozone climatology but not in the timeseries as it has unrealistic large values before 1980.

2.2 Observations and reanalyses
2.2.1 Satellite observations

In parallel with the modeling advances, the availability of satellite data of chemical species has increased substantially since
the SPARC (2010) report. We leverage some of the new or extended observations (MLS, MIPAS, ACE-FTS) and also merged
datasets (SWOOSH, SAGE-CCI-OMPS+). We describe the specific datasets used in the following.

For N3O, we use version 5 data from the Microwave Limb Sounder (MLS) instrument aboard NASA’s Aura spacecraft,
which is part of the Earth Observing System (EOS)5. MLS has near-global spatial coverage (82S-82N), with horizontal res-
olution of 200-300 km along-track, 7 km across-track, vertical resolution of 3-4 km, and over 3000 profiles per day. The
recommended useful vertical range is 68.1 to 0.464 hPa (Livesey et al., 2021). Key updates, described by Livesey et al. (2022),

in the N5 O version 5 compared to the earlier version 4 include a corrected instrument calibration that accounts for the slow drift
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Table 3. The 11 CCMI-2022 models and variables used in this study.

model variable family
ACCESS-CM2-Chem U, T, (vk,w*), VT100, N2O, O3, Cl,*, H,O
CCSRNIES-MIROC3.2 U, T, (v*,w™), VT100, N2 O, O3, Cl,*, HoO F1
CESM2-WACCM U, T, (v*,w™), AoA, VT100, N,O, CFC-12, O3, Cly, H,O F8
CMAM U, T, (vx,w"), AoA, VT100, N2O, CFC-12, O3, Cl,, H,O F2
CNRM-MOCAGE U, T, VT100, N, O, CFC-12, O3, Cly, H2O
EMAC-CCMI2 U, T, (v*,w™), AoA, VT100, N,O, CFC-12, O3, Cly, H,O F3
GEOSCCM U, T, (v*,w"), AoA, VT100, N2O, CFC-12, O3, Cly, H,O F4
IPSL-CM6A-ATM-LR-REPROBUS U, T, VT100, N2 O, O3, Cly, H.O F5
NIWA-UKCA2 U, T, AoA, VT100, N,O, CFC-12, O3, Cl,*, H,O
SOCOL U, T, AoA, VT100, N2O, CFC-12, O3, Cly, H2O F6
UKESM1-StratTrop U, T, (v¥,w*), AoA, N2 O, CFC-12, O3, Cl,, H,O F7

Cly * indicates Cly was archived incorrectly, but reconstructed from HCl + CIONO» + CIO + HOCL.

in the N2 O product since ~2010 (discussed by Hurst et al., 2016; Livesey et al., 2021), which addresses unrealistic negative
trends in N5 O in the lower stratosphere, and a new retrieval method that resolves issues at the 100 hPa level seen in previous
versions (see SPARC, 2017), making this pressure level now suitable for scientific use. For HCI and ClO, we use MLS level
3 data (so called ML3B data) generated by the JPL team, where daily level 2 data are averaged at 4 degree latitude bins using
appropriate recommended filters.

We used water vapor and ozone from the Stratospheric Water and OzOne Satellite Homogenized (SWOOSH). This data set
includes a merged record of stratospheric water vapor and ozone from limb sounding and solar occultation satellite measure-
ments from 1984 to present (Davis et al., 2016). Data from different satellites are homogenized for use in the merged record
using coincident data taken during instrument overlap periods. We use monthly mean zonal mean data from SWOOSH on a
geographic latitude and pressure grid covering 31 pressure levels from 316 hPa to 1 hPa, although additional isentropic and
equivalent latitude versions are also available. The horizontal grid used was 2.5° latitude.

For ozone, we make use of a second merged satellite dataset SAGE-CCI-OMPS+. This is a monthly zonal mean ozone
product developed by ESA’s Climate Change Initiative (CCI) and extended regularly as part of EC’s Copernicus Climate
Change Service (C3S). It provides ozone concentrations and deseasonalized anomalies from October 1984 to December 2024,
in 10° latitude bands from 90° S to 90° N and on a 1 km altitude grid from 10 to 50 km. The record combines measurements
from nine limb and occultation sensors (SAGE II/ERBS, POAM III/SPOT-4, OSIRIS/Odin, GOMOS/Envisat, MIPAS/Envisat,
SCIAMACHY/Envisat, ACE-FTS/SCISAT, OMPS-LP/SNPP, and SAGE III/ISS). The merging method essentially consists
of computing the median deseasonalized anomaly of the contributing sensors and hereby differs from the method used by

SWOOSH. Also, the set of sensors differs between SAGE-CCI-OMPS+ and SWOOSH, increasing the independence between
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these data records. Key algorithm, intercomparison, and trend results are documented by Sofieva et al. (2017, 2023); Godin-
Beekmann et al. (2022); World Meteorological Organization (2022).

We used N,O and SFg-derived AoA from MIPAS (Michelson interferometer for Passive Atmospheric Sounding), a limb
emission interferometer that measured in the infrared on a sun-synchroneous orbit onboard the Envisat satellite from 2002 to
2012 (Fischer et al., 2008). MIPAS measured the spectrally resolved radiance of the atmosphere by pointing to dark space
while looking through the atmosphere and scanning from about 70 to 7 km tangent height. The vertical scanning steps were
between 1.5 and 6 km, resulting in a similar vertical resolution of the retrieval products, i.e. the global distribution of more than
30 trace gases and temperature. Here we used N2 O data of spectral version 8 generated with the research processor developed
and operated at the Institute of Meteorology and Climate Research (IMK), Karlsruhe Institute of Technology and Instituto de
Astrofisica de Andalucia (IAA), CSIC, Granada (MIPAS-IMK in short) and described in Glatthor et al. (2024). SFg data of
spectral version 5 (MIPAS V5R-224/225) were retrieved as described in Haenel et al. (2015), however with improved spectral
absorption cross sections Harrison (2020). AoA was derived from version 5 SFg data according to the method described in
Garny et al. (2024b).

N30, CFC-12, and SFg-derived AoA are also taken from ACE-FTS (Atmospheric Chemistry Experiment Fourier Transform
Spectrometer), a limb-viewing solar occultation instrument aboard the Canadian satellite SCISAT (Bernath et al., 2005). ACE-
FTS measures up to 30 profiles per day with 3 km resolution, determined by the 2.5 mrad field of view, and obtains global (85°S-
85°N) coverage over the course of three months. It has an orbital inclination of 74°, so the profiles are mostly concentrated
in polar regions. The N,O data are from version 5.2 (Strong et al., 2008), while the SFg used to derive AoA and CFC-12 are
from version 3.5/3.6. The retrieval algorithm is described by Boone2005, with updates to v3 and v5 provided by Boone et al.
(2013) and Boone (2020), respectively. The data were filtered using quality flags (Sheese and Walker, 2020) as described by
(Sheese et al., 2015).

For both these instruments, the AoA datasets based on SFg were derived using the consolidated method by Garny et al.
(2024b). Briefly, this method ensures a common treatment of deriving mean age from the tracer measurements, in particular
the assumptions regarding the shape of the age spectrum (e.g. the second-order moments) and applies a correction for SFg
mesospheric sinks (Loeffel et al., 2022; Garny et al., 2024a). We refer to Garny et al. (2024b) and Saunders et al. (2025) for

more details on this dataset.
2.2.2 Reanalyses

For the dynamical fields, we employed data from the 3 most recent reanalyses: ERAS, JRA-3Q, and MERRA-2. ERAS
(ECMWF Re-Analysis version 5) is the latest reanalysis of the European Center for Medium-range Weather Forecasts (ECMWF,;
Hersbach et al., 2020). It has a horizontal resolution of ~ 30 km (T639) and 137 levels from the surface to 0.01 hPa. Due to
a known cold bias in the lower stratosphere, we have replaced data in the 2000-2006 period with the updated ERAS.1 (Sim-
mons et al., 2020), and we denote the resulting reanalysis data ERA5/5.1. MERRA-2 (Modern-Era Retrospective analysis for
Research and Applications version 2) is the latest reanalysis produced by NASA (Gelaro et al., 2017). It has a 0.5° x 0.625°
latitude—longitude grid and 72 vertical levels from the surface up to 0.01 hPa. JRA-3Q (Japanese Reanalysis for Three Quar-
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ters of a Century; Kosaka et al., 2024) is the newest reanalysis produced by the Japan Meteorological Agency (JMA). It has a
horizontal resolution of ~40 km (TL479) and 100 vertical levels from the surface to 0.01 hPa.

Monthly mean zonal mean output of the zonal mean wind (u) and residual circulation components (v*,w*) have been
downloaded from the Reanalysis Intercomparison Dataset (RID; Martineau et al., 2018). This dataset provides data interpolated
to a common grid with 73 latitudes and 22 levels up to 1 hPa. For the residual circulation components, we extended the dataset
with the additional pressure levels available on the RID server (35 pressure levels in total, from the surface to 0.01 hPa).
The residual circulation is not directly observed, and there are important uncertainties in its magnitude across reanalyses (e.g.,
Abalos et al., 2015; Monge-Sanz and Birner, 2022; Fujiwara et al., 2024). By considering several reanalyses, we aim to account
for this uncertainty. The residual circulation has been explored for ERAS (Diallo et al., 2021) and JRA-3Q (Kobayashi and
Iwasaki, 2024), and used in some studies for MERRA-2 (e.g., Orbe et al., 2020). The cold point and lapse rate tropopauses
are the version 1 of the Jiilich dataset (Hoffmann and Spang, 2022; Zou et al., 2023), for the same 3 reanalyses (ERAS5/5.1,
MERRA-2, and JRA-3Q).

