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Stratosphere-troposphere exchange (STE) of ozone is a significant source of tropospheric
ozone, influencing air quality, atmospheric chemistry and climate forcing. This assessment syn-
thesizes recent advances in understanding the magnitude, mechanisms, variability and future
evolution of ozone transport across the tropopause, updating earlier reviews using observa-
tions, reanalyses and global chemistry—climate models. Globally, monthly mean STE is driven
by the large-scale circulation of the stratosphere, but on shorter time scales and synoptic scales
episodic dynamical processes such as tropopause folds, cutoff lows and wave breaking are lo-
cally important. Based on a synthesis of published estimates for 2000-2020, the present-day
global net STE of ozone is assessed to be 380 (350-450) Tg O, yr~!. This net flux is composed of
a strong downward transport from the stratosphere into the troposphere of approximately 540
Tg O, yr~! in the extratropics, partially offset by an upward transport of ozone from the tropo-
sphere into the stratosphere of about 190 Tg O, yr~! in the tropics. Around 60% of the down-
ward extratropical transport occurs in the Northern Hemisphere. STE exhibits pronounced
seasonality as well as interannual variability linked to climate modes including the El Nifio—
Southern Oscillation (ENSO) and the Quasi-Biennial Oscillation (QBO). Analyses indicate a
decline in STE of 2.7% decade~! during the late twentieth century associated with ozone deple-
tion, while future projections consistently project an increase in STE of around 4.7% decade™!
as global circulation responds to climate change and stratospheric ozone recovers.
This article is part of the theme issue “Tropospheric Ozone Assessment Report IT".

1. Introduction

Stratosphere-troposphere exchange (STE) refers to the two-way transport of air masses and their
chemical constituents across the tropopause. This exchange chemically connects the ozone-rich
stratosphere with the troposphere, and as a result, STE is a significant contributor to the tro-
pospheric ozone budget, influencing both air quality and radiative forcing. Throughout the re-
mainder of this assessment, STE is used specifically to refer to the transport of ozone across the
tropopause unless otherwise stated.

Mass-budget estimates indicate that approximately 21-26 Tg of air enters the lowermost strato-
sphere through the tropical tropopause region each second, with a comparable compensating
return transport in the extratropics [1,2]. However, estimates of cross-tropopause mass trans-
port vary substantially depending on the definition of the tropopause, the diagnostic approach
and the treatment of transient recrossing events [3,4]. Air masses are predominantly transported
upward from the troposphere into the stratosphere in the tropics, and downward from the
stratosphere into the troposphere in the extratropics. The net effect of this transport is a sub-
stantial downward flux of ozone into the troposphere, with current estimates suggesting that
STE contributes 336-535 Tg O, yr~! to the troposphere [1,2,5-8]. However, despite decades of
research, large uncertainties remain in quantifying the magnitude, spatiotemporal variability
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and trends of STE (e.g. [9,10]), reflecting limited direct observations, uncertainty in reanalyses and
substantial inter-model spread.

While STE was noted in the first phase of the Tropospheric Ozone Assessment Report (TOAR)
[8,9], the most recent comprehensive review dates back to Stohl et al. [11], highlighting the need for
an updated synthesis in light of recent advances. This contribution to TOAR-II assesses the role
of STE as a source of tropospheric ozone by synthesizing the current state of knowledge, summa-
rizing recent findings and identifying ongoing challenges. Specifically, we address the following
questions: (1) What are the methods used to quantify STE, and how do they compare? (2) What
is the net annual STE flux of ozone under present-day conditions? (3) What is the magnitude and
cause of interannual variability in STE? (4) How is STE likely to evolve in the future? (5) What is
the impact of STE on the tropospheric ozone budget and burden?

Throughout this assessment, we follow the terminology proposed by Stohl et al. [11]:
stratosphere-to-troposphere transport (STT) and troposphere-to-stratosphere transport (TST) re-
fer to one-way fluxes across the tropopause, while STE is defined as the net difference (STE = STT
—TST). Under this convention, a positive STE value indicates a net influx of ozone into the tropo-
sphere from the stratosphere. Reported STE values are rounded to two significant figures unless
otherwise stated. Following TOAR-II terminology recommendations, mixing ratios are expressed
in nmol mol~!, with 1 nmol mol~! equivalent to 1 ppb.

2. The tropopause

Any assessment of STE must consider the tropopause, which marks the boundary between the
troposphere, where turbulence and convection cause relatively rapid air mass mixing, and the
more stably stratified stratosphere, where transport and mixing processes are slow. The altitude
of the tropopause varies with latitude: it is highest in the tropics (approx. 16-17 km), lowest near
the poles (approx. 8 km) and drops sharply in the subtropics, forming a feature known as the
‘tropopause break’ [12]. Rather than being a sharp boundary, the tropopause represents a tran-
sition region, spanning several hundred metres to a few kilometres in depth (e.g. [13,14]). Its
structure is often deformed by synoptic-scale dynamics such as Rossby wave breaking, forming
tropopause folds that facilitate exchange across this boundary [15-18]. The tropopause is formally
defined by the World Meteorological Organization ([19]) using a thermal lapse-rate criterion. In
practice, however, a range of diagnostic criteria based on temperature, dynamics or chemical com-
position have been widely used to identify the transition between the troposphere and strato-
sphere:

— Temperature-based definitions include the widely used lapse-rate tropopause [19], calculated
from the vertical temperature gradient and the cold-point tropopause. While the lapse-rate
tropopause is applicable across most latitudes, it can be undefined in polar regions during
winter because the required lapse-rate criterion is not satisfied owing to the vertical tempera-
ture structure of the polar lower stratosphere [20]. In addition, temperature-based definitions
may misidentify features such as folds, and multiple tropopauses can occur [21].

