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Abstract The Brewer‐Dobson circulation (BDC) characterizes the large‐scale meridional overturning mass
circulation influencing the composition of the whole middle atmosphere. The BDC consists of two separate
parts—a shallow branch in the lower stratosphere and a deep branch higher in the middle atmosphere. Climate
models robustly project the advective BDC part to accelerate due to greenhouse gas‐induced climate change and
this acceleration strongly influences middle atmospheric chemistry and physics in the projections. A prominent
quantity that is being studied as a proxy for advective BDC changes is the net tropical upwelling across pressure
levels, particularly in the lower stratosphere. The upper branch of the BDC has received considerably less
research attention than its shallow part, although, together with the mean mesospheric pole‐to‐pole circulation,
it couples the stratosphere and mesosphere and is responsible for a large portion of the interhemispheric
transport in the middle atmosphere. Aiming to fill this gap, we here study climatology and trends in advective
mass transport across the stratopause. Results based on the analysis of seven CCMI models include
quantification of the climatological cross‐stratopause advective transport, characterization of its interannual
variability and long‐term trend as well as detailed analysis of inter‐model differences using a novel
decomposition methodology. Our results demonstrate that the changes in circulation speed as well as changes in
horizontal and vertical structure in the upper stratosphere and mesosphere jointly shape the projected increasing
advective mass flux across the stratopause due to increasing greenhouse‐gas emissions.

Plain Language Summary The Brewer‐Dobson circulation (BDC) is an important circulation
pattern, affecting the composition of the entire middle atmosphere. Our study focuses on the less‐studied higher
part of the BDC, which connects the stratosphere and mesosphere. Analyzing comprehensive climate model
simulations, we found changes in circulation speed, along with horizontal and vertical structure changes of the
upper BDC branch as a response to increasing greenhouse gas emissions. Understanding these changes aids
improvements of climate predictions and highlights the significant influence of human activities on the
atmosphere.

1. Introduction
The existence of a mean meridional global mass circulation in the middle atmosphere was originally anticipated
based on the observed distributions of ozone (Dobson et al., 1929) and water vapor (Brewer, 1949). Nowadays,
the so‐called Brewer‐Dobson circulation (BDC) is used more generally to characterize the features of the mean
meridional mass transport influencing the overall composition of the whole middle atmosphere (Andrews
et al., 1987). The BDC consists of two separate parts ‐ shallow branches in the lower stratosphere of each
hemisphere and a deep branch higher in the middle atmosphere, forming a single pole‐to‐pole circulation cell
from the summer to the winter hemisphere (Birner & Bönisch, 2011; Plumb, 2002). The analytical model of the
BDC is usually defined as consisting of a diffusive part, and an advective part described using the residual mean
circulation (Dietmüller et al., 2017; Garny et al., 2014). Climate model simulations robustly show that the net
mass transport by BDC increases in connection with the greenhouse gas (GHG)‐induced climate change
(Eichinger et al., 2019; Palmeiro et al., 2014; Shepherd & McLandress, 2011), and this increase dominates the
middle atmospheric changes in climate model projections (Butchart, 2014). For historical BDC trends, ozone‐
depleting substances (ODSs) have been identified as a major forcing as well (Garcia, 2021).

Underlying this, anthropogenic emissions have a direct influence on the temperature and other state variables.
There is robust observational evidence that the troposphere is warming, and the stratosphere is cooling in response
to the radiative forcing of anthropogenic GHG emissions (IPCC, 2023), which affects the structure of the
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atmosphere. Following simple thermodynamical arguments, changes in the vertical structure of the atmosphere
are inevitable and are being both robustly observed and simulated by the models (Berger & Lübken, 2011;
Eichinger & Šácha, 2020; Laštovička, 2006; Pišoft et al., 2021; Santer et al., 2003). Moreover, the horizontal
structure of the atmosphere is also changing (Hardiman et al., 2014; Staten et al., 2018). The overall BDC changes
resulting from these structural modifications of the atmosphere are subject of current research (e.g., Oberländer‐
Hayn et al., 2016; Stiller et al., 2017; Šácha et al., 2019, 2024). Focusing on the advective part of the circulation, a
prominent quantity that is being studied as a proxy for the BDC strength is the net tropical upwelling at 100 and
70 hPa, but also around 1 hPa for the deep branch of the BDC (Abalos et al., 2021; Palmeiro et al., 2014). The net
upwelling measures the amount of mass advected across the isobar upwards by the residual mean circulation (note
that for 1 hPa the upwelling region extends also outside of the tropics).