2.2.3 Chemistry Transport Model

We use total inorganic chlorine (Cly) from the global offline TOMCAT 3-D CTM (Chipperfield, 2006), which includes a de-
tailed representation of stratospheric chemistry (Chipperfield et al., 2018; Feng et al., 2021), including heterogeneous reactions
on sulfate aerosols. The model is driven by ECMWF ERAS5/5.1 reanalysis winds and temperatures (Hersbach et al., 2020), with
32 hybrid sigma—pressure levels from the surface to ~60 km and a horizontal resolution of 2.8° x 2.8° (?). The surface mixing
ratios of long-lived source gases, including major greenhouse gases (GHGs) and ODSs (e.g., CO2, CH,4, N5O, CFCs, HCFCs),
are prescribed following the WMO2022 scenario. Additional chlorine sources from very short-lived substances (VSLS) are in-
cluded which add about 100 pptv to the stratospheric Cl, budget. Solar cycle variability is prescribed using solar flux data
from the NRLSSI2 model (Coddington et al., 2019), and stratospheric sulfate aerosol surface area density is taken from Luo
(2016). The TOMCAT Cl, is used as a reference for this important metric as satellite observational datasets do not give com-
plete coverage of all relevant chlorine species. Thus, TOMCAT provides a guide of the expected amount of stratospheric Cl
expected from observed surface halocarbon trends. This metric relates to a fundamental process that ozone assessment models
are designed to quantify, i.e. the recovery of ozone from specified halocarbon trends. In past intercomparisons CCMs have

shown a wide spread in this metric (SPARC2010).
2.3 Diagnostics

Table 4 presents an overview of the diagnostics, together with the variables needed and the corresponding observational dataset
used for evaluation.

A particularly useful diagnostic to quantify the strength of stratospheric transport is the mean age of air (AoA), which mea-
sures the average time of residence of an air parcel since it entered the stratosphere through the tropical tropopause (Waugh and
Hall, 2002; Garny et al., 2024b). AoA is easily represented in models and can be estimated from long-lived tracer concentra-

tions, and it is thus useful to evaluate models against observations. The AoA includes the effects of advection by the overturning
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Table 4. Diagnostics used in this study.

process diagnostic variables observations
integrated transport AoA AoA ACE-FTS, MIPAS
‘ ‘ N2 O seasonal cycle ‘ N2O ‘ MLS, MIPAS ‘
‘ ‘ ozone seasonal cycle and timeseries ‘ O3 ‘ SWOOSH, SAGE-CCI-OMPS+ ‘
Cly timeseries Cly MLS, ACE-FTS, UARS HALOE
overturning circulation RCTT (v*,@") -
| | residual circulation upward mass flux | (2°,@°) | ERAS/5.1, MERRA-2, JRA-3Q |
mean age meridional gradient AoA ACE-FTS, MIPAS
tropopause tropopause pressure trop. press. ERAS5/5.1, MERRA-2, JRA-3Q
cold point tropopause temperature T ERA5/5.1, MERRA-2, JRA-3Q
mixing mixing efficiency AoA, (7*,w") -
N2O PDFs N2O ‘ ACE-FTS, MIPAS, MLS
mean age vertical gradient AoA ACE-FTS, MIPAS
polar downwelling residual circulation downward mass flux (v*,w") ERAS5/5.1, MERRA-2, JRA-3Q
N O vertical profile N-O MLS, MIPAS
polar vortex FWD U ERAS5/5.1, MERRA-2, JRA-3Q
wave activity eddy heat flux VvV, T ERA5/5.1, MERRA-2, JRA-3Q

circulation and those of mixing. The tropical leaky pipe model (TLP; Neu and Plumb, 1999) provides a simplified picture of
the stratosphere as a tropical region or ‘pipe’ with ascending air, and descending air outside the pipe, with leaky barriers in
between that allow for moderate amounts of mixing. The TLP model provides a useful tool for process understanding of the
effects of individual processes on age of air. For example, Neu and Plumb (1999) showed that mixing across the subtropical
barriers results in air reentering the tropical ascent region, thus recirculation of air masses, leading to an overall increase of
mean age. Diagnostics based on the TLP model formulation were later applied to CCM and CTM data, confirming the aging
effect of mixing on age in three-dimensional models (Dietmiiller et al., 2018; Ploeger et al., 2015; Garny et al., 2014). Likewise,
Linz et al. (2021) showed theoretically that horizontal mixing serves to increase the overall AoA while keeping the difference
between AoA in the tropics and extratropics constant. Computing the time of residence that would be due exclusively to the
advection by the residual circulation (RCTT), and subtracting it from the AoA gives the mean aging by mixing. However, this
aging by mixing also is affected by the residual circulation through the recirculation speed. Thus, a better measure of the effects

of mixing is the diagnostic of mixing efficiency, which is computed as (Garny et al., 2014):

10
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AoA — RCTT W
€=
(RCTT — T o)t

where T,,,., = H (#(z) — #(zﬂ) is the time of tropical ascent from the tropopause to a level z, with w*(z) the cor-
responding tropical upwelling, and « is the ratio of tropical to extratropical mass. Here, following Dietmiiller et al. (2018),
the mixing efficiency is calculated as the best fit of Eq. (1) to the tropical profiles of AoA and wr*(z) from the model data
over a certain height range. This metric is a gross estimation of bulk mixing properties and does not represent either vertical or
temporal variations.

The advective component of the BDC is typically quantified with the residual circulation in the Transformed Eulerian
Mean (TEM) framework (Andrews et al., 1987). The simple Eulerian zonal mean meridional circulation does not accurately
represent the actual zonal mean transport because the zonal asymmetries (eddies) dominate in the stratospheric midlatitudes.
The TEM residual circulation accounts for the effects of the eddies and thus is a good approximation of the zonal mean

Lagrangian circulation, while keeping the advantages of an Eulerian calculation. The residual circulation components are

defined as (Andrews et al., 1987):

—

U*:v—a( Vo > )
dp \ 96/0p

e 1 0 Weosgp

w w+acos<p830< 58)0p > 3)

We convert the pressure velocity (Pa/s) provided by models and reanalyses into vertical velocity (m/s) by assuming a constant
scale height of H=7 km. To compute the net upward mass flux of the overturning circulation, the upwelling must be integrated
over the entire region between turnaround latitudes (with w*>0), which shift seasonally towards the summer hemisphere.
Making use of mass continuity, a common way of computing this is by subtracting the maximum from the minimum values of

the residual circulation streamfunction (e.g. Rosenlof, 1995; Hardiman et al., 2014):

—%

MF =2na [T*(wTASH) — WV (pranm) )

where a5y and 4N are the southern and northern turnaround latitudes, respectively, where the residual streamfunc-
tion maximizes (and w*=0). We first compute the streamfunction v by integrating the meridional component of the residual
circulation (7*) vertically from each level to p=0, assuming zero velocity at the top. We checked that the results remain qualita-
tively similar if the upwelling mass flux is computed by integrating the density-weighted vertical residual velocity between the
turnaround latitudes, although the numerical values change slightly because both approaches are affected by numerical errors
(not shown).

In addition to the residual circulation metrics that can only be compared with reanalyses, we include other metrics that help

evaluate the strength of the advective component of the BDC against satellite observations, including an estimate of the mean
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global overturning circulation from the difference between age of upwelling and downwelling age (Linz et al., 2016) and an
estimate of tropical upwelling from the phase propagation of the water vapor tape recorder (Mote et al., 1998).

A set of diagnostics is used to evaluate mixing between the tropics and extratropics. We examine the subtropical transport
barriers (STBs) based on the probability density function (PDF) of N O across the tropics and extratropics. N2 O is a long-lived
tracer widely used in stratospheric transport studies (e.g., Minganti et al., 2022; Prather et al., 2023; Dubé et al., 2023). The
PDFs allow distinguishing the tropical and extratropical NoO typical values (two peaks in the frequencies), and the strong
gradients formed at the edge of the surf zones, which produce a valley in the PDF between the two maxima. The separation of
the two peaks and the depth of the minimum are compared to satellite results. For these calculations, the NoO monthly mean
output on longitude, latitude, and pressure is first interpolated onto a common grid with potential temperature as the vertical
coordinate. We checked with one model (CESM1-WACCM) that using daily mean output instead of monthly mean does not
significantly modify the results (Supplementary Material, 10S). For satellite observations, we use level-2 data, as the limited
sampling does not allow the monthly mean output to be representative. We also checked that subsampling the daily model
output to match the sampling pattern of the satellite observations did not modify the results substantially, except in the case
of ACE-FTS due to its coarse sampling (Supplementary material, Fig. 11S). From the PDFs, we then identify the position of
the STBs by finding the latitude that corresponds to the minimum in the PDFs, following the approach of Sparling (2000) and
Neu et al. (2003). This is the only quantitative metric we present from the NoO PDFs, but qualitatively the shape of the PDF
(the sharpness of the peaks and separation between them) is linked to the circulation strength and the strength of mixing. For
the polar regions we include diagnostics of the polar downwelling from the residual circulation and from the N2 O tendency
and vertical structure. In addition, the wave activity entering the stratosphere and the final warming date are evaluated against

reanalysis.

3 Transport climatology

This Section evaluates the main transport diagnostics in the three generations of models. It first shows the mean age of air
and decomposition into RCTT and mixing efficiency (Section 3.1), then addresses the BDC component due to the overturning
mean meridional circulation (Section 3.2), then quasi-horizontal mixing between the tropics and the extratropics (Section 3.3).
The polar processes, including polar downwelling and the polar vortex are discussed in Section 3.4, and finally the ozone

climatology is evaluated in Section 3.5.
3.1 Mean age of air

We begin by showing the annual mean climatology of AoA in the three model generations and the two satellite datasets from
Garny et al. (2024b) in Fig. 1. Note that throughout the paper AoA is normalized by subtracting the value at the equator and at
100 hPa in each dataset, to remove differences due to the definition of the level of zero age (some models use the tropopause,
some a fixed level in the upper troposphere, some at/near the surface). It is clear that all the CCMs underestimate the AoA,

especially in the extratropical middle and upper stratosphere (compare Fig. la-c with d-e). Also, the newest generation of
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models exhibits the youngest median values. Figure 1f shows the latitudinal structure of the annual mean AoA at 50 hPa,
which is a classical diagnostic in stratospheric transport evaluation studies, commonly referred to as the ‘wing plot’ due to its
characteristic shape (e.g., Hall et al., 1999; Waugh and Hall, 2002; Eyring et al., 2006; SPARC, 2010; Dietmiiller et al., 2018;
Abalos et al., 2021; Garny et al., 2024b). This level is typically chosen because it maximizes the available gin situ (balloon and
aircraft) observations. Although not included in this study, we note that the in situ measurements are broadly consistent with
the satellite observations and lay on the upper edge of the CCMI-2022 envelope, as shown in Garny et al. (2024b) Fig. 10 and
Saunders et al. (2025) Fig. 11.