— Dynamical-based definitions use potential vorticity (PV) surfaces to identify the tropopause.
Common thresholds range from approximately 1 to 5 PV units (PVU). A value of 2 PVU
is widely used as the extratropical dynamical tropopause [12,17], while a threshold of ap-
proximately 3.5 PVU has been shown to provide a closer approximation to the extratropical
thermal tropopause (e.g. [22,23]). PV-based definitions are particularly useful for identifying
tropopause folds and stratospheric intrusions because PV is conserved under adiabatic con-
ditions and can therefore represent the tropopause as a material surface [24]. However, the
applicability of PV-based tropopause definitions is limited in the tropics. The PV-gradient
tropopause introduced by Kunz et al. [25], which identifies the tropopause from the maxi-
mum PV gradient rather than a fixed PV threshold, better captures the tropopause structure
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near the subtropical jets. In the deep tropics, however, the reversal of planetary vorticity across
the equator causes PV to change sign and PV contours become vertical, limiting the ability of
PV-based approaches to provide a meaningful tropopause definition.

— Composition-based definitions use sharp changes in trace gases such as ozone, carbon monox-
ide (CO), nitrous oxide (N,O) and total odd nitrogen (NOy) to identify the tropopause. While
single-tracer thresholds (e.g. the 150 nmol mol~! ozonopause) can approximate the tropopause
[12,26], tracer—tracer relationships (e.g. 0zone—CO or NOy-N,O) more robustly identify the
transition layer [27]. Idealized model tracers such as €90 [14] can also be used, but lack obser-
vational analogues.

No single tropopause definition is best for all applications, and the range of definitions outlined
above will continue to be used according to the region of interest and data availability. However,
this range of definitions poses a challenge for comparing STE estimates across the literature. Global
STE flux estimates have been shown to be sensitive to the tropopause definition applied [10,20,28],
with differences of up to 30 Tg O, yr~! (approx. 8%) reported [29].

3. Transport across the tropopause

The global pattern of STE is controlled primarily by the Brewer-Dobson circulation (BDC), the
large-scale overturning circulation that transports air through the stratosphere [17]. Tropospheric
air enters the stratosphere in the tropics, rises, moves towards the poles and eventually descends
back into the troposphere at higher latitudes. The net global STE ozone flux therefore consists of a
large positive STT term in the extratropics, partially offset by a smaller, negative TST term in the
tropics. However, this distinction between extratropical STT and tropical TST represents a global,
long-term mean description and does not capture all exchange pathways. For example, westerly
ducts in the subtropics can provide pathways for stratospheric air to penetrate into the tropical
region [30,31]. Seasonal variations in tropopause height and stratospheric circulation strength im-
print a pronounced annual cycle on extratropical net STT fluxes [1,2,32].

While the BDC constrains the global STE flux on seasonal to interannual time scales, STT at
regional and local scales is dominated by episodic events that persist for several days [11,33].
Important synoptic-scale mechanisms contributing to STT include cutoff lows and tropopause
folds. Cutoff lows are isolated upper-level cyclonic circulations that can transport stratospheric
air downward through gradual isentropic descent, with subsequent mixing into the troposphere
[34-37]. Tropopause folds are large-scale deformations of the tropopause that typically form near
bends in the polar or subtropical jet streams. Within these folds, dry, ozone-rich stratospheric air
descends along isentropic surfaces into the trailing anticyclonic region of large-scale weather sys-
tems [15,17,38-42]. These intrusions can contribute substantially to local enhancements in tropo-
spheric ozone. However, not all ozone enhancements associated with tropopause folds represent
irreversible STT; a substantial fraction of the ozone-rich air may remain within or return to the
stratosphere [30]. Smaller-scale processes, such as gravity-wave breaking, contribute to localized
turbulent mixing and irreversible transport across the tropopause [43-46]. Localized STT driven
by deep convection has also been observed and modelled ([21,47,48]). The episodic nature of STT
events introduces substantial uncertainty into ozone flux estimates derived from observations.

Observations indicate that transport within folds occurs in thin, filamentary layers [43,49-52],
which, under the right circumstances, can penetrate into the middle troposphere, accounting for
a substantial fraction of ozone-rich air in the free troposphere (e.g. [53-55]). Figure 1a shows the
ozone mixing ratios in a cross-section through a fold captured by the Copernicus Atmosphere
Monitoring Service (CAMS) reanalysis [57], highlighting the substantial increase in ozone present
within the fold compared to the surrounding tropospheric air. Also shown is a map of mid-
tropospheric ozone, which highlights the elongated filaments with elevated mixing ratios that
frequently co-locate with diagnosed tropopause folds (figure 1b). However, not all regions of high
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a Tropopause fold cross-section: tropopause (ERAS5) and ozone (CAMSRA)
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Figure 1. (a) Cross-section of a tropopause fold along a latitudinal cross-section (white line in panel b) on 1 January 2024. The
orange line shows the dynamical tropopause in ERAS, while the shading shows ozone mixing ratios from CAMS reanalysis. (b)
Map of ozone at 500 hPa from the CAMS reanalysis (shading) and columns in which tropopause folding was identified (orange)
using the method of Bartusek et al. [56], during the same time step. Both panels represent conditions at 00:00 UTCon 01 January
2024.

ozone mixing ratios correspond to regions where folds have been diagnosed at the same time, al-
though some of these ozone enhancements may persist from folds that have already terminated.

Climatologies of tropopause fold frequency derived from reanalysis datasets demonstrate that
tropopause folding varies strongly with season and latitude (figure 2). Shallow folds are common
near the subtropical jet streams, while medium and deeper folds are closely associated with mid-
latitude storm tracks. In terms of frequency, shallow folds are most common, while medium and
deep folds are rarer by approximately an order of magnitude. However, medium and deep folds
have a greater potential to contribute to local STT because they penetrate farther into the tropo-
sphere and are more likely to undergo irreversible mixing into the surrounding troposphere air,
whereas shallow folds often remain near the tropopause and may return to the stratosphere.