The mean meridional overturning circulation in the upper stratosphere and mesosphere has received less research
attention than the shallow BDC branch but features some striking phenomena. Here, the deep BDC branch
overlies with the pole‐to‐pole general circulation in the mesosphere (Smith, 2012) and together they control the
exchange of air between the stratosphere and mesosphere, mediating also the interhemispheric transport. Over the
summer pole, the circulation consists of rising air that adiabatically cools the mesosphere resulting in extremely
low temperatures that allow formation of polar mesospheric clouds in the summer polar regions (Olivero &
Thomas, 1986; Thomas, 1991). Conversely, at the winter pole, the downwelling air adiabatically heats the middle
atmosphere (Karlsson et al., 2007). During the process, the circulation modulates the vertical structure of the
stratosphere and mesosphere at both poles (and therefore the location of the stratopause) and contributes to the
dynamical interhemispheric coupling in the upper stratosphere (Smith et al., 2020) and to some extent possibly
also in the mesosphere (Smith et al., 2022).

The deep branch of the BDC has been found to accelerate in climate model projections (Lin & Fu, 2013).
However, no effort has been made to date to quantify how this affects the stratosphere‐mesosphere exchange, that
is, the amount of mass flux crossing the stratopause. The motivation for studying this aspect of the mean
meridional circulation in the middle atmosphere is underlined by its connection with many vivid research
questions. In the circulation direction from the mesosphere to the stratosphere, there is a growing interest in the
downward transport of mesospheric metals (Plane et al., 2015), including aluminum, from meteors and satellite
re‐entry and launching, with frequencies of the latter two expected to increase considerably in the near future
(D’Ambrosio et al., 2022). Another important aspect is the wintertime transport of NOx from the mesosphere to
the stratosphere, which has implications for ozone variability via the catalytic NOx cycle. NOx is primarily
produced in the upper atmosphere through energetic electron precipitation (Andersson et al., 2018) and sporadic
solar proton events (Jackman et al., 2008). In winter, the absence of photolysis and the longer lifetime of NOx
enables its transport to the stratosphere. Moreover, vertical winds in the mesosphere can be estimated from the
descent of NOx mixing ratio isolines (Orsolini et al., 2017).

In the opposite direction, the importance of transport from the stratosphere to the mesosphere has been recently
linked with the uncertainty of stratospheric age of air and therefore BDC strength estimates based on SF6 trace gas
concentrations (Garny et al., 2024). This is due to the role of previously unaccounted mesospheric SF6 sinks for
the estimates (Loeffel et al., 2022; Ray et al., 2017). Additionally, many studies focus on stratospheric trace gas
budgets. This is of particular importance for water vapor (e.g., Brinkop et al., 2016; Solomon et al., 2010) and
ozone (e.g., Ball et al., 2017; Steinbrecht et al., 2017). Discussions around these budgets typically focus on in situ
formation and exchange with the troposphere, but a comprehensive understanding of stratospheric trace gas
budgets also requires consideration of exchange with the mesosphere.

Addressing this research gap, we present a pioneering study quantifying the climatological advective transport
across the stratopause as well as characterizing its annual and interannual variability and long‐term trend. In doing
so, we account for seasonal and long‐term variability and trends of the stratopause itself, which is connected with
the structural changes of the atmosphere. Moreover, we provide a detailed analysis of inter‐model differences
using a novel methodology for decomposing advective BDC changes into individual mechanisms introduced by
Šácha et al. (2024).

The study is structured as follows. First, we describe the data and methods, especially the decomposition
methodology and its interpretation. Then, we show the climatology of the cross‐stratopause mass exchange, its
seasonal variability and spatial structure. Next part of the paper is dedicated to long‐term trends of cross‐
stratopause transport with a focus on inter‐model differences revealed by the decomposition methodology.
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The paper concludes with a summary and discussion on the challenges and complexities of accurately projecting
changes within the mean meridional overturning circulation in the upper stratosphere and mesosphere, empha-
sizing the significant impact of vertical and horizontal atmospheric structure changes and the need for better
observational constraints to refine model predictions.

2. Data and Methodology
2.1. Data and Statistical Approach

We analyzed 7 global chemistry‐climate model simulations (see Table 1), which contributed to the Chemistry
Climate Model Initiative Phase 1 (CCMI‐1) REF‐C2 scenario (Morgenstern et al., 2017) and provided all the
necessary data for the analysis. The REF‐C2 simulations follow the A1 scenario for ODSs (World Meteorological
Organization, 2011) and the RCP6.0 (Representative Concentration Pathway) scenario for other GHGs, tropo-
spheric ozone precursors, and aerosol precursor emissions (Meinshausen et al., 2011). Anthropogenic emissions
are based on MACCity (Granier et al., 2011) until 2000, followed by RCP 6.0 emissions.

We use monthly mean zonal mean temperature, geopotential height, and residual mean velocity components from
the Transformed Eulerian Mean (TEM) framework, covering the period from 1960 to 2099 for each individual
model. The stratopause height has been calculated on a monthly basis as the level of maximum temperature
between 40 and 65 km.