In all generations the spread in the mean age values across models increases with latitude, reaching up to 1.5 years in polar
regions for CCMI-2022. In the tropics, the MMMed of the three generations gives an AoA of around 1 year at 50 hPa, which is
in good agreement with the ACE-FTS satellite estimate. At higher latitudes, the agreement with observations decreases, and the
models have a young bias throughout the extratropics. This bias is largest in the newer generation for which the observations
fall on or above the upper edge of the spread. The mean age averaged globally and over 100-15 hPa is 2.3, 2.1 and 1.9 years
in CCMVal-2, CCMI-1 and CCMI-2022, respectively, and 3.1 and 2.7 years in MIPAS and ACE-FTS, respectively. The young
bias is more severe at upper levels, as shown for 10 hPa in Fig. 1g. This is true for all three generations, but especially again for
the newest generation, which has the youngest mean age across all latitudes, with values in the polar regions that are 1.5 years
younger than the observational estimate. A view of globally-integrated AoA as a function of altitude (not shown) confirms that
the MMMed bias and the size of the inter-model spread increase with altitude. Because the mean age is an integrated transport
diagnostic, the increase in bias with altitude and latitude could reflect the accumulation of transport biases as air masses ascend

and move poleward through the stratosphere.
3.1.1 RCTT and mixing efficiency

In order to interpret the origin of the large inter-model spread in mean age, we follow the methodology of Garny et al. (2014)
to decompose the mean age into a component due to the transit timescales along the residual circulation trajectories (RCTT)
and a component due to mixing (see Section 2.3).

Figure 2 shows the scatter plots of mean AoA versus RCTT and mixing efficiency. Consistent with previous studies, the
inter-model spread in AoA is closely related to the spread in mixing efficiency (r=0.93), while the correlation with RCTT is
much weaker (r=0.3). This result is robust across model generations and reflects the importance of mixing in determining the
climatological mean age simulated by a model, with a relatively small role of the residual circulation strength. In addition, the
good correlation with mixing efficiency suggests that the models simulating a tropical mean age most similar to the observations
also have a more realistic mixing efficiency, while an analogous affirmation cannot be made for RCTT. This could also suggest
that the generalized model bias of too young a mean age may be related to a too small mixing efficiency. Notably, the newest
model generation (CCMI-2022) exhibits the lowest mixing efficiencies, consistent with its largest bias towards too young
mean age of air. A mixing efficiency that is too weak in the lower stratosphere means air does not recirculate as much at those

levels, causing a young bias throughout the stratosphere (c.f. Neu and Plumb, 1999; Garny et al., 2014; Linz et al., 2021).
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Figure 1. Panels a-e: Cross sections (latitude-pressure) of annual mean AoA multimodel median for CCMVal-2, CCMI-1, and CCMI-2022,
and for the observational dataset from MIPAS and ACE-FTS. Panels f-g: Latitudinal section of the mean age of air from the three generations

of models and the satellite estimates at 50 hPa (left) and 10 hPa (right). In all panels the mean age is corrected by removing the value at the

equator and 100 hPa of the corresponding dataset.

Nevertheless, we emphasize that these results could also indicate excessive vertical diffusion in the models (Dietmiiller et al.,

315 2018).
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(a) AoA vs. RCTT 50-20 hPa (b) AoA vs. mixing eff 50-20 hPa
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Figure 2. Mean age of air versus RCTT (a) and mixing efficiency (b). AoA and RCTT are averaged over the tropics 20S-20N and over 50-20
hPa. Mixing efficiency is computed following Dietmiiller et al. (2018). The horizontal lines show the AoA uncertainty range derived from
MIPAS averaged over the same region as the models. The models included in this plot are the same included in Figure 1. Across-model
correlations of age of air and the respective diagnostic on the x-axis are given for each model generation separately, and across all model

generations.

In summary, the mean age is underestimated in the CCMs, especially in the newest generation. The large spread in mean
age values is correlated with the spread in mixing efficiency. These two are consistent: the young ages in the newest generation

would be expected with weaker mixing.
3.2 Advection by the mean overturning circulation

We now explore in more detail the advective component of the BDC, the overturning circulation. As described in Section
2.3, we compute the net upward mass flux to account for the fact that the region of tropical upwelling is not fixed but moves
seasonally towards the summer hemisphere.

Figure 3a shows the vertical profile of the annual mean upward mass flux from the tropical tropopause to the middle strato-
sphere. The mass flux in our observational references, the reanalyses, decreases rapidly with height due to the exponential
decay of air density, with values around 10 x 10? kg/s at the tropopause decreasing to 1.5 x 10° kg/s at 10 hPa. However, there
is a clear difference between the reanalyses, with ERAS/5.1 exhibiting larger values than the other two reanalyses below 20
hPa. The CCMs are generally able to capture the mean vertical structure of the overturning mass flux seen in the reanalyses. In
the range 50-20 hPa, where ERAS shows larger values than the other two reanalyses, the models agree better with MERRA-
2 and JRA-3Q. Below 50 hPa, in contrast, the models agree better with the higher values found in ERA5/5.1. In this lower
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Figure 3. Net upward mass flux in the three model generations (MMMed and 15th/85th percentiles) and three reanalyses (ERAS, JRA-3Q,
MERRA-2). a) Annual mean vertical structure b) seasonal cycle at 70 hPa.

stratosphere region, MERRA-2 and JRA-3Q are outside the inter-model spread range of the models for the last two generations
(CCMI-1 and CCMI-2022). The oldest generation (CCMVal-2) shows a wider spread, which includes all reanalyses.

Figure 3b shows the seasonal cycle in the net upward mass flux in the lower stratosphere (70 hPa). The difference between
ERAJS/5.1 and the other reanalyses is concentrated in the boreal winter months (November to March), overall leading to a larger
amplitude in ERAS5/5.1°s seasonal cycle. Across the three generations, the models MMMed show a larger seasonality (~40%)
compared to MERRA-2 and JRA-3Q (~30%), although still smaller compared to ERA5 (~50%). The inter-model spread is
largest throughout the year in the oldest generation (CCMVal-2), and notably reduced in the newest generation (CCMI-2022),
although the MMMed is very similar to that from the previous generation (CCMI-1). As will be shown, the reduced spread
is a common feature of the newest model generation found across metrics. At higher levels, the annual cycle is reduced (with
the semi-annual variability becoming dominant, e.g., Abalos et al. (2021)) and the agreement between model generations and
reanalyses increases as the magnitude becomes smaller (not shown).

As mentioned in Section 2.3, an alternative way to derive the overturning circulation that enables direct comparison with
satellite data is based on age and the TLP model. This method has a the advantage of being an estimate of the overturning
circulation that is independent from the residual circulation mass flux estimate in Figure 3. On the other hand, there are
important caveats associated with this observational estimate, as will be discussed below. Previous studies have shown that the
difference in mean age between the tropics and the extratropics in isentropic coordinates is inversely proportional to the mean
strength of the overturning circulation, and does not depend on mixing (Linz et al., 2016).

Figure 4 shows this age gradient metric computed from the mean age output for the three generations of models and esti-
mated from the mean age satellite data (Garny et al., 2024b). The metric is computed on isentropic levels, but approximate

corresponding pressure levels are also given for reference. While the mass flux values are overall consistent with those in
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Figure 4. Estimate of the overturning mass flux from the meridional mean age gradient following Linz et al. (2016). Calculations shown
for ACE sink-corrected, ACE uncorrected, and MIPAS data and for the multi-model median of the three generations of models, where the
shading represents the median absolute deviation at each level. The second y-axis shows the CCMI-1 pressure for comparison with other

metrics in this study.

Figure 3, this simplified estimate shows a substantially larger spread (e.g., 3 x 10° kg/s near 70 hPa for CCMI-2022, which
corresponds to almost 50% of its magnitude). The newest generation shows larger values throughout the altitude range. The
observational estimates suggest that the models’ overturning circulation is too fast above ~40 hPa, and too slow below that
level. This result is at odds with that derived from reanalysis mass flux (Fig. 3), which suggests an overestimation only in
the lower stratosphere. However, there are important observational caveats to consider. As shown by Saunders et al. (2025)
(see their Fig. 11), at 50 hPa, the difference in mean age between tropics and extratropics is too small for the age derived
from SFg with the mesospheric sink correction for both MIPAS and ACE-FTS estimates, compared to in situ observations.
This is because the MIPAS mean age is biased high (old) in the tropics relative to in situ observations and agrees well in the
extratropics, while the ACE-FTS mean age is biased low (young) in the extratropics, and agrees well in the tropics. This leads
in both datasets to a lower meridional gradient in mean age and thus an overestimated overturning circulation. The ACE-FTS
non-corrected for SFg approximates better the gradient suggested by in situ measurements (Fig. 11 of Saunders et al., 2025),
and using these values, the curve is more consistent with the model output in the lower stratosphere (below ~30 hPa, see Fig.
4). However, at the upper levels, this results in lower values that fall outside the model range, as expected, since the influence
of the mesospheric sink of SFg on the age calculation should increase with altitude. Hence, we conclude that this metric should
be considered with care, given the observational limitations. An additional potential source of discrepancy is the temperature

and static stability biases in the models, which result in shifted isentropic levels and their thickness relative to reanalyses.
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An additional estimate of tropical upwelling in the lower stratosphere can be obtained from the tape recorder signal im-
printed by the seasonal cycle in cold point temperature (Mote et al., 1998). The dry and wet anomalies imprinted by the larger
dehydration in boreal winter as compared to summer propagate upward with the residual circulation, and thus the phase lag
between different levels can be used as an estimate of the upwelling strength. The tape recorder signal is captured by most mod-
els, though with very different amplitudes and upward propagation rates (Supplementary Material Figs. 5S-7S). Figure 5a-d
shows the MMMed tape recorder signal in the three generations, and the SWOOSH satellite dataset results for comparison.