Very deep folds can influence near-surface ozone in regions such as the eastern Mediterranean
and Middle East [59,60], western United States ( [61-64]), and the Tibetan Plateau [54,65,66]. While
models with 1° x 1° horizontal resolution have been shown to capture large-scale tropopause folds
[33,67,68], the vertical resolution needed to represent these structures accurately remains uncer-
tain [40,69,70], and accurately resolving the fine-scale morphology of folds may require horizontal
resolutions finer than 50 km [56]. While modern reanalyses are generally able to diagnose the oc-
currence and large-scale structure of tropopause folds, the spatial resolution of these folds makes
them an ongoing challenge for free-running global climate models to capture.

A further mechanism for STT is deep convection associated with mesoscale convective systems
and tropical cyclones, which can affect upper-tropospheric ozone in the vicinity of these systems.
In intense cases, convective updrafts may penetrate or strongly interact with the lower strato-
sphere, entraining stratospheric air that is subsequently transported into the upper troposphere
[48,71-74]. However, such events are rare, highly localized and episodic, and their contribution
to the global STE budget is probably small when averaged over longer time scales. The extent to
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Figure 2. Mean seasonal frequency (%) of shallow, medium, and deep tropopause folds identified in the MERRA-2 reanalysis
for the period 2003—2018 using the method of Akritidis et al. [58]. Fold frequency is defined as the percentage of time steps
each season in which a tropopause fold is diagnosed at each grid box. Red contours denote a minimumhorizontal wind speed of
20m s~ at 250 hPa. Note the different colour scales used for shallow, medium and deep folds, reflecting their differing relative
frequencies of occurrence.

which deep convective transport influences surface and near-surface ozone remains highly uncer-
tain and is an active area of discussion in the literature ([74-76]).

4. Observational constraints on in situ tropospheric ozone with a stratospheric
origin

Observations consistently demonstrate that stratospheric ozone significantly contributes to tropo-
spheric ozone mixing ratios, though the magnitude varies strongly by region, season and altitude.
The utility of satellite observations for isolating STT contributions is limited by vertical resolution
and retrieval uncertainties [77]. Consequently, most quantitative observation-based estimates rely
on measurements of species indicative of STT (e.g. O, water vapour (H,O), N,O and cosmogenic
radionuclides) obtained from surface-based instruments, sondes, lidars or aircraft (e.g. [78]).

As already discussed, filaments of ozone with a stratospheric origin can persist in the tropo-
sphere for up to two weeks (Trickl et al. [79]), during which time they may either return to the
lower stratosphere or undergo irreversible mixing with the surrounding tropospheric air [80,81].
This complicates the quantification of STT contribution to lower tropospheric and near-surface
ozone, except during direct and intense deep intrusion events. Numerous studies document large
ozone enhancements from stratospheric intrusions, occasionally reaching the surface during rare,
deep events ([51,82-88]).

Over northeastern North America, ozonesonde observations in 2004 indicated that STT con-
tributed approximately 20%—25% of the seasonal mean tropospheric ozone column during July—
August [89]. Complementary analyses across 18 North American sites show a similar average
stratospheric influence in the middle and upper troposphere [90], while spring tropopause-fold
events can produce substantial episodic enhancements of background tropospheric ozone [88].
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Analysis of radionuclides at Alert, Canada, indicates that STT stratospheric inputs can account
for a maximum of 10%—-15% of the ozone locally at the surface in spring and for less during the
rest of the year [91]. During the TOPSE campaign, “Be observations combined with O, and HNO,
identified stratospherically influenced air throughout the northern North American free tropo-
sphere, predominantly above 6 km but extending to lower altitudes at high latitudes [91]. GEOS-5
simulations during DISCOVER-AQ also identified frequent summertime stratospheric intrusions
over Maryland, including events that penetrated into the lower troposphere and enhanced surface
ozone (Ott et al. [92]). In Europe and the Himalayas, frequent winter—spring intrusions account for
up to 25% of near-surface ozone mixing ratios, with high-elevation sites recording intrusion fre-
quencies of 5%-17% [67,93-96], while analysis of radionuclides at the high-elevation stations of
Jungfraujoch and Zugspitze indicated average annual stratospheric ozone percentage contribu-
tions on near-surface ozone of approximately 6.5% and 5%, respectively [97]. Later studies, based
on revised tracer correlations, found much higher stratospheric contributions to the Zugspitze
ozone, responsible for the positive ozone trend at this mountain site since the 1980s [51]. Similar
events have been reported at Mt. Bachelor in the northwestern United States [98]. Over southern
Africa, STE events identified from ozonesonde observations over Irene are most frequent during
winter and spring and are typically restricted to the upper troposphere, with only occasional in-
trusions into the mid-troposphere and negligible impacts at the surface [99]. In East Asia, STT
contributes substantially to seasonal and episodic ozone variability. For example, over the Tibetan
Plateau, where the high elevation favours STT, up to 20% of the springtime tropospheric ozone
column has been attributed to stratospheric air [100], while long-term ozonesonde records across
China and the northwestern Pacific show persistent upper-tropospheric enhancements and ris-
ing ozone trends partly linked to STT [101,102]. Lidar and balloon soundings complement these
records by capturing the vertical structure of intrusions [51,79,103-106]. Most studies confirm that
only a subset of deep events penetrate below 3 km (e.g. [103]).

Recent analyses provide further observational evidence that stratospheric processes influence
ozone distributions across the upper troposphere-lower stratosphere (UTLS). Using a combi-
nation of aircraft observations, ozonesondes and reanalysis products, [107] identified persistent
hemispheric differences in UTLS ozone, with lower ozone concentrations in the Southern Hemi-
sphere associated with the impact of severe stratospheric ozone depletion. Their analysis also
showed that dynamical disturbances, including sudden stratospheric warming events, can sub-
stantially modify ozone distributions within the STE region. These findings reinforce the impor-
tance of considering hemispheric differences in stratospheric ozone availability and dynamical
variability when interpreting observations of ozone transport into the troposphere.