Seasonal climatologies in the paper are based on monthly mean values. We consider the standard seasons:
December–February (DJF), March–May (MAM), June–August (JJA), and September‐November (SON). Linear
temporal trends presented in this study were calculated using linear regression, with regression coefficients
estimated by the ordinary least squares method.

2.2. Transport Across the Stratopause

To quantify cross‐stratopause transport, we used the formula for the mass flux through a time‐variable oriented
zonal mean surface as defined in Šácha et al. (2024), which also allows for contributions from the meridional
residual mean velocity components across the sloping stratopause. A separate analysis is performed for the
transport from the stratosphere to the mesosphere (hereafter referred to as upward transport) and from the
mesosphere to the stratosphere (downward transport). For this, boundaries (turn‐around latitudes) of the upward
and downward transport regions are first detected as the points with the zeroth mass flux across the stratopause.
Note that the turn‐around latitudes determined in this way do not match the commonly used turn‐around latitudes
based only on vertical mass flux. The net upward or downward transport is defined at a given time instance as an
integral between the turn‐around latitudes accordingly (φ1 and φ2 for a single domain for simplicity):

Table 1
List of the Included CCMI‐1 Models

Model Top of model No. of levels between 5 and 0.1 hPa References

GEOSCCM 1 Pa 16 Molod et al. (2012, 2015)

Oman et al. (2011, 2013)

NIWA‐UKCA 84 km 12 Stone et al. (2016)

EMAC‐L47MA 1 Pa 8 Jöckel et al. (2010, 2016)

EMAC‐L90MA 1 Pa 25 Jöckel et al. (2010, 2016)

CMAM 0.0575 Pa 13 Jonsson et al. (2004)

Scinocca et al. (2008)

ACCESS‐CCM 84 km 12 Morgenstern et al. (2009, 2013)

MRI‐ESM1r1 1 Pa 11 Deushi and Shibata (2011)

Yukimoto et al. (2012)

Note. Full information about model references can be found in Morgenstern et al. (2017).
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U = 2πa2∫
φ2

φ1

ρ(w∗ + v∗ tan α) cos φ dφ. (1)

where U is the net zonal mean transport from the stratosphere to the mesosphere or reverse, a is the radius of the
Earth, ρ is the zonal mean density, w∗ (converted from Pa ⋅ s− 1 to m ⋅ s− 1) and v∗ are the vertical and meridional
residual mean velocities, and α is the slope of the zonal mean stratopause relative to the horizontal plane, which
can be determined by simple trigonometry from the known zonal mean stratopause height meridional distribution.
φ1 or φ2 could include the poles if the upward/downward transport region extends to them.

2.3. Decomposition Method

Šácha et al. (2024) showed that temporal changes expressed by Equation 1 can be at the leading order analytically
decomposed into individual kinematic terms in the z‐plane (z is taken as a geopotential height). This allows
disentangling the contributions from the structural changes of the atmosphere and from the accelerating circu-
lation to the net transport change. The exact form of the numerical implementation can be found in Šácha
et al. (2024). The final and closed set of mechanisms contributing to the net upwelling or downwelling
changes are:

1. Contribution from width changes of the upward/downward transport region (width term):

2πa2∫
φ2(t+δt)

φ2(t)
ρ(w∗ + v∗ tan α) cos φ dφ − 2πa2∫

φ1(t+δt)

φ1(t)
ρ(w∗ + v∗ tan α) cos φ dφ (2)

2. Vertical shift effect (z term):

2πa2∫
φ2

φ1

∂z
∂t
∂ρ(w∗ + v∗ tan α)

∂z
cos φ dφ (3)

3. Vertical velocity acceleration (w∗ term):

2πa2∫
φ2

φ1

ρ
∂w∗

∂t
cos φ dφ (4)

4. Meridional velocity acceleration (v∗ term):

2πa2∫
φ2

φ1

tan αρ
∂v∗

∂t
cos φ dφ (5)

5. Density contribution to the mass flux changes (ρ term):

2πa2∫
φ2

φ1

(w + v∗ tan α)
∂ρ
∂t

cos φ dφ ⋅ δt (6)

6. Stratopause shape variations controlling the efficiency of the meridional transport (shape term):
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2πa2∫
φ2

φ1

ρv∗

cos2α
∂α
∂t

cos φ dφ (7)

In Equation 3, z refers to the zonal mean stratopause height.

