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Abstract Climate models robustly project acceleration of the Brewer‐Dobson circulation (BDC) in
response to climate change. However, the BDC trends simulated by comprehensive models are poorly
constrained by observations, which cannot even determine the sign of potential trends. Additionally, the
changing structure of the troposphere and stratosphere has received increasing attention in recent years. The
extent to which vertical shifts of the circulation are driving the acceleration is under debate. In this study, we
present a novel method that enables the attribution of advective BDC changes to structural changes of the
circulation and of the stratosphere itself. Using this method allows studying the advective BDC trends in
unprecedented detail and sheds new light into discrepancies between different data sets (reanalyses and models)
at the tropopause and in the lower stratosphere. Our findings provide insights into the reliability of model
projections of BDC changes and offer new possibilities for observational constraints.

Plain Language Summary The large‐scale interhemispheric meridional overturning circulation in
the middle atmosphere determines the composition of this region, including the distribution of radiatively
important trace gases. The long‐term change of this circulation is a subject of ongoing debate, and an area of
disagreement between models and observations. In our study we present a method that provides an
unprecedented insight into the change and disentangles the individual factors behind it. Hence, the method
introduces new constraints on the circulation change and can aid the reconciliation between models and
observations.

1. Introduction
Changes in atmospheric composition since pre‐industrial times have warmed surface climate (IPCC, 2022),
altered the atmospheric structure (Pisoft et al., 2021; Santer et al., 2003), temperature (Maycock et al., 2018;
Santer et al., 2023), and affected the dynamics (Shepherd & McLandress, 2011) and transport (Garcia & Ran-
del, 2008) of the stratosphere. In turn, the chemical makeup of the middle atmosphere (Andrews et al., 1987),
including the distribution and trends of radiatively important gases such as ozone (“Scientific assessment of ozone
depletion: Executive Summary, 2022”, 2022) and water vapor (Solomon et al., 2010), is dynamically governed by
the Brewer‐Dobson circulation (BDC), the large‐scale interhemispheric meridional overturning circulation
(Plumb, 2002). The BDC is commonly defined (Butchart, 2014) as consisting of a diffusive and an advective part,
the latter described by the residual mean circulation (Eichinger et al., 2019). In studies investigating BDC
changes, a frequently explored proxy for the advective BDC component is the net tropical upwelling across the
70 hPa (Butchart et al., 2010) or 100 hPa (Abalos et al., 2021) isobars or the tropopause (Ortland & Alex-
ander, 2014), which quantifies the amount of mass advected by the residual mean circulation from the troposphere
into the stratosphere and beyond.

Given the importance of the BDC for atmospheric composition, a realistic representation of the structure,
strength, and variability of the circulation remains crucial for earth system and chemistry‐climate modeling
(Abalos et al., 2021). Comprehensive global climate models unanimously indicate a strengthening of BDC,
including its advective part, in recent decades, which is projected to continue and amplify with progressing
climate change. Key drivers of the trend are not only the changes in CO2 and CH4 abundances but also ozone
depleting substances (Muthers et al., 2016; Polvani et al., 2018). This acceleration dominates the projected middle
atmosphere changes throughout the 21st century (Butchart, 2014). However, recent BDC trends diagnosed from
model fields do not match observations regarding the sign of the trend (Davis et al., 2023; Stiller et al., 2017) and
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there is also a significant intermodel spread in the magnitude of recent and future trends (Abalos et al., 2021;
Butchart et al., 2010; Hardiman et al., 2014).

Another robust impact of changes in atmospheric composition is the changing vertical structure of the atmo-
sphere. While the troposphere is warming and thermally expanding (Santer et al., 2003; Vallis et al., 2014), the
stratosphere is cooling and contracting (Pisoft et al., 2021). It has been shown that these changes in atmospheric
vertical structure interfere with the diagnosed BDC trends (Eichinger & Šácha, 2020; Shepherd & McLan-
dress, 2011; Šácha et al., 2019). Among others it has been illustrated that no robust increase can be detected in the
net tropical upwelling when heuristically accounting for the tropopause rise (Oberländer‐Hayn et al., 2016).
Besides this, the horizontal structure of the tropospheric (Staten et al., 2020) and stratospheric (Fu & Lin, 2011)
circulation is also changing, which might affect BDC trends (Stiller et al., 2017) and thus make causal attribution
of potential BDC trends an even trickier task. Moreover, there is a documented spread between climate models in
the vertical (Eichinger & Šácha, 2020) and horizontal (Hardiman et al., 2014) structure of the upwelling region.