The MMMed of the three generations shows a consistent tape recorder signal with weaker amplitude compared to SWOOSH,
but there is a very large spread across individual models. The amplitude is larger and thus more realistic in the new generation.
For a quantitative comparison of the MMMed and the inter-model spread, Fig. Se shows the phase of the tape recorder as a
function of altitude relative to the maximum amplitude of the tape recorder anomalies (near the cold point tropopause) up to
10 km (~25 hPa). Compared to the observations, the models generally capture the speed of the ascent above the tropopause,
although most models tend to carry the anomalies upward too fast (shorter phase lag for a given level), especially higher than
3 km above the maximum tape recorder amplitude (~66 hPa). This estimate thus provides independent qualitative support
for the result obtained with the upward mass flux of the residual circulation, that upwelling is overestimated in the models,
although the tape recorder diagnostic suggests that this bias extends to higher levels. It is important to keep in mind that this
metric does not provide a clean measure of advection by tropical upwelling, as it includes the effects of vertical and horizontal
mixing and diffusion (Mote et al., 1998; Glanville and Birner, 2017). We will discuss the information on horizontal mixing
that can be extracted from the tape recorder referring to Fig. 5f in the next section. Note that the newest model generation has
the smallest spread and closest values to the observations. Finally, we note that the results might also depend on the rate of
methane oxidation and its increase with altitude, which might be different across models.

The amount of water vapor that enters the stratosphere is controlled by the temperature of the cold point tropopause (CPT).
Figure 6a shows that the seasonal cycle of the CPT temperature is overall captured by the models, consistent with the reasonable
MMMed tape recorder signal in Fig. 5, but with a very large spread across models in the absolute values (up to 5 K). Note that
ERAS/5.1 has a colder CPT compared to the other reanalyses (by ~1 K), consistent with the faster tropical upwelling seen in
3. In addition, there is a warm bias of 1-2 K in the newest generation multimodel median, although the seasonality is better
captured than in previous generations. The lapse rate tropopause is too high in the models, especially in the extratropics, where
there differences across models are largest (Fig. 6b). This issue has thus persisted since the CCMVal-2 intercomparison by

Gettelman et al. (2010). In the tropics, the newest generation has the highest tropopause.
3.3 Mixing

The other major component of tracer transport, in addition to advection by the mean overturning circulation, is mixing. As
mentioned in the Introduction, strong quasi-horizontal mixing occurs in the surf zone in the extended winter of each hemisphere
and is the main transport mechanism in that region, while the slow ascent is dominant in the tropical stratosphere. The transition
between these two different regions and transport regimes can be visualized by plotting the probability density functions (PDFs)

of a long-lived tracer such as N5 O across tropics and midlatitudes.
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Figure 5. Panels a-d: Water vapor tape recorder signal (20°S-20°N) in tape recorder in CCMVal-2, CCMI-1, and CCMI-2022 multi-model

medians and SWOOSH. Panels e-f: phase lag (e) and amplitude (f) as a function of distance from the level of peak tape recorder amplitude.

Figure 7 shows the PDFs of N2O as a function of potential temperature for various satellite datasets (MIPAS, MLS, ACE-
FTS; top panels) and the individual CCMs from CCMI-2022 in boreal spring, following SPARC (2010). The altitude range

corresponds approximately to 80-1 hPa. The PDFs show two separate branches that are distinguishable between ~450 K to

1200 K, which correspond to the tropical and extratropical mixing ratios (the tropical pipe and the surf zone), which can be
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MAD of the three generations and three reanalyses. (b) Annual mean lapse rate tropopause pressure as a function of latitude.

considered well-mixed. Between these two modes, there is a minimum in the PDF which corresponds to the steep gradients
created at the equatorward edge of the surf zone, which reveals the presence of a subtropical mixing barrier. The three observa-
tional datasets present strong similarities, although the details are different. The most notable difference is that MLS presents
an unrealistic step-like behavior below 800K (~10 hPa), likely due to a localised high-bias in N2O at this level compared to
these other instruments (SPARC, 2017). The results for the SH are similar, with models maintaining the sign of the bias in both
hemispheres and across generations; for example CCSRNIES-MIROC has too small a distinction between the branches and
GEOSCCM has too large tropical values, (Supp. Material Fig. 16S). In order to compare the distributions more quantitatively,
Fig. 8a,b shows the PDFs at the level of 600 K (~30 hPa). The N2O concentrations have been normalized by removing the
mean for each dataset to facilitate analysis of the key features beyond the mean bias, which are peak-to-peak separation and
the depth of the minimum.

The double peak structure is apparent in all observational datasets, but ACE-FTS shows substantial deviations from the other
two datasets, both in the magnitude and location of the peaks. Keeping in mind that this satellite has a much sparser sampling,
as well as the agreement between the other two datasets, we compare the models against MLS and MIPAS. Note that removing
the mean takes care of the MLS shifted behavior in the lower stratosphere seen in Fig. 7. In both hemispheres, the MMMed of
CCMI-2022 tends to place the maxima too close together, as identified in most models in Fig. 7. On the other hand, the depth
of the minimum is generally well captured by the MMMed in all model generations, although it is slightly less pronounced,
which could reflect a smoother transition from the tropical to the extratropical regimes. From the minimum in the NoO PDF,
we derive the position of the subtropical mixing barriers (Supplementary Material Fig. 18S). We find that the three multimodel
medians are remarkably close to the observations, and indeed, the intergenerational spread in the median values is smaller than
the difference between the two observational datasets (MIPAS and MLS). The spread is larger in the NH (originating in JJA,

not shown), and is reduced in the newest generation.
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Figure 7. PDFs for N2 O satellite data from MIPAS, MLS, ACE-FTS (top panels), and monthly mean model data from CCMI-2022 models.
10S-45N, MAM season 2005-2012 period. The ACE-FTS PDF contours are shown in all panels to facilitate the comparison. The tracer

mixing ratios are binned in 100 bins in the range 0-5 ppmv, and the PDF is normalized such that the total frequency on each level adds up to
1.

425 Figure 8c,d shows the climatological NoO contours for the MMMed of the three generations and MIPAS. There is an
overall low bias in CCMI-2022 N3O mixing ratios compared to MIPAS (isopleths are located at lower levels), as mentioned
regarding Fig. 7. The sharp transition between tropical and extratropical NoO concentrations is smoothed out in the models’

MMMed compared to the observations, consistent with the PDF behavior (the two peaks are closer together and the minimum
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is less pronounced in Fig. 8a-b). Note that the models represent the midlatitude plateau (surf zone) and the tropics-extratropics
transition more accurately in the SH spring than in the NH spring.

Previous studies have proposed a metric for the tropics-extratropics mixing strength derived from the TLP model. Specifi-
cally, the vertical gradient in tropical mean age can be related with the mixing strength (Linz et al., 2021). Qualitatively, this
can be understood by considering the fact that mixing from the extratropics into the tropics makes tropical air older, and so
the vertical gradient is related to mixing. There are two main caveats about this; the same caveats about satellite data biases as
with the meridional age difference above and the fact that the metric treats the extratropics as well mixed, leading to apparent
negative mixing efficiencies at higher levels. Nevertheless, we show this metric in Fig. 9.

We note that there is non-negligible observational uncertainty, as evidenced by the difference between the two satellite-

derived products. The models generally agree across generations within the large uncertainty given by the intermodel spread,
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Figure 9. Mixing efficiency calculated following Linz et al. (2021) is shown for ACE-FTS sink-corrected and MIPAS data. Calculations are
also shown from CCMVal-2, CCMI-1, CCMI-2022 models, where the shading represents the median absolute deviation at each level. The

right vertical axis shows the CCMI-1 pressure for comparison with other metrics in this study.

with the newest generation having the smallest spread. The model values generally agree with the observational estimates
below ~500 K (~40 hPa), although there is evidence that their mixing is too weak in the lower stratosphere (below 450-500
K, depending on the observational dataset considered). Above this level, the well-mixed assumption invoked by the mixing
strength theory in Linz et al. (2021) breaks down and observed estimates for mixing efficiency are negative: these points
have been removed. The models’ mixing efficiency remains positive throughout the range of isentropes presented in Figure 9,
suggesting that the models remain well mixed through a deeper depth of the stratosphere than the observations. To summarize,
while there is overall agreement in the lower stratosphere, with some suggestion of too weak horizontal mixing below ~50
hPa, the observational uncertainty is too large to constrain the models. Finally, similar to Fig. 2, this could instead be reflecting
too large vertical diffusion (Dietmiiller et al., 2018).

An additional metric for the horizontal mixing can be provided by the damping of the water vapor tape recorder signal, as
this damping is due to mixing with extratropical air. Figure 5f shows the peak-to-peak amplitude of the tape recorder signal
as a function of height. There is a substantial spread in the damping of the tape recorder across models, which is reduced in
the newer generation. Overall, it appears that most models in CCMI-2022 damp the signal too slowly with altitude between 4
and 8 km above the tropopause (~57-32 hPa), which implies that they tend to underestimate the mixing with the extratropics.
This is qualitatively consistent with the conclusion that there are too small gradients between tropics and extratropics in NoO
metrics. As before, the weak tape recorder damping could also be caused by an excessive vertical diffusion in the models.

Another possibility could be too fast methane oxidation.
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In summary, there is evidence from different metrics of a general underestimation of mixing between the tropics and extra-
tropics in the lower stratosphere in CCMs, and/or excessive vertical diffusion in the models, which is consistent with the low

mixing efficiency associated with the young bias in mean age of air (Fig. 2).
3.4 Polar processes

We now turn to the polar regions, which feature a distinct transport regime characterized by the isolation from the middle
latitudes by the polar night jet and the polar downwelling of the deep branch of the overturning circulation. Figure 10 shows
the annual cycle of total polar downwelling mass flux in the two hemispheres at 30 hPa, computed from the maximum of the

streamfunction for the NH and the minimum for the SH.
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Figure 10. Seasonal cycle of the SH (a) and NH (b) polar downward mass flux in the three generations together with reanalyses estimates
(ERA5/5.1, JRA-3Q, MERRA-2). Shading shows the 15th and 85th percentiles.

The most outstanding feature is that in the SH, the models have too weak downwelling compared to reanalyses, especially
in spring (September-October). In December, the bias is reversed, and all models overestimate downwelling, which is at its
minimum in the reanalyses. This behavior in December could reflect the delayed breakdown of the polar vortex that will be
discussed below. The NH downwelling shows better agreement and a smaller inter-model spread, with a slight underestimation
of the maximum downwelling in December-January, especially compared to ERAS. These results are consistent across model
generations.