This decomposition allows us to derive for each mechanism a time series of contributions to the changes in net
upward or downward transport. Although the physical meaning of the individual decomposition terms is fully
described in Šácha et al. (2024), it will be briefly explained in the following paragraphs with emphasis on the
expected behavior of these terms in the case of transport through the stratopause.

w∗ and v∗ terms (Equations 4 and 5) involve a local tendency (at fixed z) of the residual circulation. Circulation
can vary at a fixed geometric height by a combination of two processes: first, it can be accelerating in the
Lagrangian sense, or second, as discussed in Oberländer‐Hayn et al. (2016), circulation may show accelerating
tendencies in some vertical coordinates (e.g., the z‐frame) and remain fixed at others (e.g., isentropic or pressure
levels). As the troposphere expands and the stratosphere and mesosphere cool (Mlynczak et al., 2022), isentropic
levels shift vertically in the z‐system. If there is an underlying vertical gradient of the circulation's velocity, local
tendencies ∂w∗

∂t and ∂v∗

∂t can arise in the z‐system even if the circulation following the isentropes remains un-
changed. Here, the decomposition method works in the z‐frame to reveal the portion of local tendencies that can
be connected with such upward shifts. In our case, cross‐stratopause transport changes connected with the
changing stratopause height zwith time are included in the z term (Equation 3). For this both the already discussed
circulation gradient as well as climatological density gradient play a role. As the stratopause shifts downwards to a
region of higher air density, this is evaluated in the z‐frame as a contribution to the amplification of the mass
transport and z term is expected to be positive.

As the upper stratosphere significantly cools, one might expect the cooling to further contribute to the increasing
cross‐stratopause transport through positive density tendency in the ρ term (Equation 6). However, pressure
changes in the stratopause region have to be accounted for as well. Differentiating the ideal gas state equation
yields ∂ρ

∂t = RT ∂p
∂t −

Rp
T2

∂T
∂t , where T is the temperature, and R is the gas constant of dry air. The local pressure

tendency is expected to be negative as pressure levels are moving downwards in the upper stratosphere (the
stratopause loses pressure in an average sense), but the latter term involving a temperature tendency should be
positive. Hence, the density tendency results from the sum of two opposing factors and taken together with the
vertical shift effect, the behavior of the ρ term cannot be anticipated directly.

The width term (Equation 2) captures the effect of turn‐around latitude position changes. For example, if the
region where upward transport takes place were to broaden at the expense of the downward transport without any
co‐occurrent circulation accelerations, the width term would lead to an amplification of upward transport and
weakening of downward transport. The width term also includes situations where a completely new area of
upward or downward transport appears in places where there was a continuous region of transport in the opposite
direction in the previous time step.

Finally, the method highlights the meridional component of the circulation, which is closely tied to the geometry
of the level (the shape term in Equation 7), across which the transport is diagnosed. As can be seen in Equation 1,
the v∗ term contributes to the net transport only in places where the geometry of the zonal mean stratopause is
sufficiently slanted. In situations where tan α ≈ 0 even a very significant change in the meridional component of
the circulation cannot be of great importance for changes in the transport across the stratopause. The shape term
contains the temporal changes in the local slopes of the zonal mean stratopause. Its amplitude is more pronounced
in places with steeper slopes (due to the factor 1

cos 2 α) and stronger meridional circulation.

Time series for each term represent the evolution of transport from the starting year 1960 under the isolated
influence of the individual mechanism. Additionally, by summing all the terms, we can reconstruct and compare
the sum of all the terms of the decomposition with the transport computed directly from the data according to the
definition in Equation 1. This enables an easy verification of the accuracy of the decomposition by examining the
Pearson correlation between the two (directly computed and reconstructed) series of mass transport across the
stratopause. For the application of the decomposition methodology on the annual mean data, the correlation
exceeds 0.99 for all models, signifying an excellent accuracy of this decomposition at the leading order.
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3. Results
3.1. Climatology, Variability and Trend of the Advective Mass Transport Across the Stratopause

A key factor, alongside the residual mean circulation, affecting the seasonal variability of advective transport
between the stratosphere and mesosphere is the annual cycle of the stratopause height and shape. Due to the
exponential decrease in density with height, the mass flux across the stratopause is strongly dependent on the
actual height of the stratopause. Furthermore, the shape of the stratopause impacts the efficiency of the meridional
transport, which can be significant even for small slopes of the stratopause, because the meridional residual mean
velocity is of several orders of magnitude larger than the vertical velocity.

Figure 1 shows a meridional climatological distribution of the zonal mean stratopause height for each season
using the multi‐model mean (MMM) and spread represented by the standard error of the MMM. Although the
global mean height of the zonally averaged stratopause is similar for all seasons (about 48 km), its shape changes
substantially throughout the year. In general, all the analyzed models reproduce the salient features of the stra-
topause seasonal (semi‐annual oscillation (SAO) pattern in the equatorial region) and latitudinal variability (polar
separation) that are known from observations (Barnett, 1974; France & Harvey, 2013; Hitchman & Leovy, 1986;
Kawatani et al., 2020; Labitzke, 1974). As a result, qualitatively different shapes of the stratopause are observed
during the transition (MAM and SON) and solstice (DJF and JJA) seasons.