In this paper we study to what extent these structural changes contribute to simulated trends of the advective BDC
for individual models. Consequently, comparing the models with reanalyses, we want to understand whether the
differences between model and reanalysis trends of the advective BDC component can be caused by a different
mixture of circulation increase and vertical and horizontal structure change rates. Unraveling the role of structural
changes for the BDC change, and quantifying their contribution, could aid reconciling the disagreement between
observations and models regarding BDC trends in the (recent) past (WMO, 2018) and enhance confidence in
future projections of BDC changes by global chemistry‐climate (CCMs) and earth system models (ESMs).

The paper is structured as follows. First we derive the method for decomposition of the BDC changes and describe
the statistical approach and data sets. Then we demonstrate the utility of the method by applying it to state‐of‐the‐
art ESM simulations of the recent past, trying to constrain the model results with multi‐reanalysis mean. The
results section ends with an analysis of differences between individual reanalyses. The paper concludes with a
summary of the results, a discussion on the projections of future advective BDC changes and their uncertainty and
an outlook of how the method can be further expanded to provide additional constraints for models from
observations.

2. Methods and Data
The cornerstone of this study is the formulation and application of a method that allows separating and quanti-
fying the role of the accelerating flow velocity, structural changes and density variations behind the advective
BDC interannual changes. The basic idea is to reconstruct the upwelling changes diagnosed on a time‐variable
level (isobars, the tropopause etc.) into contributions from these mechanisms evaluated in the geometric height
(z‐) coordinate, as depicted in Figure 1.

For studying the long‐term changes in BDC strength, it is in this respect advantageous to define a single scalar
indicator, either the net upwelling or downwelling mass flux across a specified level. Here, we are concerned with
the net upwelling across traditionally used pressure levels (100 and 70 hPa) and across the tropopause. The zonal
mean tropopause (TPP) and also the zonal mean isobars define parameterized curves in the z, φ (latitude) plane
with a time‐variable location and shape, z(t,φ). The advective zonal mean mass transport M across an oriented

element of the zonal mean curve, represented by a vector dl
→
(z(t,φ), t,φ) , is given as:

dM(z(t,φ), t,φ) = 2πa cos φ ρ(v∗,w∗) ⋅ n→dl, (1)

where a is the radius of the Earth, ρ = ρ(z(t,φ),t,φ) is the zonal mean density at the respective level (itself a
function of time t and latitude φ), w∗ = w∗ (z(t,φ), t,φ) and v∗ = v∗ (z(t,φ), t,φ) are the vertical and meridional
residual mean velocity components evaluated at the respective zonal mean levels, n→(z(t,φ),t,φ) is a normal
vector of the oriented element of the zonal mean curve and dl(z(t,φ),t,φ) is the length of the zonal mean curve
element. Note that the location, length and shape (quantified by the angle α it makes with the horizontal) of the
zonal mean curves vary with time.

The net zonal mean advective mass transport across the selected level is then computed as an integral of dM from
the South to the North pole along the curve. Concentrating only on the part of the advective mass transport from
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lower to upper levels, we diagnose first the time varying boundaries between the upwelling and downwelling
regions (φ1, φ2) as latitudes where the zonal mean advective transport across the level changes sign. Then, we
compute the net upwelling (U) across the selected level evaluated by following the time variable curve L in the
geopotential height vertical coordinate system as:

U(L, t) =∫
φ2(t)

φ1(t)
dM(z(L, t,φ), t,φ). (2)

After having computed the annual‐mean time‐series of upwelling according to this definition, we are ready to
derive the kinematic factors contributing to its year‐to‐year change δU, defined as:

δU = U(L, t + δt) − U(L, t). (3)

Differentiating the integral (Equation 2), using the Leibniz integral rule, invoking an analogy to the material
derivative concept and after some manipulations (for the complete derivation please refer to the Text S1 in
Supporting Information S1), we obtain on the first order of δt a complete decomposition of the net upwelling
change across any continuous zonal mean curve in the form:

δU =∫

φ2(t+δ t)

φ2(t)
dM(z(t∗,φ), t∗,φ) − ∫

φ1(t+δ t)

φ1(t)
dM(z(t∗,φ), t∗,φ)

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
width term

+ (4a)

+2πa2∫
φ2

φ1

∂z
∂t
∂ρ(w∗ + v∗ tan α)