Overall, observations demonstrate that STE is an important contributor to tropospheric ozone
variability across both hemispheres, with contributions most evident in spring and in mountain-
ous regions. However, the regional climatology of STE remains poorly constrained owing to sparse
measurements over the oceans and the Southern Hemisphere, and currently there is no feasible
way to directly observe the global STE flux. Importantly, none of these individual sites or studies
can constrain the global STE flux, but together they provide compelling evidence that STE exerts
a strong and widespread influence on tropospheric ozone.

5. Methods for quantifying stratosphere—troposphere exchange

Because air crossing the tropopause cannot be observed directly on global scales, global STE must
be inferred using a variety of observational and modelling techniques, each with distinct advan-
tages, limitations and applications. To date, no single study has systematically compared these
methods within a common framework (e.g. using the same model or reanalysis dataset). As a re-
sult, it remains difficult to determine the extent to which differences in published STE estimates
reflect genuine methodological differences rather than differences in the underlying data or model
configuration. The principal methods are summarized below.

Downloaded from royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2025.0271/6174200/rsta.2025.0271.pdf
by Karlsruhe Inst of Technology user
on 02 November 2026

LL205207 %€ Yoo yswi g eisybiobunsiandaposietor [



(a) Mass budget method

The lowermost stratosphere mass budget method, pioneered by Appenzeller et al. [32], has been
widely used to quantify air mass and ozone STE (e.g. [2,23,29,108,109]). These studies used the 380
K isentropic surface as the upper boundary of the lowermost stratosphere, with the extratropical
lapse-rate tropopause defining its lower boundary. A key strength of this method is its ability to
provide separate regional flux estimates (e.g. Northern Hemisphere, Southern Hemisphere, ex-
tratropics, tropics and global totals), making it particularly useful for diagnosing latitudinal dif-
ferences in STE. More recently, Wang et al. [110] proposed replacing the fixed 380 K surface with
a dynamically varying isentropic surface that accounts for changes in the height of the tropical
tropopause. They showed that this refinement is important when estimating STE under substan-
tially different climate states, such as the Last Glacial Maximum. In contrast, STE estimates are
largely insensitive to the definition of the extratropical tropopause [1]. While this method accu-
rately estimates net air mass fluxes over regional and global scales, it cannot identify the locations
or magnitudes of individual STE events because it relies on integrated mass budgets rather than
tracking individual air parcels.

(b) Tracer—tracer correlations

Tracer—tracer methods quantify STE using relationships between ozone and long-lived tracers
with distinct stratospheric signatures, such as nitrous oxide (N,0), sulfur hexafluoride (SF,) and
PV. Their approximately linear relationships in the lower stratosphere allow observed ozone-
tracer correlations to be combined with tracer fluxes across the tropopause to constrain the ozone
STE flux. Radioactive isotopes have also been used for this purpose. Following nuclear bomb
tests in the 1950s and 1960s, *°Sr was used to infer large-scale exchange rates [16]. More recently,
cosmogenic isotopes such as %S have been used to detect deep stratospheric intrusions and asso-
ciated ozone enhancements [111], while the 1°Be/7Be ratio has been used to identify stratospheric
intrusions and quantify their contribution to tropospheric ozone (e.g. [97,112]). In addition, im-
provements in measurements of 7O-excess in CO, now make this tracer increasingly viable for
constraining STE (e.g. [113,114]). A key advantage of tracer-based methods is their applicability
to both in situ observations and global model output. However, they assume that tracer-ozone
relationships established in the lower stratosphere remain largely conserved during transport, an
assumption that can be weakened by chemical processing and sub-grid-scale mixing.

() Lagrangian trajectory modelling

Lagrangian trajectory methods diagnose STE by following air parcels through space and time as
they cross the tropopause using meteorological fields from reanalyses or forecast models. This
approach provides detailed information on transport pathways, residence times and exchange
depths [115]. After the pioneering studies of Reed [18], Staley [116] and Danielsen [15], trajectory
methods have been widely applied to both individual case studies and long-term climatologies
(e.g. [11,36,115,117]). More recent studies combine trajectories with reanalysis data, chemical trac-
ers and high-resolution modelling to diagnose STE across regional and global scales [64,95,118]. A
key strength of this approach is its ability to resolve the fine-scale filamentary structures generated
by atmospheric transport that are often smoothed in Eulerian diagnostics. It also distinguishes be-
tween shallow, transient exchange events and deeper, more chemically significant intrusions (e.g.
[52,119]). However, results depend strongly on the quality of the driving wind fields and the cho-
sen integration time. Simple trajectory models follow individual air parcels without accounting for
mixing, whereas Lagrangian particle dispersion models represent turbulent and convective mix-
ing by following ensembles of particles. Furthermore, estimated one-way air mass fluxes depend
on the smallest spatial and temporal scales resolved by the model (e.g. [4,120,121]).
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(d) Ozone chemical budget approaches

STE can also be inferred from the tropospheric ozone budget, expressed as AO; = Prod — Loss
+ STE — Dep, where Prod is chemical production, Loss is chemical loss, and Dep is surface
deposition. Rearranging this equation allows STE to be estimated as the residual after the other
budget terms are quantified. By construction, this residual represents the global net STE flux, mak-
ing the method readily applicable within global chemistry—climate models (e.g. [5,8]). However,
the method is applicable only in models because most ozone budget terms cannot be directly ob-
served. Accurate estimation requires complete diagnosis of chemical production (approx. 5000 Tg
O, yr!), chemical loss (approx. 4500 Tg O, yr!), and deposition (approx. 1000 Tg O, yr; e.g.
[8]). Because STE is obtained as the residual of these much larger terms, any unaccounted-for
production or loss is incorrectly attributed to STE. This has proven problematic in recent model
intercomparisons where requested diagnostics include only subsets of the full chemical mecha-
nism (e.g. CMIP6 diagnostics). While some studies report good agreement between residual and
transport-derived STE estimates (e.g. [122]), others find substantial differences (e.g. [110]), prob-
ably reflecting incomplete chemical diagnostics and methodological differences. A potential ap-
proach to reduce this problem is to diagnose the net chemical ozone tendency directly rather than
diagnosing production and loss separately.