The shape of the stratopause during SON and MAM is characterized by a global maximum stratopause height
above the upcoming winter pole and a secondary maximum over the upcoming summer pole (not as pronounced
during SON in the southern hemisphere). Between the polar regions, the zonal mean stratopause height varies
negligibly with latitude, being almost flat. The distribution of inter‐model variance is relatively uniform, with
slightly higher spread over the poles.

Figure 1. Multi‐model mean (blue line) and its standard error (gray shading) of the seasonal climatologies (1960–2000) of the
zonal mean stratopause height (in geopotential kilometers) based on monthly mean values. The red line indicates a global
mean for a given season. Results for individual models can be seen in the Supplement as Figure S1 in Supporting
Information S1.
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The solstice seasons (DJF and JJA) are characterized by an additional local maximum of the stratopause height in
the equatorial region. Hence, the SAO affects the climatological shape of the zonal mean stratopause. If we focus
on the standard error of the MMM, we see that it is relatively small for the zonal mean stratopause heights in the
equatorial region, but it grows considerably when going poleward (especially towards the winter pole). The polar
regions in their respective winters are the areas of highest spread between models, which is likely tied to the inter‐
model differences in polar vortex strength and frequency of sudden stratospheric warmings (Ayarzagüena
et al., 2018). Analogous results for individual models can be found in the Supplement as Figure S1 in Supporting
Information S1.

To illustrate the seasonal cycle of the advective part of the BDC in the upper stratosphere and mesosphere in
CCMI‐1 models, seasonal climatologies of the MMM residual stream function in the upper stratosphere and
mesosphere are depicted in Figure 2. The characteristic single‐cell circulation from the summer to the winter
hemisphere, pronounced during the solstice seasons, is well represented by the MMM mean. During transition
seasons, the circulation changes its direction, producing, in a climatological mean, two circulation cells, one in
each hemisphere, with one area of upwelling centered in the tropics of the spring hemisphere and with the
downwelling regions at higher latitudes.

The position and shape of the zonal mean stratopause, together with the distribution of the residual mean cir-
culation and density, jointly influence the advective mass exchange between stratosphere and mesosphere. The
climatological seasonal distribution of the zonal mean advective mass flux across the stratopause (upward
transport positive, downward transport negative) for the MMM and its standard error is shown in Figure 3. In the
figure, we have highlighted in orange the contribution of the meridional advection to the cross‐stratopause
transport, which is closely tied to the shape of the stratopause through the angle α (see Equation 1).

Figure 2. Multi‐model mean of the seasonal climatologies (1960–2000) of the residual stream function (in 109 kg⋅s− 1) based
on monthly mean values. The black solid line indicates the mean stratopause position during the season.
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The seasonality of the net transport across the stratopause largely corresponds with the seasonality of the deep
branch of the BDC. The net upward transport (and downward by continuity) is strongest during the solstice
seasons (DJF and JJA), associated with the single pole‐to‐pole circulation from the summer to the winter pole.
Locally, except in the polar regions, have shown is also the case for the vertical structure of the stratosphere. The
mass flux is stronger in both directions (from and into the stratosphere) during the boreal winter (DJF). Notably,
the upward transport exhibits a pronounced two‐peak structure in the MMM during both DJF and JJA due to the
inclusion of the meridional contribution to the net transport.

Firstly, there is the well‐known peak in the summer hemisphere exclusively connected with the vertical mass flux.
Secondly, there is an equally strong, narrow peak in the tropics of the winter hemisphere connected with the
meridional circulation component and the slope of the stratopause in the region. For DJF, the second peak in the
tropics of the winter hemisphere has a slightly higher magnitude in theMMMcompared to the peak in the summer
hemisphere. However, the strength of the meridional transport in this region is subject to a large spread between
the models, contributing to the variability observed in the ensemble. Also, note that at the other side of the tropical
region, where the slope of the stratopause is opposite, the meridional advection adds to the downward transport,
contributing to the saddle region in the mass flux around the equator in DJF and JJA.

The zonal mean advective mass transport across the stratopause during the transition seasons is weaker, with the
upward transport centered in the tropics of the spring hemisphere and downward transport in the extratropics of
each hemisphere (in MAM, the downward transpor in the NH is almost non‐existent). The meridional component
has only a minor contribution during MAM and SON.

By integrating the mass fluxes across the stratopause, shown in Figure 3, we can derive time series of the net
upward and downward transport. The climatological annual cycle of the net transport between the stratosphere
and mesosphere is illustrated in Figure 4. It shows a pronounced seasonal dependence of the magnitude of
advective exchange between stratosphere and mesosphere, with peaks observed during the summer and winter
months. During this period, the net advective mass transport roughly doubles compared to the spring and autumn

Figure 3. Multi‐model mean (blue line) and its standard error (gray shading) of the seasonal climatologies (1960–2000) of the
zonal mean advective mass flux across the stratopause (positive sign for flux from stratosphere to mesosphere) based on
monthly mean values. The orange color depicts the contribution from the meridional residual mean velocity component.
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months. Especially for upward transport, the meridional component of the transport plays an important role for the
seasonal variability, constituting around 40% of the mass flux from the stratosphere to the mesosphere during
summer and winter months.