Polar downwelling is responsible for the downward transport of air masses and tracers in the polar stratosphere. In particular,
for a tropospheric-origin long-lived tracer such as N5 O, polar downwelling reduces its concentrations in the lower stratosphere
(Minganti et al., 2020). Consistently, the NoO tendencies are negative in the extended winter, reflecting the influence of polar
downwelling. Figure 11a-b shows the seasonal cycle of NoO monthly tendencies in both hemispheres in the model results
and satellite observations from MIPAS and MLS. In the SH, both observational datasets show a pronounced minimum in

September-October, which is not captured by the models. This missing negative tendency is most likely related to the weak
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downwelling in these months found in Fig. 10. In the NH, the winter negative tendencies peak in December and are generally

better captured by the models compared to the SH.
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Figure 11. (a-b): Climatological seasonal cycles of the N2 O tendency (ppbv/month) at 70 hPa for the southern extratropics (a; 89S-50S), and
the northern extratropics (b; SON-89N). MLS and MIPAS use their respective complete periods. All models show 20 years: 1980-2000 for
CCMVal-2, 1990-2010 for CCMI-1 and 1998-2018 for CCMI-2022. (c): Vertical profile of N2O mixing ratios (ppbv) in the climatological
SON season over the southern polar region (88S-78S).

In spring and summer, high latitude N,O increases as the polar vortex barrier disappears, allowing for enhanced mixing
with NoO-rich air from lower latitudes. The positive tendencies in spring and summer are reasonably well represented in the
model results. In the NH, MIPAS suggests an earlier increase of NoO compared to MLS and to the model results, placing the
maximum tendency one month earlier (March instead of April). To test if this difference could be due to the different periods

covered, which includes years with sudden stratospheric warmings, we repeated the analysis for the common period, but
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obtained similar results. Another possibility is the different coverage of the polar region by both instruments. The seasonality
in the model results agrees best with the MLS seasonality, which has a better spatio-temporal coverage. In both hemispheres,
the inter-model spread is comparable to the observational uncertainty.

In order to further explore the impact of the weak polar downwelling in the SH spring, Figure 11c shows the vertical
profile of polar NoO mixing ratios in SON in model results and satellite observations. The mixing ratios of N2O in the lower
stratosphere (below ~60 hPa) are substantially larger in the model results than in the observations, which is consistent with the
weak polar downwelling found in all generations in Fig. 10. Note that in late spring, the polar vortex can break and increase
substantially horizontal mixing, which increases the N5 O mixing ratios in the polar region. Nevertheless, we will show below
that this increased mixing happens too late in the models on average, and thus it is likely not contributing to the larger NoO
mixing ratios in SON.

The downwelling of the residual circulation is associated with the Coriolis torque exerted by the wave drag from the dissi-
pation of planetary Rossby waves (resolved by the models) and gravity waves (parameterized in the models). The wave drag
also decelerates the polar vortex. A common diagnostic of the resolved upward wave activity flux entering the stratosphere
(which will then dissipate at some point and drive the residual circulation) is the midlatitude eddy heat flux at 100 hPa, as it is
the dominant term of the vertical component of the Eliassen-Palm flux. Figure 12 shows this diagnostic applied to the model

results and reanalyses.
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Figure 12. Annual cycle of the eddy heat flux at 100 hPa averaged over the latitude band 45°-75° in the NH (a) and the SH (b).

There is good agreement for the NH eddy heat flux between the model and reanalysis results, although the models tend

to slightly underestimate the mid-winter maximum, especially in CCMVal-2, and overestimate the summer minimum. In the
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SH, the reanalysis climatology peaks in October, when the climatological polar night jet has weakened with respect to its very
strong midwinter values that inhibit wave propagation. The models are generally able to capture the seasonality, although the
inter-model spread is even larger than for the NH (the spread is up to 2/3 of the mean value). For CCMVal-2, the MMMed
delays the peak by about one month. For CCMI-1 and CCMI-2022, the MMMed follows the reanalysis values more closely,
although the October peak wave activity is underestimated. Note that the individual models show very different timing and
amplitude of the wave activity maximum (Supplementary Material Fig. 22S). The underestimation of the spring maximum in
resolved wave drag could be related to the underestimation of polar downwelling seen in Fig. 10. It is important to note that
gravity wave drag plays a large role in driving polar downwelling. However, only a small set of models output the gravity wave
drag and thus we do not examine it here.

A key process in the polar stratosphere, crucial for terminating the ozone depletion season, is the breakdown of the polar
vortex, i.e., the date when the polar vortex breaks down and the summer circulation begins. There is a long-standing cold bias
in the polar lower stratosphere in models, which is connected to an excessively long-lived polar vortex and is thought to be
due to insufficient wave drag. This is likely from unresolved gravity waves (e.g., McLandress et al., 2012; de la Camara et al.,
2016). We examine the final warming date (FWD) as a function of altitude in both hemispheres in the three generations of
CCMs and the reanalyses in Fig. 13. Note that these are computed from the monthly mean output through interpolation to daily
values, following SPARC (2010). The thresholds to define the FWD are selected to allow for all models to reach the conditions

in the lower stratosphere, since most models have too strong winds, as will discussed below.

(a)SH (b) NH
1 T T 1 7
CCMVal-2
— CCMI-1
— CCMI-2022
7 —ERA5/5.1 | 7
st --JRASQ | |
§ B R MERRA-2 g .
210 1 g 10
o o
20 b 20
30 b 30
50 b 50
70 b 70
100 : 100
Octt Nov1 Dect Jani Mar1 Apri May1 Juni

Figure 13. Descent of the final warming date in the SH (a) and the NH (b), computed as the day when the zonal-mean zonal wind at 60°-
latitude crosses the 30 m/s-line in the SH, and the 5 m/s-line in the NH. Based on monthly mean output interpolated to daily values for the
period 1980-2000.
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It is evident that in all model generations, the vortex breakdown occurs too late in both hemispheres, and this delay is larger
in the SH. In the newest generation, the FWD bias is even more pronounced, being up to 3 weeks for the MMMed in the
SH lower stratosphere and up to 1 month considering the intermodel spread. For instance, at 50 hPa, the reanalyses place the
FWD at the beginning of November, and CCMI-2022 places it almost at the end of the month. In the NH, the late bias is more
modest (~ 1-2 weeks), and similar in the three generations, with reanalyses placing the FWD at 50 hPa in mid-April (with
larger interannual variability than in the SH, as shown by the reanalysis spread) and models at the end of April-beginning of
May. It is noticeable that the bias extends throughout the stratosphere, and in the NH it reverses sign in the upper stratosphere.

In summary, the models have too weak downwelling, especially in SH spring (September-October). This could be contribut-
ing to the young age of air bias found across all model generations, which maximizes at high latitudes in the middle and upper
stratosphere. On average the models tend to underestimate the peak in resolved wave activity entering the stratosphere, and
have difficulties in capturing its timing in the SH. In addition, the polar vortex lasts too long, especially in the SH, in all model

generations, which results in too large downwelling in December.
3.5 Ozone

After discussing the main transport processes, we turn to the representation of the stratospheric ozone climatology, as capturing
the evolution of the ozone layer is one of the key motivations for the development of CCMs. We examine partial ozone columns
(in Dobson Units, DU) computed from the models’ output volume mixing ratios (in mol/mol) over two vertical layers: the
lower stratosphere, computed between 100-20 hPa in the tropics and between 150-20 hPa in the extratropics, and the upper
stratosphere, computed over 10-1 hPa. We note that total column ozone is evaluated for the newest generation of models (in
refD2 simulations) in Keeble et al. (in prep.). Because ozone is an output available for all the models, we included only the
common models (the corresponding figures for all models are shown in the Supplementary Material, Figs. 25S and 26S), which
are the 8 model families introduced in Tables 1-3.

The two satellite datasets show some differences, with generally lower ozone values for SWOOSH when compared to SAGE-
CCI-OMPS+ (~10-15 DU). This observational uncertainty is consistent with the typical uncertainty for satellite data at these
altitudes (e.g. Hubert et al., 2016). Overall, all model generations overestimate ozone in the lower stratosphere, especially
in the SH midlatitudes and in the tropics (Fig. 14b,f), which results in a globally integrated (90S-90N) lower stratospheric
ozone bias of about ~15 DU (Fig. 14c). In contrast to previous generations, the latest generation (CCMI-2022) overestimates
SH polar ozone decline in October-November by about 25 DU (~25%; Fig. 14a), also when considering all the models
(Supplementary Material Fig. 25S). Both the depth and duration of ozone decline are overestimated in CCMI-2022, with the
observations falling on the high end of the inter-model spread. The large ozone decline in the latest generation is likely related
to the particularly large delay in the vortex breakdown date (Fig. 13a). A long-lived polar vortex can implies maintained low
polar cap temperatures that facilitate heterogeneous chemical ozone destruction. Moreover, the low ozone could be in turn
contributing to the cold pole bias, since the low ozone mixing ratios absorb less solar radiation, resulting in a colder polar

stratosphere, which induces a stronger polar vortex to maintain thermal wind balance.

28



555

560

https://doi.org/10.5194/egusphere-2025-6549
Preprint. Discussion started: 13 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(a) 90S-60S (b) 60S-35S (c) 90S-90N
240
190
200 220 1801
2 2 2
S_ 3200- 3170-
Y150 I 0160
© © )l I 1
B g 180 B
& 100 & & 150
160
140
50 1401
130
»80 240
140
220
o 3130'
[a] [a]
; 2001 5
3 8 120
© ©
£ 180 €110 |
© © -
a [« ,/ ~
- ~
160 100 // \\\
14090~~/
J] FMAM ] J] ASOND J] FMAM ] J] ASOND J FMAM]J] J] ASONTD
CCMVal-2 — CCMI-1 —— CCMI-2022 —— SAGE-CCI-OMPS+ -=-- SWOOSH

Figure 14. Seasonal cycle of lower stratospheric ozone column averaged over different latitudinal regions (note the different scale in each
panel). The column is defined as 100-20 hPa in the tropics and 150-20 hPa in the extratropics. Only common models are included in this figure
(F1-F8 defined in Tables 1-3). The corresponding figure version showing all models across the three generations is in the Supplementary
material. Period: 1990-2010 (1980-2000 for CCM Val-2).