(e) Eulerian diagnostic approaches

The Eulerian diagnostic developed by Wei [123] estimates STE by computing transport across the
tropopause surface directly within gridded model space. Its principal advantage is that it can be
applied directly in chemistry—climate and Earth system models without trajectory calculations.
However, the method estimates the relatively small net STE flux as the difference between much
larger upward (TST) and downward (STT) transport terms, making it highly sensitive to numer-
ical errors. In addition, numerical diffusion across the sharp gradients in tracer concentrations
and meteorological fields near the tropopause can introduce spurious cross-tropopause transport
[124]. Although improvements have been proposed (e.g. [30]), Eulerian diagnostics remain less
widely used than alternative approaches.

6. Tagged tracer methods

Rather than diagnosing transport across the tropopause directly, tagged tracer approaches such
as O;S (stratospheric ozone tracer) estimate the contribution of stratospheric ozone by follow-
ing ozone that originated in the stratosphere after it enters the troposphere; O;S has been widely
used in global models to quantify the influence of stratospheric ozone on tropospheric ozone
(e.g. [125-128]). In many implementations, ozone is tagged throughout the stratosphere and
transported into the troposphere by the model circulation. Once in the troposphere, O;S un-
dergoes only a prescribed chemical loss and does not include in situ photochemical production
[129]. Tagged tracers are attractive because they avoid explicitly diagnosing fluxes across the
tropopause and provide a three-dimensional picture of stratospheric influence throughout the tro-
posphere. They have therefore been widely used to investigate future changes in STE associated
with declining ozone-depleting substances (ODS) and increasing greenhouse gases (GHGs) (e.g.
[59,125,126,130]). Recent studies report increasing O5;S at high latitudes under future scenarios,
attributed to enhanced STE and stratospheric ozone recovery [131].

Despite their widespread application, tagged tracers have important limitations. Because the
tracer retains its stratospheric label throughout transport, it continues to be counted as strato-
spheric ozone even after extensive mixing with tropospheric air and chemical processing, po-
tentially overestimating the influence of STT on tropospheric and surface ozone [132]. Tagged
tracers also assume that stratospheric ozone behaves as a passive tracer after entering the
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Figure 3. Published estimates of STE of ozone as a function of publication date. Green circles represent single model
studies, yellow circles represent multi-model assessments and blue dots represent estimates derived from observa-
tions/reanalysis datasets. Specific publications and datasets used in this figure are available in the supplementary material,
supplementary table 1.

troposphere and therefore do not represent the changes in tropospheric photochemistry that occur
when additional ozone modifies chemical production and loss rates. In addition, air parcels that
briefly enter the stratosphere can acquire the O;S label before rapidly returning to the troposphere,
leading to possible double counting. For these reasons, tagged tracers are best interpreted along-
side complementary STE diagnostics.

No single method is optimal for all applications. Mass-budget approaches provide the most
direct estimates of global net STE, trajectory methods are best suited for diagnosing individual
exchange events and pathways, tracer-based approaches provide strong observational constraints,
while tagged tracers quantify the influence of stratospheric ozone within the troposphere rather
than the flux itself. Consequently, comparisons between published STE estimates should consider
both the underlying methodology and the associated tropopause definition.

7. Quantifying global stratosphere—troposphere exchange under present-day
conditions

Attempts to quantify the contribution of STE to tropospheric ozone date back to the 1960s (e.g.
[133,134]), reflecting long-standing scientific interest. In the decades since, numerous studies have
estimated STE using a range of approaches, including single-model simulations, multi-model in-
tercomparisons, chemical budget analyses and observation-based methods (figure 3). Reported
values span a wide range, from approximately 300 to 1400 Tg O, yr. Early model-derived es-
timates, particularly from the 1990s, often yielded higher values and showed poor agreement
across studies, whereas more recent work has tended to converge toward 350-600 Tg O, yr.
Note that the figure shows STE estimates by publication year, which may not correspond to the
year the STE value was actually calculated. The apparent decline in model-derived STE estimates
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Figure 4. Published estimates of ozone STE (upper panel) and ozone STT (lower panel). The grey shaded region indicates the
period (2000—2020) over which published estimates were used to derive the values presented in this assessment. Blue circles
show individual published estimates, including single-year and climatological values. Box-and-whisker plots summarize the
distribution of available estimates, showing the median and interquartile range. The green and yellow lines show annual mean
estimates of ozone STE derived from MERRA-2 and ERAS5, respectively. Note that the ordinate ranges differ between the two
panels to accommodate the available estimates and improve readability. Specific publications and datasets used in this figure
are provided in supplementary material, in supplementary tables 2 and 3.

probably reflects improvements in the models, including increased horizontal and vertical resolu-
tion, improved representation of chemistry and transport processes and differences in diagnostic
approaches. These structural changes are probably more important than any real change in atmo-
spheric STE.

In contrast to model estimates, observation-based constraints have consistently given global
STE values of 400-600 Tg O, yr! (e.g. [29,30,108,109,135-137]). However, these estimates focused
on extratropical downward fluxes and did not account for the compensating upward flux of ozone
in the tropics [2]. As a result, they systematically overestimated the net transport of stratospheric
ozone into the troposphere, with recent studies showing that the tropical upward ozone flux offsets
approximately 35% of the extratropical downward flux [1,2,138].

For this assessment, a present-day (2000-2020) estimate of global STE and STT is derived by
combining published values restricted to this period (figure 4). Where longer records are available,
only the portion covering 2000-2020 is used. This approach combines estimates from single-model
studies [5,110,126,139,140], multi-model ensembles [8,28,122,138,141], observation-derived analy-
ses ([1,2]) and reanalysis-based estimates [6,7].