Meridional contribution to the transport from the mesosphere to the stratosphere is responsible for approximately
one quarter of the flux, but the ratio is almost constant over the year with only a slight increase during the solstice
seasons. This is one of the reasons why the annual cycle has a smaller amplitude for the net downward than for
upward transport. However, we must note that there is a considerable spread between the models regarding the
meridional transport contribution to the net upward and downward transport during the solstice seasons.

Lin and Fu (2013) showed that the deep branch of the BDC robustly accelerates with increasing GHGs in climate
model projections. This is reflected in the 1960–2099 time series of the cross‐stratopause net upward (Figure 5)
and downward transport (Figure 6) across the stratopause separated in the four seasons. Across all seasons, we
diagnose a statistically significant linear trend for both the net upward and downward transport in the MMM,
pointing to the increasing advective exchange of mass between stratosphere and mesosphere. On a side note, no
pronounced changes in the upward or downward transport time series around the year 2000 (except a slight hint
for both parts of transport in DJF) can be seen. This suggests that the advective transport across the stratopause is
not sensitive to the reversal of ODS emission trends and the associated ozone recovery, which Pišoft et al. (2021)
have shown is also the case for the vertical structure changes in the stratosphere.

The magnitude of the linear trends for MMM is around 1% per decade relative to the 1960–2000 mean mass flux
value, with the highest trend values diagnosed in SON for both upward (∼ 1.35%) and downward transport (∼
1.23%). For all seasons, the relative amplification of upward transport is slightly stronger than that of down-
welling, however, this difference is within statistical error.

The robust and statistically significant amplification of transport between the stratosphere and mesosphere for all
seasons in the MMM view is also confirmed by the trends for the individual models summarized in Figure 7. A

Figure 4. Annual cycle of the net (blue) transport, its meridional component (orange), and ratio between them (green) based
on monthly mean data for 1960–2000. Dots represent the multi‐model mean (MMM), and the standard error of the MMM is
indicated by shading.
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Figure 5. Time evolution of the multi‐model mean (MMM) (green solid line), its standard error (gray shading), and MMM
linear trend (red dotted line) of net advective transport from the stratosphere to the mesosphere based on monthly mean
values. The value of the linear trend is given relative to the 1960–2000 mean value. All marked trends are statistically
significant at a confidence level of 95% using the Wald test.

Figure 6. As Figure 5, but for transport from the mesosphere to the stratosphere.
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significant trend was detected for the vast majority of models and seasons, with the exception of MAM and DJF
for CMAM and JJA for GEOSCCM. Comparing the trends for upward and downward transport confirms the
expected interdependence and balance between the two transport components, with an increase in upward
transport for a given season corresponding to a roughly equal increase in downward transport.

That said, although most models agree on a statistically significant amplification of the stratosphere‐mesosphere
exchange, the amplitude of the trends for individual models varies considerably in most cases. To better un-
derstand the causes of the variability in climatology and projected changes of upward and downward transport
among models, the next subsection employs a novel approach to the decomposition of total transport into its
individual components in an annual view perspective, detailed in Section 2.3.

3.2. Analyzing the Inter‐Model Differences Using the Decomposition Method

In this subsection, we apply the decomposition method to analyze the cross‐stratopause transport trends caused by
increasing GHG emissions in greater detail. The method allows us to disentangle inter‐model differences into
their primary mechanisms, thus revealing their reasons.

Due to large shifts in upward and downward transport regions during the year (see Figure 3) and high degree of
month‐to‐month variability in the considered altitudes, accurate application of the decomposition is possible only
for annual mean data (see Šácha et al., 2024). Hence, we can apply this analysis only on inter‐model comparison
of the long‐term trends based on the annual mean data.

Figure 8 shows that there is a significant increasing trend (and considerable spread in its magnitude) in both
annual mean upward and downward transport. From the decomposition, we see that the upward transport trend is
a result of positive contributions from the w∗, z, and width (widening of the upward transport region) terms, partly

Figure 7. Upward and downward transport trends with standard error represented by error bar using OLS regression for individual models and multi‐model mean for
1960–2099. Statistically significant trends at a confidence level of 95% using the Wald test are marked with red asterisk.
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compensated by the v∗ and ρ terms. The largest spread in the trends are in the w∗, shape, and width terms, where
the spread between the models is higher than for the net trend.

For annual mean downward transport trends, we see negative (strengthening) contributions mainly from the w∗

and z terms with weaker, counteracting contributions from the ρ and width terms. The spread is dominated by the
w∗ and width terms, but it is much smaller than for the upward transport.