∂z
cos φ dφ ⋅ δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
z term

+ (4b)

Figure 1. Schematic illustration of the contributions to the change of the net upwelling across a level that changed its location
and geometry in the geometric height vertical coordinate system between the time instant A (blue line) and B (red line). The
net change consists of contributions from changes of the speed (size of the arrow) and direction (inclination of the arrow) of
the circulation, from changing density of air (shading, also subject to vertical shift), from changes in the width of the
upwelling region, from the vertical shift (height changes) of the level and changes in the shape of the zonal mean curve drawn
by the selected level controlling the effectivity of the meridional transport.
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+2πa2∫
φ2

φ1

ρ
∂w∗

∂t
cos φ dφ ⋅ δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
w∗ term

+2πa2∫
φ2

φ1

tan αρ
∂v∗

∂t
cos φ dφ ⋅ δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
v∗term

+ (4c)

+2πa2∫
φ2

φ1

w∗∂ρ
∂t

cos φ dφ ⋅ δt + 2πa2∫
φ2

φ1

tan αv∗∂ρ
∂t

cos φ dφ ⋅ δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
ρterm

+ (4d)

+2πa2∫
φ2

φ1

ρv∗

cos2α
∂α
∂t

cos φ dφ ⋅ δt

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞
shape term

. (4e)

The decomposition (Equation 4) reveals a complete set of mechanisms contributing to changes of the net up-
welling following a selected level as viewed in the z‐system. These are the change in the width of the upwelling
region (width term), the vertical shift of the level (z term), the contributions from the local accelerations of the
vertical (w∗ term) and meridional (v∗ term) components of the residual mean velocity, the contribution from the
local density change (ρ term), and finally the contribution from the change in the local zonal mean curve
inclination (shape term).

In Figure 1, we illustrate schematically, how these mechanisms contribute to the net upwelling changes. While the
speed and direction of the residual mean circulation, the vertical shift of the respective level, and density of air at a
specific level have been considered in isolation or (partial) combination in previous studies, our study breaks new
ground by proposing a consistent framework also considering the changes in geometrical features of the up-
welling region. Furthermore, the presented method allows to decompose the upwelling or downwelling across any
other level (e.g., isentropic levels). Although the net upwelling and downwelling changes must be approximately
equal, the relative importance of individual mechanisms revealed by the decomposition may differ.

To make the methodology more accessible, we hereafter present three illustrative, theoretical cases of upwelling
changes. In all of these, we assume that the width of the upwelling region, geometry of the surface and v∗ remain
constant. In the first example, we assume that also w∗ and density, and hence the net upwelling remain constant in
height. If the pressure levels are rising, the net upwelling diagnosed on pressure levels (the left hand side of
Equation 4) will decrease, due to the exponential decrease of the mass flux with height. From the decomposition,
the width, shape, density, v∗ and w∗ terms are zero from assumptions on their local tendencies. Hence, only the z

term will be strongly negative as ∂z
∂t is positive and ∂ρ(w∗

+ v∗ tan α)
∂z is negative. Note that for this hypothetical

example to be plausible and ∂ρ
∂t to be zero, one has to assume a local positive temperature trend that would balance

the positive density tendency contribution from the denser air lifted upward by the pressure level rise.

In the second example we relax the assumption that w∗ and density remain constant and instead allow their
local tendencies in the z‐frame (as is the case in the model simulations). But now we assume a special situation
that the net upwelling diagnosed following the rising pressure levels remains constant. In such a situation, we
would obtain a strict compensation between the negative z term and the positive ρ and w∗ terms. As the
pressure level moves systematically upwards, in the algorithm of the method this rise results in sampling of
regions with climatologically smaller mass transport due to the exponential decrease of the mass flux with
height, as quantified by the z term. At the same time, the upward shift of the pressure surfaces projects to the
density increase and circulation changes at a fixed altitude (in sign and magnitude dependent on the w∗ vertical
distribution). In this limiting case, the interpretation of the w∗ accelerating tendency would be that it is induced
by the upward pressure level shift and requires that w∗ decreases with height, which is the case in the tropical
lower stratosphere.