Note that the published STE estimates used here are derived using a number of the method-
ologies discussed earlier in this assessment. As a result, the spread in published values reflects not
only real changes in the atmosphere, but also differences in how STE is quantified, including the
sampling period, simulated atmospheric state and methodological differences in how STE is di-
agnosed. These differences may introduce systematic, method-dependent deviations, although
to date no study has compared the broad range of methods used to calculate STE in a single
model framework. For example, some of the spread in figure 4 can be attributed to known limi-
tations of specific methodologies. In particular, ozone chemical budget approaches that diagnose
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STE as a residual term are prone to systematic uncertainty. Notably, both the highest and lowest
STE values shown in figure 4 are derived from multi-model studies that use the ozone chem-
ical budget approach. This limitation has been well documented for CMIP6 models, where in-
complete ozone budget diagnostics lead to substantial model-model variability in residual-based
STE estimates [5]. The synthesis presented here therefore represents a pragmatic assessment of
the range of values presented in the existing literature, rather than a harmonized intercompari-
son of equivalent STE fluxes, and the resulting best-estimate values should be interpreted in this
context.

To mitigate these methodological limitations, this assessment combines STE estimates derived
from models, reanalyses and observation-based approaches. By drawing on multiple independent
data sources, this synthesis reduces reliance on any single dataset or diagnostic framework and
reduces susceptibility to biases associated with individual methodologies. While differences be-
tween approaches remain, the broad agreement across fundamentally different lines of evidence
increases confidence that the resulting estimate provides a robust representation of the present-day
atmospheric STE flux, rather than being dominated by the assumptions of any individual method-
ology. To limit the influence of outliers, the median and interquartile range (IQR) of the combined
distribution of published estimates are reported, with all estimates weighted equally regardless
of approach. Equal weighting is adopted because the uncertainty associated with methodological
differences cannot currently be quantified robustly. Based on this methodology, the present-day
best estimate of global STE is 380 (IQR: 350—450) Tg O, yr‘l, while global STT is 540 (IQR: 500-540)
Tg O, yrL. To avoid implying unwarranted precision, all values reported in this section are given
to two significant figures.

Regional breakdowns reveal a pronounced hemispheric asymmetry in STE. The extratropics
account for nearly all of the downward flux, approximately 540-570 Tg O, yr~!, with a larger con-
tribution from the Northern Hemisphere (310-330 Tg O, yr!) than from the Southern Hemisphere
(210-250 Tg O, yr!), consistent with stronger wave activity and a more vigorous BDC in the north
(e.g. [1,2,6,29,109,135]). In contrast, the tropics exhibit a net upward flux of approximately 180-
200 Tg O, yr! [1,2,138]. STE also displays a strong seasonal cycle. Downward extratropical fluxes
peak in spring, driven by rising tropopause height, enhanced baroclinic activity and increased
tropopause folding, while tropical variability is comparatively weak [2,29,109,142,143]. Conse-
quently, the global STE seasonal cycle closely follows that of the extratropics, with a maximum in
boreal spring and a secondary maximum in austral spring.

8. Drivers of stratosphere—troposphere exchange variability

STE exhibits strong interannual and decadal variability linked to natural climate modes and
episodic disturbances, which alter large-scale circulation (e.g. the BDC), jet-stream strength
and position, planetary-wave activity and tropopause structure, thereby modulating the flux of
ozone into the troposphere. Understanding these connections is critical for interpreting observed
variability in tropospheric ozone and for constraining the predictability of STE-related ozone
fluxes.

El Nifio-Southern Oscillation (ENSO) exerts the most prominent effect. During El Nifio, en-
hanced convection and diabatic heating in the tropical upper troposphere modify the subtropi-
cal jets and associated wave dissipation, which results in a strengthening of the shallow branch
of the BDC [144]. This increase in tropical lower-stratospheric upwelling reduces ozone con-
centrations through the enhanced transport of ozone-poor tropospheric air [144-146]. At the
same time, stronger wave driving in the extratropical mid-to-upper stratosphere accelerates
the deep branch of the BDC, enhancing ozone transport into the high-latitude lower strato-
sphere [147] and strengthening the net STE flux [53,148-150]. The Quasi-Biennial Oscillation
(QBO) exerts a modulation on stratospheric ozone in the tropics and mid-latitudes: its easterly
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phase enhances poleward and downward transport into the mid-latitudes through the secondary
meridional overturning circulation, especially in the winter hemisphere [151]. This can lead to
enhanced STT during the easterly phase [152]. ENSO and the QBO can interact, with EI Nifio
events affecting the QBO phases and altering extratropical wave patterns [153,154]. Their non-
linear interactions affect the polar vortex and the BDC and thus modulate ozone transport. The
Madden-Julian Oscillation (MJO) further contributes by modulating tropical convection and wave
activity on intraseasonal time scales, with convectively active phases enhancing tracer injection
and altering tropopause height and structure [155]. Multiple linear regression analysis shows
that ENSO, QBO and BDC explain the variance in the global ozone STE monthly anomalies
from 1980 to 2022 by 17.3%, 5.4% and 1.0% in ERAS5, and by 5.0%, 7.2% and 3.1% in MERRA-2,
respectively [7].

Other modes of variability primarily affect regional and episodic exchange via tropopause folds
and stratospheric intrusions. ENSO-related wave anomalies modify intrusion frequency across the
Pacific-North American sector, with more frequent springtime folds over the North Pacific dur-
ing La Nifia [88,156]. Over the North Atlantic and Europe, the North Atlantic Oscillation (NAO)
strongly modulates jet strength and position, enhancing tropopause folding and downward ozone
transport during its positive phase and suppressing it during its negative phase [115]. Interac-
tions between ENSO and the NAO can further shape jet variability and ozone intrusions [115]. In
the extratropics, the MJO similarly influences jet variability and episodic ozone intrusions [149].
Episodic disturbances provide additional drivers of STE variability. Large volcanic eruptions mod-
ify stratospheric radiative heating and circulation, influencing the distribution and downward
transport of ozone and water vapour, and can also cause chemical stratospheric ozone destruc-
tion in the lower stratosphere [157,158]. Sudden stratospheric warmings enhance ozone STT into
the mid- and high-latitude troposphere, with significant anomalies lasting up to three months
[159-162].