The decomposition reveals an interesting contrast between cross‐stratopause transport and upwelling in the
shallow BDC branch in general, which was analyzed in Šácha et al. (2024). In the lower stratosphere, the pressure
levels and the tropopause are rising, hence the z term is always negative and the net transport is a result of a high
degree of compensation between the w∗ and z terms (Šácha et al., 2024). On the contrary, across the stratopause,
the two major terms add up to the net trend of upward and downward transport, leading to stronger trends.

Regarding the inter‐model differences in the cross‐stratopause transport trends, from Figure 8 we can separate the
models into two groups. Namely, the ones that project stronger upwelling trends including both EMAC versions
and ACCESS‐CCM (around 1 ⋅ 107 kg ⋅ s− 1 ⋅ decade− 1) and the ones projecting weaker trends comprising the rest
of the models (around 0.3 ⋅ 107 kg ⋅ s− 1 ⋅ decade− 1). However, the other panels of Figure 8 show that the com-
bination of individual mechanisms contributing to the trend is different between all the models. Even for EMAC‐
L47 and EMAC‐L90, which differ only by their vertical resolution, the analysis reveals considerable differences
in the contribution from the mechanisms, most pronounced for the w∗ term and for the widening term. The net
upward transport trend of these two realizations, however, is very similar. Dedicated experiments varying vertical

Figure 8. Linear trends based on individual model simulations for net upward and downward transport across the stratopause computed directly (first column, transport)
and for the individual terms of the decomposition. The box extends from the first quartile to the third quartile. The whiskers extend from the box to the farthest trend
lying within 1.5* the inter‐quartile range from the box. The brown lines indicate the multi‐model mean trends.
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and horizontal model resolution systematically could shed more light on the impact of these parameters for cross‐
stratopause transport in general and for the individual contributions in particular.

Among the models, CMAM projects the smallest net upward transport trend. This can be attributed to negative
trends observed in both the meridional and vertical components of the residual mean circulation terms, although
these components exhibit considerably non‐linear behavior. However, despite the circulation deceleration in
CMAM, the slightly positive net upward transport trend is sustained by substantial contributions from the vertical
shift and widening terms.

The models exhibit the strongest agreement in two aspects: the contribution from the trend of the density term and
the sign of the trend associated with the vertical shift with the exception of EMAC‐L90, whose trend in z term is
almost zero. This consistency suggests that the models align most closely in projecting changes directly related to
radiative processes.

The most significant variations between the models arise from changes in circulation, horizontal structure (width
of the upwelling region), and the shape of the stratopause. Except for GEOS, there is notable agreement in the
contribution to the trend from the meridional circulation term. However, due to disparities in the shape term that
governs the efficiency of the meridional circulation term for cross‐stratopause transport, its overall impact re-
mains highly uncertain.

For the net downward transport trend, the two groups of models can again easily be identified by the magnitude of
the trend, as for the net upward transport. The models with stronger trends this time agree better on the individual
factors contributing to the downwelling trend. In particular, the big spread in the term connected with the vertical
shift, as seen for the upwelling, is now diminished. However, notable differences persist in the contributions from
the w∗ and widening terms.

The overall analysis of the downward transport trends in all the models indicates that the v∗ and shape‐related
terms have a minor impact. The models exhibit the highest level of agreement regarding the contributions from
the vertical shift and density terms, which also align well with the linear model. However, the largest variations
are observed in the w∗ and widening terms, where EMAC‐L47 and EMAC‐L90 show significant disparities. The
decomposition analysis clarifies the reason behind the smallest downward transport trend observed in CMAM,
which is attributed to the pronounced narrowing of the downwelling region in that particular model.

Finally, we note that not only do the individual models differ in their projections of the long‐term evolution of
contributing mechanisms, but also the relationships between these individual mechanisms vary across models.
This is extensively quantified by the inter‐term correlations provided for each model in the Supplement (Figures
S2 and S3 in Supporting Information S1). For example, the correlation between the v∗ terms and shape terms
fluctuates between strongly positive (in the case of CMAM), weakly positive (ACCESS), weakly negative
(GEOSCCM and both EMAC versions), and strongly negative (NIWA‐UKCA and MRI‐ESM). These variations
suggest completely different interactions between the circulation and horizontal structure changes at the strato-
pause heights among the models. Furthermore, it should be noted that the relationships between individual terms
significantly differ in terms of strength and the sign of correlation even among the two different configurations of
the EMAC model.