Despite the mean biases, the models are generally able to correctly capture the lower stratospheric ozone seasonality, with
correlations between the observational and model seasonal cycles above 0.95 (see Taylor diagrams in Supplementary Material
Figs. 27S-31S). The lowest correlations (less accurate representations of the seasonality) are found in the SH polar region.

In contrast with the lower stratosphere, ozone in the upper stratosphere is underestimated by the models in the global mean
(about ~10%; Fig. 15¢). The underestimation is found in all regions, and is most severe in the newest generation (CCMI-2022),
also when considering only common models (Supplementary Material Fig. 26S). The seasonality is reasonably captured in
general (correlation above 0.9, see Taylor diagrams in Supplementary Material Figs. 325-36S), with highest correlations found
in midlatitudes, and the lowest correlations in the polar regions. Note that the agreement between the datasets is also weakest

in the polar caps, possibly due to sparser coverage of these regions.
3.5.1 Cly and release fraction

Another crucial factor for stratospheric ozone loss, in addition to the dynamical conditions, is the amount of active chlorine

present in the lower stratosphere. The chlorinated long-lived source gas species emitted at the surface (e.g. chlorofluorocarbons,
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Figure 15. As Figure 14 but for the upper stratospheric column (10-1 hPa).

CFCs) are decomposed in the stratosphere by photolysis, reaction with O(1D) and reaction with OH to form inorganic chlorine
( Cly). Cl, comprises reservoir species (such as HCI) and ozone-destroying active chlorine (e.g. Cl10). Conversion of the source
gases occurs as air masses are transported from the tropical tropopause to the polar stratosphere by the stratospheric circulation.
The photolysis (and other oxidation) rates are a function of latitude and altitude, as they depend on the exposure of air parcels
to solar radiation. Thus, the fraction of a long-lived source gas in an air mass that has been converted depends on the specific
transport pathway followed. It is important to note that the photolysis rates are not the same in the models being studied, and
thus we cannot completely disentangle transport from chemistry. Nevertheless, if we assume that the differences in photolysis
rates across the models are smaller than those in transport, then the differences between the amounts of active chlorine ( Cly)
in a given region reflect primarily differences in the transport of air parcels across the stratosphere.

The models capture the overall trend of the evolution of Cl, as simulated by TOMCAT, with similar increasing slopes
peaking in the late 1990s, followed by a slower decline. In the NH midlatitudes (Fig. 16a), during the 1990s and early 2000s,
the TOMCAT values are higher than the available observations, although they are within the uncertainty range. Also, this can
be explained by the HALOE and Aura-MLS observational estimates (in this panel only) missing the CIONO2 component of
Cly, which makes up between 5 and 10% (thus around 0.2 pptv) of the total Cl,. After 2005, there is a very good agreement
between TOMCAT and ACE-FTS (which indeed comprises the main components of Cly). The oldest generation (CCM Val-
2) agrees well with the observations and slightly underestimates TOMCAT, while CCMI-1 and even more so CCMI-2022
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Figure 16. Observed (black lines and symbols) and modelled Cl, timeseries between 1980 and 2025 for the multi-model median and its
associated envelope of uncertainty (MAD) in the three model generations and TOMCAT CTM simulation. Left panel (a): Annual-mean NH
mid-latitude (35-60N) at 50hPa. Middle panel (b): 80S, Antarctic spring (October) at 50hPa. Right panel (c): 80S, Antarctic spring (October)
at 1hPa. Note that the MMMed contains a different number of models for each generation of CCMs. The observations shown are taken
from different instruments; in panel (a), the values until 2006 are taken from the CCMVal-2 report and beyond 2006 are from ACE-FTS Cly,
(HCI+CIONO2+ClO+HOCI); in panel (b), the 1992 value is from UARS HALOE HCI, the 2005 value from Aura MLS HCl and beyond that
from Aura MLS (HCI+ClO). The latter observations are shown also in panel (c). Vertical error bars in the observations denote the standard

deviations of the measurements.

underestimate the Cl, values in the NH midlatitudes, especially after 2005 when the Cl, measure becomes more complete and
ACE-FTS and TOMCAT agree well with each other. This could be reflecting the particularly large young bias in the mean age
of air in CCMI-2022 (Section 3.1), as the air parcels reaching the 50 hPa level do not have enough time to photolyze as they
are transported too fast through the stratosphere. In the SH polar lower stratosphere (Fig. 16b), there are only two observational
points before 2005, which show reasonable agreement with TOMCAT, considering the error bars. After 2005, MLS shows
reasonable agreement with TOMCAT, except for the last few years, when TOMCAT suggests a faster decline in Cl,, than MLS.
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In this region, there is no clear difference among model generations, and all show an underestimation of Cly, although there is
a very large spread that includes the observational estimates.

Figure 16¢ shows timeseries of Cly at 1 hPa, which provides a verification for the maximum Cly, in a model. At this altitude,
the vast majority of Cl-containing organics have undergone photolysis. At this level, Cl should not be more than the total Cl at
the surface. This is well satisfied by the MMMed and MAD spread for the three generations, although not for some individual
models, as seen in Fig. 37S of the Supplementary Material. These outliers have been removed to compile Fig. 16.

A complementary diagnostic is to represent the PDF of the fractional release for a given CFC against the corresponding mean
age of the same air parcel (Schauffler et al., 2003; Douglass et al., 2008; Engel et al., 2018). Fractional release is the fraction
of a long-lived source gas that has been photolyzed since entering the stratosphere. It is calculated as the stratospheric mixing

ratio of the CFC in an air parcel () and the mixing ratio in the same air parcel when it entered the stratosphere (Xenry) using

X
Xentry

certain age will have a larger fractional release if it travelled higher in the stratosphere than if it had a lower-altitude pathway.

the following equation: 1 —

Given the dependence of photolysis rates with altitude mentioned above, an air parcel of a

Fractional release in the models is compared with that calculated based on the new global age of air climatology from ACE-
FTS (Garny et al., 2024b; Saunders et al., 2025). This is a vast improvement over the 5 data points that were available for
the previous report. For ACE-FTS, a fractional release value could be calculated for each bin (1 month, 10°, 3 km) using the
mean age of air and the mean CFC-12 concentration. NOAA Marine Boundary Layer surface measurements were used as a
reference to determine the observational mixing ratio upon entry into the stratosphere. As such, the CFC-12 measurements are
bias-corrected using the reference curve to also account for transit time to the tropopause.

Overall, the results in Figure 17 show that the agreement with the observations is best for CCMI-1 models, and that in
CCMI-2022, most models have too much fractional release for a given mean age value. If we again assume that the photolysis
rates are not too different across the models, this implies that the models are transporting air masses too fast into the higher
levels, where they photolyze more efficiently. Analogously, a given photolysis rate is obtained at too low mean age values in
the models, indicating that air reaching up to a given level (where photolysis is efficient) is too young.

We note that Figs. 16 and 17 can seem to provide inconsistent information. Figure 16 suggests that photolysis in CCMI-
2022 is too small for a given pressure level in the stratosphere, while Figure 17 shows that fractional release is too high in
CCMI-2022 for a given mean age value. However, due to the young age bias in CCMI-2022 (Fig. 1), a given mean age value
corresponds to a higher pressure level in the models than in the observations. Hence, looking at mean age space yields different
results than looking at altitude/pressure space. Consider, for example, an air parcel that is 4 years old and resides at 50 hPa in
the NH midlatitudes. In the observations, it has undergone a given amount of fractional release. In the models, a similar 4-year-
old air parcel has undergone a larger amount of fractional release (possibly due to spending too much time at high altitudes).
However, because the transport is too fast in the models, that 4-year-old air parcel is located too high in the stratosphere, while
the parcel at 50 hPa has a younger mean age, and thus has had less time to produce Cl,.

We recall that the different mean age values do not reflect differences in the residual circulation, but mostly in mixing (Fig.
2). This could imply that air parcels in models spent too much time mixing and recirculating at high altitudes, where photolysis

is more efficient. However, without knowing the shape of the age spectrum, it is not possible to reach further conclusions on
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(a) CCMVal-2 (2004-2007)  (b) CCMI-1 (2004-2011) (c) CCMI-2022 (2004-2019)
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Figure 17. Probability density function of fractional release computed for CFC-12 in observations and models. Gray shading shows the
observational results (see text for description of observations used). Only northern hemispheric points from 50-100 hPa for the time period
indicated are included (using 2004-2007 for all generations does not change the results qualitatively). The models are split across two vertical

panels for each model generation for easier interpretation of the results. Mean age for the models is relative to its 100 hPa value.

the reason for the high fractional release for a given mean age value. It is also possible that the low Cl, values are partly
due to too weak polar downwelling in SH spring, which brings down Cl, produced at higher levels. Finally, we note that
differences between ODS scenarios used in the successive model generations are relatively small and will not affect the results
substantially (Lickley et al., 2024).

In summary, the ozone is overestimated by the models in the lower stratosphere tropics and SH midlatitudes and generally
underestimated in the upper stratosphere. The polar ozone loss in SH spring is overestimated in the newest model generation.

However, the Cly, values are too small compared to observations, probably due to the too fast transport and/or to the underesti-
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mated downward mass flux in SH spring. This points to the cause of excessive ozone loss in October being the too strong polar

vortex, and not the availability of active chlorine.

4 Long-term changes

In this section, we address the changes over the past decades. We focus on the common period for the three model generations
within the satellite era (1980-2000), and examine the difference pre and post year 2000 only for the newest generation (CCMI-
2022).

4.1 Changes in mean age of air

Figure 18a shows the trends for the three model generations in global mean AoA. There is a good intergenerational agreement
in the MMMed, with negative trends peaking in the lower stratosphere at around -6%/decade. At higher levels, the newer
generations show -5% and -4% per decade for CCMI-2022 and CCMI-1, nearly constant with height, and linearly decreasing
to -3.5%/decade for CCMVal-2. There is considerably large spread, especially in the older generations, and surprisingly reduced
in the newest one for the lower stratosphere.