9. Past changes in stratosphere—troposphere exchange

Multiple lines of evidence show that STE has decreased over the period 1960-2000, which reflects
the combined influences of ODS, GHG-induced climate change and variability in tropospheric
ozone. The most comprehensive analysis of the drivers of historical STE changes is provided by
Wang & Fu [138], who evaluated STE trends derived from ten CCMI-1 chemistry-climate models
for this period. Nine of the 10 models show negative STE trends, with a model spread ranging from
approximately 1% to —9% decade™! and a multi-model mean of —2.7% decade™. This decrease in
STE was attributed predominantly to the effects of ODS, which reduced lower-stratospheric ozone
mixing ratios and hence the ozone mixing ratios in air transported into the troposphere. This effect
is partly compensated by GHG-driven climate change, which increases STE through a combina-
tion of dynamical and chemical responses, including an acceleration of the BDC and increases in
stratospheric ozone linked to cooling of the stratosphere. Attribution of these competing influ-
ences was enabled by sensitivity experiments (SEN-C2-fODS and SEN-C2-fGHG) in a subset of
the CCMI-1 models, in which ODS or GHGs were held fixed, respectively.

These global results vary significantly by latitude range. Model- and reanalysis-based estimates
of STE show regionally distinct trends [1,55,138,143]. In the Northern Hemisphere extratropics,
1960-2000 STE trends are near zero owing to a cancellation between climate-driven increases in
transport and ODS-driven ozone depletion, while in the Southern Hemisphere extratropics ODS
effects dominated, leading to a strong decrease in STE over the same period [138]. In the trop-
ics, increased transport of ozone from the TST, driven by higher tropospheric ozone concentra-
tions and changes in tropical tropopause height, further reduced the global STE. Derived STE
trends over this period also have a strong seasonal cycle, with the strongest decreases occurring
in December-February in the extratropics, driven predominantly by large negative trends in the
Southern Hemisphere extratropics following the breakup of the Antarctic polar vortex.
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Figure 5. Published transient estimates of ozone STE from CCMI-1 (blue solid line), MERRA-2 (green solid line), ERAS (yellow
solid line) and CMIP6 (olive solid line). The TOAR-2 estimate of ozone STE derived in this study is shown (black square), with the
abscissa error bars representing the range of dates for which this estimate is valid (2000—2020). The CCMI-1 and CMIP6 multi-
model projections have been adjusted by applying a constant offset so that their 2010 values match the TOAR-2 estimate of STE
(380 Tg 0, yr™"). This adjustment preserves the simulated temporal variability while facilitating comparison with the assessed
present-day STE estimate. The blue dashed line shows the tropospheric 055 column derived from CCMI-1 models, with values
shown on the right-hand ordinate. The publications from which these datasets are taken are given in the legend.

10. Projected future changes in stratosphere—troposphere exchange

Chemistry—climate models consistently suggest an increase in STE over the twenty-first century
[28,122,125-127,138,140,163-166]. Many model projections use tagged tracers such as O;S, which
consistently show increases in tropospheric columns across models and scenarios, albeit with dif-
ferences in magnitude [125,126,140,163,164], while budget-based approaches similarly indicate
increases [122,138]. Figure 5 shows projections of STE and O5;S changes taken from recently pub-
lished studies that use different methodologies for determining STE. This increase reflects both
rising stratospheric ozone concentrations owing to the recovery of the ozone layer, and dynami-
cal changes such as the acceleration of the BDC and the frequency and depth of tropopause folds
in response to GHG changes. To facilitate comparison among datasets with different absolute STE
estimates, CCMI-1 and CMIP6 time series were shifted by a constant offset to match the assessed
TOAR-2 STE estimate in 2010 (380 Tg O, yr!); this adjustment does not modify their simulated
temporal trends. Also shown in figure 5 are STE estimates derived from the MERRA-2 and ERA5
reanalyses, which provide observationally constrained estimates of recent variability and are the
same datasets shown in figure 4.

Wang & Fu [138], in their evaluation of STE trends derived from ten CCMI-1 chemistry—climate
models, reported a multi-model mean increase in global STE of 4.7% decade™ over the twenty-first
century, with a model spread of 3.7-8.9% decade™’. These model simulations were conducted us-
ing the WMO (2010) A1 scenario for ODS [167] and the RCP 6.0 scenario for other GHGs [168]. As
for historical periods, there remains a clear spread across seasonal and regional projected trends.
However, in contrast to the late twentieth century, both declining ODS loadings and increasing
GHGs act to increase STE. Wang & Fu [138] further show that the GHG-driven component dom-
inates the projected global increase in STE, while ozone recovery provides a secondary but re-
inforcing contribution. Sensitivity studies suggest that higher-emissions scenarios (i.e. RCP8.5,
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SSP5-8.5) yield stronger increases in STE than strong mitigation scenarios, but current evidence is
insufficient to establish this response with high confidence [125,127,148].

Despite broad agreement on a future increase in STE, there remain substantial uncertainties in
quantifying future changes. These stem from differences in diagnostics, model representations of
stratospheric and tropospheric chemistry and transport, and scenario dependence, as well as the
limited availability of relevant diagnostics in recent multi-model intercomparisons such as CMIP6.
Nonetheless, the consensus across multiple modelling frameworks is that climate change and
ozone recovery together will enhance stratospheric contributions to tropospheric ozone through-
out the century.

11. Role of stratosphere—troposphere exchange in the tropospheric ozone
budget

There has been considerable interest in the role of STE in the tropospheric ozone budget, both
over the recent historical period and into the future, given the changes in STE discussed above.
The impact of STE on the tropospheric ozone budget is complex. STE primarily acts as a source
of ozone, but it can also indirectly influence chemical production and loss mechanisms within
the troposphere. Wild [10] estimated that 60% of ozone transported into the troposphere from
the stratosphere is chemically destroyed, 10% is removed by dry deposition and 30% replaces
ozone that would otherwise have been produced chemically, i.e. net in situ ozone production in the
troposphere is reduced relative to what it would otherwise be in the absence of the stratospheric
ozone source.