4. Summary and Conclusions
In the presented study, we have analyzed the climatology of the advective transport between the stratosphere and
mesosphere and its response to changes in GHG emissions using a set of chemistry‐climate model projections.
The distribution of upward and downward transport regions has a well‐known seasonal dependence, and the
strength of the advective transport is greater during the solstice seasons than during the transition seasons. As a
novel finding, we report a pronounced two‐peak structure of the upwelling from the stratosphere to the meso-
sphere during solstice seasons, with the well‐known peak of the transport from the stratosphere to the mesosphere
in the summer hemisphere that is exclusively connected with the upward mass flux, and a second narrow peak in
the tropics of the winter hemisphere that is due to the meridional circulation component and the slope of the
stratopause that allows the meridional circulation component to contribute to advective cross‐stratopause
transport.
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Our study focuses solely on the advective component of transport, which can be computed using the residual
mean circulation. However, transport can also occur through (quasi‐)isentropic mixing (e.g., Dietmüller
et al., 2017; Eichinger et al., 2019), as the stratopause is not a strict transport barrier. Due to the relative posi-
tioning of the stratopause to isentropic surfaces (see Figure S4 in Supporting Information S1), significant mixing
contributions to the mass exchange can be expected, particularly in the winter hemisphere. Potential future
changes in mixing within the upper stratosphere and mesosphere remain largely unexplored, which calls for
further investigation.

For both directions of the advective transport between the stratosphere and mesosphere, the models show a clear
and statistically significant increasing trend for the annual mean data and seasonal means. The absence of any
trend break around the year 2000 suggests a negligible role of ODSs and ozone compared to GHGs in driving the
trend. Both in the climatology and the long‐term evolution of the net upward and downward transport, we have
found a large spread between individual model simulations, which motivated us to produce a detailed analysis of
the underlying mechanisms that contribute to the net upwelling and downwelling trends. The decomposition into
individual contributions reveals that all mechanisms induced by the increasing GHG emissions (accelerating
flow, vertical and horizontal structure changes) significantly influence the MMM trend for both upward and
downward transport. However, the models largely disagree on the strength and mostly also on the direction of
these contributions. For the net upward transport, the models only agree on the contribution from the density
changes. For the downward transport, the spread is almost exclusively due to differences in the term connected
with the vertical residual mean velocity component and with the changes in the width (predominantly narrowing)
of the region, where the air crosses the stratopause from the mesosphere to the stratosphere.

Overall, we have made a first research effort to study advective transport between the stratosphere and meso-
sphere. For quantifying the exchange, we have chosen the thermally determined stratopause, as a natural
candidate for the level across which the transport is diagnosed. However, the stratopause is not a transport barrier
and its location can be also non‐linearly dependent on the strength of the circulation. We assume that studies
targeting specific phenomena affected by the transport between the stratosphere and mesosphere will have to
define specific regions of interests beyond the general stratosphere‐mesosphere classification used in our study.
For instance, mesospheric phenomena connected with solar radiation (SF6 sinks, NOx) tend to be linked with
constant altitude regions, in contrast to meteor and debris studies concerned with constant density levels, which
will be shifting downwards in the course of climate change (Eichinger & Šácha, 2020; Mlynczak et al., 2022;
Pišoft et al., 2021). Quantification of transport relevant for each of these impacts will have to be computed
separately then, evaluating the transport across case‐specific levels.

Regardless of the level where we diagnose it, our results demonstrate that projecting the changes in mean
meridional overturning circulation in the upper stratosphere and mesosphere is a highly complex task for the
models because they have to capture not only the circulation changes but also the co‐occurring changes in the
vertical and horizontal structure of the atmosphere that can be possibly non‐linearly related. The high suscep-
tibility of the resulting trends to even small nuances in the model formulation is underlined by the completely
different results of the decomposition for two model simulations that differ only in their vertical resolution
(EMAC‐L47 and EMAC‐L90).

The strong agreement among models in the primarily radiatively driven density and z terms suggests that vari-
ations in radiative transfer schemes or chemistry between models have only small influence on the differences
observed in net transport trends. This implies that other factors likely contribute more considerably to the dis-
crepancies in transport. For instance, it has been shown that differences in the parameterized orographic gravity
wave drag in CMIP6 models project into the climatological differences of the dynamics in the stratosphere be-
tween the models (Hájková & Šácha, 2023), with a possibly even larger role of the non‐orographic gravity wave
parameterizations in the upper stratosphere and mesosphere of the models.

Finally, although there are some observational constraints on the upper BDC branch based on long‐lived trace
gases such as CFCs, CH4, and H2O, these observations are limited and lack a longer record. Therefore, the
decomposition may prove useful in highlighting the mechanisms that are linked to the transport changes but are
easier to constrain. This is the case especially for the vertical and horizontal structure changes of the region that
were shown to have a considerable impact on the projected transport trends and that can be constrained by satellite
observations, subject to the availability of sufficiently homogeneous and stable data records from the missions.
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Data Availability Statement
All CCMI‐1 data used in this study can be obtained through the British Atmospheric Data Centre (BADC) archive
(https://archive.ceda.ac.uk; accessed 1 February 2020). Transport and decomposition time series were published
in Zajíček (2023).
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