In the third example, we discuss how the trends would be interpreted for the limiting case discussed by
Oberländer‐Hayn et al. (2016), if the circulation were fixed on isentropes rising at a greater pace than the pressure
levels. Following a pressure level, the net upwelling trend (left hand side of Equation 4) would be positive because
the pressure levels are moving downward relative to isentropes. How would this trend be interpreted by the
decomposition method in the z‐frame? The z term will be unchanged (negative) from the preceding examples,
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because it is determined by the rise of pressure levels. However, the w∗ term would show a much stronger positive
trend. A slightly more complicated situation would emerge for the density trend, because the temperature effects
would become at least comparable to the effect of rising pressure levels. But for the stable stratospheric strati-
fication this should result in an even stronger positive ρ term tendency.

We note, that in the process of deriving the decomposition (Equation 4), we assume that the center of the up-
welling region is shifting only negligibly in the meridional direction compared to the width of the upwelling
region. This is well justified for the annual mean upwelling in the stratosphere, where the core of the upwelling
region is located around the equator (e.g., see Figure 4 in Stiller et al., 2017). Under more general instances,
relative meridional coordinates following the center of the upwelling region would have to be used at this stage
and also for further partitioning to separate the effect of a net meridional shift of the upwelling region.

The omission of higher order of δt terms in (Equation 4), is well justified for the annual mean upwelling changes
and the levels analyzed in this study. After comparing the net upwelling (left‐hand side of Equation 4) computed
directly from the data with its reconstruction from the sum of the right‐hand side terms (discretization of the
method is detailed in the Text S2 in Supporting Information S1), we see that the decomposition is highly accurate.
For example, the correlation between the two time series of a directly computed and reconstructed net upwelling
across the tropopause yields R= 0.99 when computed from ERA5 (Hersbach et al., 2020, see next section) annual
mean data, and R = 1.0 for the upwelling across the two isobars.

2.1. Data

We analyze annual mean data from the Coupled Model Intercomparison project Phase 6 (CMIP6) simulations.
Specifically, for the recent past we use the Atmospheric Model Intercomparison Project (AMIP) CMIP6 simu-
lations and SSP370 (Eyring et al., 2016) simulations for future climate projections. CMIP6 models that have all
the necessary outputs required for the proposed analysis (temperature, geopotential height, v∗, w∗, and the
tropopause height) are CESM2 (Danabasoglu et al., 2020), CESM2‐WACCM (Danabasoglu et al., 2020), MRI‐
ESM2‐0 (Yukimoto et al., 2019) for both AMIP and SSP370 and UKESM1‐0‐LL (Sellar et al., 2020) only for
SSP370. For each model the maximum number of available realizations was used. More detailed information on
the individual models is given in Table S1 in Supporting Information S1. Along with the models, we used data
from the three widely used reanalyses: ERA5 (Hersbach et al., 2020), JRA55 (Kobayashi et al., 2015), and
MERRA2 (Gelaro et al., 2017) to derive observational constraints on upwelling changes in AMIP simulations.

2.2. Statistical Analysis

We adopt the Dynamical Linear Modeling (DLM) regression from Alsing (2019). While Multiple Linear
Regression has been considered a standard approach to assess long‐term trends of atmospheric time series with a
complex evolution, for example, prescribing an explanatory variable for the trend estimation and its aliasing with
other regressors (Kuchar et al., 2017), DLM represents a regression framework with the ability of regression
coefficients to evolve in time. This allows DLM to assess the non‐linear background trend which corresponds
better with non‐stationary processes in the atmosphere (Laine et al., 2014). For these reasons, DLM has been
recently used to estimate trends in ozone in model outputs (Ball et al., 2018; Karagodin‐Doyennel et al., 2022) and
observational records (Bognar et al., 2022; Laine et al., 2014; Maillard Barras et al., 2022) quite extensively.

We use the Markov chain Monte Carlo method to infer the posterior distributions of the background level, auto‐
regressive coefficient (AR1) and regression coefficient of the El Niño–Southern Oscillation (ENSO) variability.
This method represents Bayesian DLM estimation of model states, parameters and their uncertainties. We input
the ensemble mean and spread of individual models into the DLM regression to capture their forced response and
model their time‐dependent uncertainty. To illustrate the spread/uncertainties across reanalyses and model en-
sembles, we visualize the probability density functions of the individual contributions to BDC change in violin
plots throughout the manuscript. When we refer to a multi‐reanalysis mean (MRM), we average time series from
MERRA2, JRA55 and ERA5 together, and we input MRM and its spread into DLM consequently. Thus, the
reanalysis spread propagates into the uncertainties of our trend results.