In broad terms, the total amount of ozone in the troposphere (the tropospheric ozone burden)
is controlled by four main processes: chemical production (Prod), chemical loss (Loss), deposi-
tion at the surface (Dep) and STE. Under present-day conditions, multi-model analyses indicate
that global tropospheric ozone production is approximately 5000 Tg O, yr! [8,122,138,169], while
present-day STE is estimated to be approximately 380 Tg O, yr'. Taken together, these estimates
imply that STE accounts for approximately 7% (roughly 6-9% considering the uncertainty in STE
and production estimates) of the total tropospheric ozone source under present-day conditions.
Although an order of magnitude smaller than gross chemical production, STE is comparable in
magnitude to net chemical production (Prod — Loss), meaning it can strongly influence the tropo-
spheric ozone burden despite representing a relatively small fraction of gross ozone production.

The relative importance of STE as a source of tropospheric ozone has not been constant over
time. Over the period from 1960 to 2000, STE has declined, primarily owing to ODS-driven reduc-
tions in lower-stratospheric ozone, while multi-model studies indicate that tropospheric ozone
production has increased substantially owing to rising precursor emissions and climate-driven
changes in chemistry [122,138]. As a result, the fractional contribution of STE to the tropospheric
ozone source is probably at a multi-decadal minimum in the present climate. In the future, STE
is projected to increase over the twenty-first century, while future changes in tropospheric ozone
production will depend strongly on emissions pathways and climate state. Under strong miti-
gation scenarios (e.g. SSP1), in which precursor emissions decline substantially, STE is therefore
expected to become an increasingly important relative source of tropospheric ozone. In contrast,
under high-emissions scenarios such as SSP5-8.5, large increases in chemical production are likely
to limit the relative contribution of STE.

Finally, estimates of the stratospheric contribution to tropospheric ozone depend on the bud-
get framework used. The values discussed above are based on the tropospheric odd-oxygen (Ox)
budget framework. Bates & Jacob [169] demonstrated that when using an expanded odd-oxygen
(Oy) framework, which makes different assumptions about chemical production and loss terms,
the same STE flux of approximately 500 Tg O, yr! corresponds to a substantially larger inferred
stratospheric contribution to tropospheric ozone under present-day conditions (26%) compared
with estimates derived using the standard Ox budget (9%). The details of the Oy framework are
beyond the scope of this assessment (see [169]), but this comparison illustrates that the inferred
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importance of STE for the ozone budget depends not only on the transport flux itself, but also on
how ozone chemistry is represented within the budget framework.

12. Conclusion

STE represents a persistent, dynamically driven net pathway by which ozone is transported into
the troposphere. At monthly-mean and longer time scales, the global pattern of STE is funda-
mentally governed by the large-scale stratospheric circulation. Tropospheric air masses cross the
tropopause in the tropics and ascend through the stratosphere before turning poleward and de-
scending in the extratropics. As a result, the net global ozone flux associated with STE consists of
a large positive STT term in the extratropics that is partially offset by a smaller, negative TST term
in the tropics. At synoptic spatial scales, processes such as tropopause folding play a key role in
episodic ozone transport into the troposphere.

This assessment synthesizes evidence from observations, reanalyses and chemistry—climate
models to provide a consistent evaluation of the magnitude, variability and future evolution of
STE. Drawing on published STE estimates derived from observational datasets, global reanal-
yses, single-model studies and multi-model evaluations, this assessment determines a median
present-day (2000-2020) global STE of 380 (350-450) Tg O, yr!. The convergence of independent
estimates over recent decades indicates that the magnitude of global STE is now reasonably well
constrained, with most recent estimates falling within the range 350-550 Tg O; yr~!. However, the
remaining spread among estimates demonstrates that methodological differences, particularly in
the treatment of chemical ozone tendencies and budget closure, remain a major source of uncer-
tainty. Interannual variability in STE is closely linked to modes of climate variability, including
ENSO, the QBO, the MJO and the NAO, reflecting the strong dependence of STE on large-scale
circulation and wave-driven dynamics.

Chemistry—climate models consistently project an increase in STE over the twenty-first century,
driven by stratospheric ozone recovery and GHG-induced circulation changes. A key implication
of this assessment is that STE should not be considered a fixed contribution to the tropospheric
ozone budget. Instead, its relative importance is expected to increase as stratospheric ozone recov-
ers and as atmospheric circulation responds to increasing GHGs. This projected increase has im-
portant implications for the future evolution of tropospheric ozone, with potential consequences
for air quality and radiative forcing.

The role of STE in the tropospheric ozone budget depends not only on the magnitude of the
ozone flux, but also on where ozone enters the troposphere and how it is subsequently redis-
tributed and removed. Although STE represents only a small fraction of gross tropospheric ozone
production, it constitutes an important external source of ozone to the troposphere. However,
quantifying its contribution remains sensitive to the budget framework used, highlighting the
need for careful interpretation when comparing studies based on different definitions of ozone
production, loss and transport.

A key outcome of this assessment is the need for greater care in distinguishing between STT,
the one-directional transport from the stratosphere to the troposphere, and STE, the net flux across
the tropopause. These terms are frequently used interchangeably in the literature, despite repre-
senting distinct quantities. Consistent terminology is essential for interpretation and comparison
of results. We recommend that future assessments adopt a consistent convention in which positive
STE denotes net transport of ozone into the troposphere.

Finally, this assessment highlights the need for improved diagnostics in multi-model studies.
In several recent multi-model assessments, STE estimates have been derived using the residual
budget method, and have relied on diagnostics that do not include all of the chemical production
and loss processes needed to calculate the residual. As a result, unaccounted-for chemical terms
can be incorporated into the inferred STE, contributing to substantial model-model variation. Fu-
ture multi-model intercomparisons should therefore diagnose the net chemical ozone tendency
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explicitly, rather than relying on incomplete production and loss diagnostics. This would allow
STE to be diagnosed more robustly without adding significantly to the total number or complex-
ity of model diagnostics.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
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