Previous studies have shown that SH ozone depletion has contributed significantly to enhancing the BDC trends over the
last two decades of the 20th century (e.g., Oman et al., 2009; Oberldnder et al., 2013; McLandress et al., 2010; Polvani et al.,
2018). This is due to the acceleration of the residual circulation forced by the dynamical effects of ozone depletion in the SH
polar lower stratosphere (McLandress et al., 2010; Abalos et al., 2019). In order to explore this effect, Fig. 18b and 18c show
the AoA trends in CCMI-2022 over the ODS increase period (1980-1999) and the ODS decline period (2000-2018), which
we refer to as ozone depletion and recovery periods, respectively. Consistent with previous literature, the mean age trends are
substantially reduced in the latter period compared to the former. The change in the global mean AoA trend from the first to
the second period is even larger than found before for longer periods (from 6%/decade to 1%/decade), although this could be
affected by internal variability, not accounted for in this analysis. Indeed, the trends are smaller (peaking at 4%/decade near 70
hPa) when the longer period 1960-1999 is considered, and the intermodel spread is reduced in all generations, consistent with
a smaller role of interannual variability (not shown). An additional proof that the Antarctic ozone hole is behind the large trend

before 2000 is that the trend reduction is most noticeable in the SH.
4.2 Changes in advection by the mean overturning circulation

Figure 19a-c shows the trends of the annual mean upward )19b) and downward (19a,c) net mass flux of the residual circulation
for the three generations and three reanalyses. Again, there is a very good quantitative agreement across generations for the
MMMed trends, with a spread that increases with altitude and is reduced in the newest generation. The upward mass flux
accelerates 1-2%/decade over the lower and middle stratosphere (below ~5 hPa), and the trends are much reduced and uncertain
in the upper stratosphere, although positive for the MMMed in the three generations. Both hemispheres show strengthened

downwelling in the lower and middle stratosphere, and the trends are larger and more significant in the SH, especially between
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Figure 18. (a): Trends in mean age of air for the three generations over the period 1980-1999 (lines show the MMMed and shading the 15th
to 85th percentile range). (b,c): cross section of mean age of air trends for the CCMI-2022 MMMed for the ozone depletion (d) and recovery

(e) periods. Stippling indicates where at least 70 % of the models agree in the sign of the trends.

~50 and 10 hPa. At higher levels, there is a larger spread across the model generations and within each generation. The
reanalyses show very diverse results. The upward mass flux increases significantly by 4-6%/decade in the lower stratosphere
according to MERRA-2 and JRA-3Q, while it decreases up to -2%/decade in this region in ERAS5. The downwelling trends
also differ significantly across reanalyses. In the SH, the three reanalyses indicate an acceleration (albeit with very different

magnitudes), while in the NH, even the sign is different across the reanalyses.
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Figure 19. (a-c): Trends of upward mass flux (b) and downward mass flux in the SH (a) and NH (c) over 1980-1999 in the 3 generations of
models and reanalyses. (d,e): Cross-sections of the vertical component of the residual circulation trends for the CCMI-2022 MMMed for the
ozone depletion (d) and recovery (e) periods. Black contours show the MMMed turnaround latitudes. Stippling indicates where at least 70 %

of the models agree in the sign of the trends.

Figure 19d,e show the trends of the vertical component of the residual circulation for the periods before and after 2000 in the
CCMI-2022 simulations’ multi-model median. The model results show an acceleration of tropical upwelling and extratropical
downwelling during both periods, with considerably larger SH downwelling acceleration in the first period. While there is no
attribution made in this analysis, these results are in line with the large impact of ozone depletion on the acceleration of the
residual circulation found in previous studies.

One of the most robust atmospheric responses to increasing greenhouse gases is a rise in tropopause height, resulting from
the combined effects of tropospheric warming and stratospheric cooling, which jointly shift the lapse-rate boundary between

the two layers upward. This is captured by all models, as seen in the timeseries in Fig. 20a. The rise of the tropopause is similar
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in the three model generations (~-0.5 hPa/decade over 1980-2010), consistent with the value given by Gettelman et al. (2010)
for CCMVal-2 models, and slightly lower than that in the three reanalyses (~-1 hPa/decade).

5 (a) Tropopause pressure (-20,20) (b) Upward mass flux trends 1980-1999
30t
© 1=
& § 20
°
o
o
4 L 7 N
10 +
5 . . .
1980 1990 2000 2010
» (c) CPT temperature (-20,20)
; : 0 ‘

4 3 2 414 0 1 2 3 4
% / decade

CCMval-2
—— CCMI-1
= CCMI-2022
—ERA5/5.1
— —JRA-3Q
------- MERRA-2

!

-2 L
1980 1990 2000 2010

!

Figure 20. (a) Timeseries of CPT pressure (1980-2018). (b) Tropopause-relative trends of upward mass flux over 1980-1999. (c) Time series
of CPT temperature (1980-2019).

Previous studies have shown that tropical upwelling trends are significantly different when viewed from a tropopause-relative
coordinate (Oberldnder-Hayn et al., 2016). Figure 20b shows the trends of the upward mass flux over 1980-1999 (similar to

675 Fig. 19b) in tropopause-relative coordinates. This is computed by regridding the mass flux timeseries at each level into a
tropopause-relative log-pressure altitude grid (using the tropopause pressure averaged over 20S-20N) and then computing the
trends. It is clear that the trends decrease substantially at the tropopause level, where the models simulate near-zero trends in
tropopause-relative coordinates, and ~1-2%/decade on pressure coordinates. On the other hand, at higher levels, the trends are

only slightly lower than those in Fig. 19b (by less than 0.5%). In any case, we note that both the rise in tropopause pressure and

680 the acceleration of tropical upwelling largely arise from the same underlying driver, namely tropospheric warming. Therefore,
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the rising tropopause should not be considered a cause of tropical upwelling acceleration, but rather both are a common
response.

Coupled radiative-dynamical responses to climate-forcing affect tropopause temperature, which in turn determine the trans-
port of water vapor into the stratosphere. Figure 20c shows that the temperature of the cold point tropopause is cooling in the
three reanalyses between 1980 and 2010 (around -0.29+0.14, -0.54+0.16, and -0.13+0.15 K/decade in ERAS5/5.1, JRA-3Q and
MERRA-2, respectively). On the other hand, the CCM multi-model medians of the three generations show a near-zero trend
over this period (0.040+0.25, 0.060+£0.082 and 0.035+0.098 K/decade for CCMIVal2 - until 2000-, CCMI-1 and CCMI-2022,
respectively). The trend in the reanalyses is partially explained by a strong drop in cold point temperature after the year 2000,
which was a random feature not necessarily to be expected in the model simulations, but which exacerbates the underlying
negative trend. Note that future climate simulations project a cold point warming (Gettelman et al., 2010), and there is evidence

of a warming has been detected in observations since 2000 (Zolghadrshojaee et al., 2024).
4.3 Changes in mixing

Changes in AoA are not only related to changes of advective transport by the residual circulation, but also to mixing efficiency
(Eichinger et al., 2019). Eichinger et al. (2019) estimate the contribution of changes in mixing efficiency to the future changes
in AoA in CCMI-1 refC2 simulations, and conclude that there is a spread across models with contributions between 10 and
30%. Moreover, consistent with the results for the climatology obtained by Dietmiiller et al. (2018) and captured here in Fig.
2, they show that the spread in mixing efficiency changes is closely correlated with the spread in the magnitude of the AoA
decrease over the 21st century. To test this behavior, Fig. 21 shows the scatter plot of changes between the two decades centered
in 1980 and 1999 (1975-1984 and 1994-2003) in mean age versus RCTT and mixing efficiency.

(a) AoA vs. RCTT change 50-20 hPa (b) AoA vs. mixing eff change 50-20 hPa
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Figure 21. Scatter plots of changes between 1975-1984 and 1994-2003 in AoA versus RCTT (a) and AoA versus mixing efficiency (b).
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The results show overall higher correlations of the changes in mean age with changes in mixing efficiency than with changes
in RCTT, consistent with the results for future climate simulations described above. However, this result is less robust than for
the climatology (Fig. 2), because for CCMI-1 the correlation between mean age and RCTT is notably higher than for the other
generations. Nevertheless, for any given generation (including CCMI-1), and for all generations together, the correlations are
higher with mixing efficiency than with RCTT. This confirms that the mean age changes are more strongly connected with

changes in mixing or diffusion than with the changing strength of the residual circulation.
4.4 Changes in polar processes

Ozone depletion over Antarctica has impacted not only the strength of the residual circulation but also the polar vortex.
Specifically, it is known that ozone depletion cooled the polar lower stratosphere in SH spring and strengthened the polar
vortex, leading to a delay of the final warming date. Figure 22] shows the trends of the FWD over the period 1980-1999 for the

SH polar vortex, computed as the day when the zonal-mean zonal wind reaches a value of 30 m/s at 50 hPa.

Trends in FWD 50 hPa 1980-1999
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Figure 22. Trends of FWD in the SH over the period 1980-1999. The horizontal lines in the boxes show the MMMed, the height of the boxes
represents the interquartile (25th-75th percentile) range, and the whiskers extend from the minimum to the maximum values. The error bars

for the reanalyses show the 95% confidence interval based on a Student’s t-test distribution for the linear trend.

The reanalyses show a FWD delay of ~8 days/decade, with very good agreement across them and large error bars due to the

large interannual variability. The MMMed of the three generations captures this trend very well. Nevertheless, there is a very
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large spread across the individual models, with some models even producing negative trends. The newest generation performs
best in capturing these trends: although it exhibits the largest interquartile range, it produces fewer extreme values, and almost

all models show a positive trend.
4.5 Ozone changes

We lastly examine the temporal evolution of the ozone columns analyzed in Section 3.5.
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Figure 23. Evolution of annual mean O3 partial column anomalies in the lower stratosphere (100-20 hPa in the tropics, 150-20 hPa in the
extratropics) from the three generations of models compared to SWOOSH and SAGE-CCI-OMPS+ satellite data. Only common models are
included, as identified in Tables 1-3. Anomalies are computed with respect to the base period 2000-2010 (except CCMVal-2, which uses

1990-2000). Observations are not included in the polar regions because there are very few points before 2005.