We use here the same DLM model as Ball et al. (2018) but without a seasonal cycle. We also allow higher
variance of the local trend resulting in higher variability of the background trend on shorter timescales since we
use ENSO as the only regressor. For the ENSO variability in future CMIP6 simulations, we use the first principal
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component of the detrended SST anomalies in the tropical belt, 20°S and 20°N (e.g., Berner et al., 2020) from
each model. For the ENSO variability in the AMIP simulations, we use the observed ENSO index. Variation of
the BDC and its proxies are explained mostly by internal variability in the tropics (Iglesias‐Suarez et al., 2021).
We tested multiple configurations, for example, including QBO regressors, but the results confirm a large de-
pendency of transport terms on ENSO.

3. Results
Here we apply the method described in Section 2 to the set of available CMIP6 AMIP ensemble simulations and
compare the upwelling changes with the multi‐reanalysis mean (MRM). In Figure 2 we show the resulting

Figure 2. Interannual change of the net upwelling and the contributing terms at 70 hPa (top), 100 hPa (middle) and the tropopause (bottom) for the period 1979–2015.
The dots in the individual violin plots depict the position of the median and vertical lines represent the 95% credible interval (also called the highest density interval–
HDI). The HDI of the multi‐reanalysis mean (MRM: ERA5, JRA55 and MERRA2; see also Figure S2 in Supporting Information S1 for their comparison) is represented
by the gray band. Note that MRM refers to averaged reanalysis time series not to averaged individual distributions. The colored numbers at the bottom denote the
percentage of relative occurrence of negative or positive year‐to‐year upwelling changes.

Geophysical Research Letters 10.1029/2023GL105919

ŠÁCHA ET AL. 6 of 12

 19448007, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105919 by D

tsch Z
entrum

 F. L
uft-U

. R
aum

 Fahrt In D
. H

elm
holtz G

em
ein., W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



posterior distribution of the interannunal changes (trend) in the net upwelling over 1979–2014, together with the
decomposition to contributions from the individual mechanisms. Discussing the net upwelling changes for in-
dividual models first, MRI at TPP shows a large spread of the net upwelling changes with a double peak structure,
more skewed toward negative values. At 100 hPa and especially at 70 hPa, MRI continues to show a large spread
of the changes with almost no robust systematic change. From the same model family, CESM2 and CESM2‐
WACCM simulate increasing net upwelling across all three studied levels with the best agreement at 70 hPa,
but they also slightly disagree regarding the magnitude and spread of the changes at TPP and 100 hPa. This is
documented also by the occurrence frequency of year‐to‐year upwelling changes (positive or negative, see in-
dividual numbers below the plots in Figure 2). Generally, there is a good agreement between the models in the net
upwelling across the pressure levels and only at TPP the models do not fully agree on the sign of the change.
Constraining the model net upwelling changes with the MRM confidence interval, only a tiny portion of the
negative upwelling changes at TPP and a slightly larger portion at 70 hPa simulated by MRI falls outside the
MRM interval.

Applying the decomposition methodology to the net upwelling trend at 70 hPa, the largest variations are attributed
to the term connected with the vertical component of the residual mean circulation (w∗) with almost equally
strong systematic contributions from the density and upward shift terms. Altogether, the high degree of
compensation points toward the importance of the upward shift of the 70 hPa isobar for changes reconstructed in
the z‐coordinate. Specifically for MRI, the pronounced upward shift of the 70 hPa isobar that projects strongly to
the z and ρ terms, does not project to the local accelerations of w∗, suggesting a slightly different climatological
vertical structure of w∗ in MRI in this region. The other kinematic factors (v∗, width and shape terms) show a
negligible systematic influence on the net upwelling trend at 70 hPa except for CESM2‐WACCM showing a
small positive systematic contribution from widening of the upwelling region.

Decomposing the net upwelling at the 100 hPa level, the contributions from all the terms for all models fall within
the MRM confidence interval. For MRI, in contrast to the decomposition at 70 hPa, the w∗ is clearly positive with
much smaller spread, still the w∗ term trend is significantly smaller than for CESM2 and CESM2‐WACCM. The
three models show similar systematic positive contributions from the density term, although the vertical shift term
is smaller in MRI, which is connected with a slightly weaker temperature trend at 100 hPa for this model (see
Figure S1 in Supporting Information S1). The resulting uncertain net upwelling trend for MRI at 100 hPa is
skewed toward positive values partly due to the mainly positive contributions from the v∗ and the width terms.