Figure 23 shows the annual mean ozone anomalies evolution in the lower stratosphere from the three generations of models
compared to the SWOOSH and SAGE-CCI-OMPS+ datasets. All three model generations simulate a steady decline of lower-
stratospheric ozone from 1960 to the end of the 1990s, with close agreement among models except for the SH polar latitude
band (85S-60S), where CCMI-2022 shows a notably larger decline. This difference could be partly due to updated ODS and
GHG forcings. However, these are not very different over the historical period (Lickley et al., 2024), and this it is likely
that the newer models are more sensitive to the external forcings. The larger decline in the SH is consistent with the lower
climatologically averaged ozone in Fig. 14a in October and November, which is in turn related to the longer-lasting polar

vortex in this generation (Fig. 13a). Note that the faster decline in CCMI-2022 is partly driven by the UKESM-StratTrop
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model (see Supplementary Material Fig. 40S), which presents ozone anomalies of 60 up to over 100 DU in the 1960s to 1980s.
This model indeed severely overestimates ozone decline (by ~40 DU, see Supplementary Material Fig. 27S). However, the
other models also show larger ozone columns compared to the previous generations, with most models starting above 20 DU

in 1960, while staying below that value in previous generations.
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Figure 24. As Fig. 23 but for the upper stratosphere (10-1 hPa).

The equivalent plot for the upper stratosphere is shown in Fig. 24. Both satellite and models show a sharp decline from the
1960s up to the end of the 1990s, followed by slightly upward trends, consistent with the statistically significant ozone recovery
detected in the upper stratosphere (e.g. World Meteorological Organization, 2022). There is a general agreement across model
generations over the satellite era (after 1985). Before then, the depletion is slightly stronger for the oldest generation than the
following ones. There is close agreement between the models and the satellite records, with smaller interannual variability than

in the lower stratosphere.

5 Conclusions and discussion

In this study, we evaluate several aspects of stratospheric transport and dynamics relevant for the representation of the strato-
spheric ozone layer in models participating in three most recent CCM intercomparison initiatives, which we denote model
generations (CCMVal2, CCMI-1 and CCMI-2022), using the historical simulations (refB1, refC1 and refD1, respectively).
Inspired by the SPARC (2010) report and subsequent literature, we select a subset of key diagnostics to evaluate the model
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results against modern observational (satellite) and reanalysis datasets. Different from the SPARC report, the focus here is not
to identify and understand issues in every individual model, but rather to examine the evolution across three CCM generations
over the last 15 years, and to provide an assessment of the outstanding weaknesses and strengths in the representation of strato-
spheric transport. We focus on the climatology and also examine the past trends, which are to a large extent associated with
dynamical effects of ozone depletion over the last two decades of the 20th century.

Overall, we find little progress in the representation of key transport processes, and several longstanding biases persist or
are even worse, on average, in the newest models (CCMI-2022). In particular, the young bias in mean age of air and the late
breakdown of the SH polar vortex are more pronounced in the most recent generation. The ozone concentrations in the SH
polar lower stratosphere in spring are biased low in CCMI-2022, while they were in good agreement with observations in the
previous generations. In general, metrics show smallest intermodel spread in the most recent generation, which is only partly
due to fewer number of models participating in the initiative.

The simulated stratospheric mean age of air is on average too young in the three model generations, especially in the middle
to upper stratosphere and at high latitudes. This bias is about one year for the global average between 100 and 15 hPa in the
CCMI-2022 multi-model median. This implies that stratospheric transport is too fast. The overturning circulation is slightly
overestimated (by ~10%) in the models’ lower stratosphere (especially in CCMI-2022), which is qualitatively consistent with
a younger mean age. However, the mean age bias is most likely also related to mixing effects. Indeed, a large fraction of the
spread in mean age of air across the models is correlated with the spread in mixing efficiency in the three model generations,
consistent with previous studies. There is also some evidence of slightly weak mixing between tropics and extratropics and/or
excessive vertical diffusion in the tropical stratosphere from the mean age vertical gradient, the N2O structure and the HoO
tape recorder amplitude damping. These factors could contribute to explain young bias on average.

In the polar stratosphere, we find an underestimation of the strength of polar downwelling in spring, which is reflected in
insufficient N5 O decline and a weak vertical gradient of this tracer in the lower stratosphere. These features are seen in all three
generations. This could be linked to an underestimation of the resolved upward wave propagation as identified from the eddy
heat flux, although the likely additional role of the gravity wave drag could not be explored in this study due to the insufficient
model output. The spring polar vortex breakdown happens too late in both hemispheres in all model generations. In the SH,
CCMI-2022 presents the latest final warming dates (approximately 3 weeks). This might be exacerbated by the overly deep
minimum in spring ozone mixing ratios in CCMI-2022, which was not seen in previous generations, since low ozone mixing
ratios tend to cool and strengthen the vortex in late spring. In turn, the low ozone spring concentrations may be themselves
associated with the cold and long-lasting polar vortex, since the amount of active chlorine is actually underestimated, possibly
due to too fast transport through the upper stratosphere and/or weak polar downwelling in spring.

The three generations of CCMs overestimate global average stratospheric ozone concentrations in the lower stratosphere (by
10-20 DU or ~10%) and underestimate it in the upper stratosphere (by 4-7 DU, or ~10%), with respect to merged satellite
observations datasets. The upper stratospheric bias is largest in the most recent generation (~13%) and present in all latitude

bands, while in the SH is similar for the three generations and originates in the tropics and southern midlatitudes.
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We examine trends over the common period of the three generations in the satellite era (1980-1999). This period is charac-
terized by severe ozone depletion, which has a strong impact on the stratospheric circulation. The mean age of air decreases
over this period by around 5%/decade globally. The overturning circulation accelerates about 1-2%/decade up to ~10-5 hPa
in all generations, with larger trends in the middle stratosphere in the SH than in the NH (and more consistent across models
and reanalyses). The newest generation simulations extend to the year 2018, and thus, we examine the trends for the pre- and
post-2000 periods. The results show a clear reduction of the mean age trends after 2000, associated with a reduction of the
acceleration of the residual circulation. This result is consistent with previous studies that have demonstrated that this is due
to the dynamical feedback of ozone depletion, which ceased after 2000. We also compute the overturning circulation trends in
tropopause-relative coordinates to explore the effect of the upward shift of the tropopause and find that they remain consistently
positive with similar values except at the tropopause, where they become zero.

The final warming date in the SH is also strongly affected by polar ozone loss, and the model results of the three generations
are generally able to capture the delay in the vortex breakdown observed over 1980-1999, with a MMMed highly consistent
with reanalyses. Ozone changes are consistent across generations and show a good agreement with the observations, except
for overly fast decline in the SH in CCMI-2022 in the lower stratosphere, which is consistent with the low ozone values in the
October-November climatology.

There are several caveats in this study that need to be noted. We acknowledge that our analyses touch upon a wide range
of processes and reveal non-negligible biases, but we do not carry out in-depth analyses of the causes. We argue that such
an investigation would be more productive by considering the performance of individual models, and we certainly encourage
further studies to address the issues pointed out. We did try to make sense of the MMMed behavior, where it was clearly
revealing a consistent bias, but this is not always possible, as biases in very different processes can lead to similar biases in
mean age, for example. Another limitation of the study is that the different generations have different numbers of models
and different families of models participating, so the inter-model spread can reflect the different families of models present in
each generation, rather than actual changes in model behavior. For instance, only three models provide the mean age across
the three generations (CESM-WACCM, CMAM and GEOSCCM). Looking at the mean age of air wing plots for individual
models across generations (see plot for common models in Fig. 2S of the Supplementary Material) it becomes clear that there
is no consistent change for the different models, with CMAM AoA staying approximately unchanged, GEOSCCM getting
subsequently younger in each generation and CESM-WACCM getting younger from CCMVal-2 to CCMI-1 and then slightly
older in CCMI-2022. On the other hand, the UK model family (F7 in Tables 3-3) provided mean age ouput in CCMVal-2
and CCMI-2022, and the value changed from very old (UMUCKA-UKCA) to very young (UKESM-StratTrop). Similarly, the
EMAC model participated in the last two intercomparisons (EMAC-L9OMA and EMAC-CCMI2), and the newer generation
also shows younger age. Thus, the participation of different models in different generations does not explain on its own why
the mean age has gotten younger in the new generation. We also note that prescribed boundary conditions, including emission
inventories, are slightly different across model generations, but differences are minor (Lickley et al., 2024; Acquah et al., 2025)

and are unlikely to affect the climatological behavior. Indeed, the long-term trends in mean age, overturning circulation and
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final warming date are highly consistent across generations. Finally, we note that interannual variability is not examined here
810 and will be the subject of a follow-up study.

We close by highlighting the importance of maintaining global satellite observations with sufficient spatio-temporal resolu-
tion and sampling. This statement is especially relevant in light of upcoming gaps in the satellite measurements of trace gases
such as N2 O or SF¢, which are crucial for deriving transport diagnostics (Salawitch et al., 2025). Without such high-quality
observations, it will be impossible to adequately evaluate the ability to represent stratospheric transport in future generations of

815 models, as well as its response to external forcings and interannual variability, including unexpected events such as the Hunga

volcanic eruption (Zhu et al., 2025), and intensifying wildfires (Santee et al., 2022).

Data availability. Chemistry-Climate Model output is available online:
— CCMVal2: https://data.ceda.ac.uk/badc/ccmval/data/CCM Val-2
— CCMLI: https://data.ceda.ac.uk/badc/wcrp-ccmi/data/CCMI-1/output
820 — CCMI-2022: https://data.ceda.ac.uk/badc/ccmi/data/post-cmip6/ccmi-2022
Satellite and reanalysis data is available online:
— MLS level2: https://disc.gsfc.nasa.gov/
- SWOOSH data are publi Cly available through the web at https://csl.noaa.gov/swoosh

— Copernicus Climate Change Service (C3S) Climate Data Store (CDS): http://doi.org/10.24381/cds.4ebfedeb (Accessed on 01-Dec-
825 2025).

— Tropopause dataset Jiilich: Hoffmann, Lars; Spang, Reinhold, 2021, "Reanalysis Tropopause Data Repository", https://doi.org/10.26165/JUELICH-
DATA/UBNGI2, Jiilich DATA, V1

— RID dataset: https://www.jamstec.go.jp/ridinfo/
— ACE-FTS: https://databace.scisat.ca/level2/ (available via sign-up)

830 — satellite-based AoA: https://doi.org/10.5683/SP3/5AC1F0

Appendix A: Models information

This Appendix includes three tables with information on the models used in the study.
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