At TPP (the bottom row of Figure 2), which is characterized by a more complex geometry, the net upwelling
changes result from competing effects between the different mechanisms. Here all the terms contribute with a
very similar magnitude, except the density term, which is negligible in this region. The largest and predominantly
positive contributions to the net upwelling stem from the term connected with the accelerating meridional
component of the residual mean circulation (v∗) and the tropopause shape term. These two mechanisms are
connected, because, as the tropopause gets more inclined, the efficiency of the accelerating v∗ for cross‐tropo-
pause transport further increases. For CESM2 and CESM2‐WACCM we find also a small, but systematic positive
contribution from the width term. The two related models differ at TPP strongly in the shape and vertical shift
term and also in the spread of the (v∗) term. Interestingly, the large spread of changes in these three terms in
CESM2‐WACCM (also exceeding the MRM confidence interval) largely cancels out and the resulting positive
net upwelling trend is only slightly smaller and less significant for CESM2‐WACCM than for CESM2. The
situation is different for MRI, where we see a strong negative contribution from the w∗ term. This term is not
compensated, but out of phase with the terms contributing to the positive change resulting in a bimodal distri-
bution of the net upwelling with a large spread, skewed toward negative values. Note, however, that it completely
lies inside the MRM confidence interval.

In Figure 2 it is shown that the 95% credible interval of MRM in the majority of cases cannot constrain the
differences between the models. This is attributable to the surprisingly large differences between the individual
reanalyses in the net upwelling and the contributions from individual mechanisms. In Figure 3 we combine the
analysis of the interannual change distribution with the scatter plot to illustrate the relationship between the trend
in net upwelling and the contributing terms. For clarity of presentation, we show in Figure 3 only the results for
the (w∗) , vertical shift and width terms. For the results of the full decomposition for individual reanalyses we refer
the interested reader to the Figure S2 in Supporting Information S1, where the contribution of all terms is
visualized using the violin plots of interannual change distribution.
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Figure 3 (distribution plots at the right‐hand side boundary of the figure) reveals that all three reanalyses agree on
the systematically increasing net upwelling at the tropopause and 100 hPa and also at 70 hPa with the exception of
ERA5. At 70 hPa, the net upwelling change in the ERA5 reanalysis has a large uncertainty but points toward a
slight systematic weakening. At the tropopause and 100 hPa, the net upwelling changes in ERA5 are predomi-
nantly positive, but also weaker compared to the other two reanalyses. For MERRA2, an interesting aspect of the
net upwelling changes is that at all analyzed levels it shows a large spread of the changes resulting in a much
broader distribution of the interannual changes compared to JRA55 and ERA5, particularly at 100 hPa.

The decomposition reveals several interesting aspects behind the differences of the net upwelling changes be-
tween the reanalyses. We start discussing the least complicated width term, for which we find at each analyzed

Figure 3. Interannual change (distribution plots) and trend (scatter plots) of the net upwelling in relationship withw∗, z and width terms at 70 hPa (top), 100 hPa (middle)
and the tropopause (bottom) for the period 1980–2015. Individual reanalyses are shown with different colors. Note that the scales of both axes differ for each plot.
Relationships between trend terms shown as scatter points are transformed by quantile normalization (for visualization purposes). Distributions of interannual changes
(slopes) are provided as side plots and bear similar information as the violins in Figure 2. The HDI of the multi‐reanalysis mean (MRM) is represented by the gray point
with error line. Note that MRM refers to averaged reanalysis time series not to averaged individual distributions.
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level a difference between ERA5 and the other two reanalyses. At 70 hPa and 100 hPa (panels C and F), the width
term contribution is systematically negative, as the upwelling region narrows down in ERA5. But, at TPP
(Figure 3i) the upwelling region widens in ERA5. Also, note that in ERA5 the relationship between the width term
and the net upwelling changes is different at TPP and 70 hPa (wider upwelling region resulting in increasing net
upwelling) and at 100 hPa (narrower upwelling region–increasing net upwelling).

ERA5 shows differences compared to the other two reanalyses also in a much stronger upward shift contribution
at TPP (panel H) and in a different relationship at 70 hPa between the net upwelling trend and vertical shift (panel
B) and w∗ term changes (panel A). For ERA5 there is no clear relationship between the w∗ term and the net
upwelling changes detectable from the scatter plot. In contrast, we see strong positive correlations in JRA55 and
MERRA2. In ERA5, across all levels, the w∗ term contributes much less to the net upwelling change than in the
other two reanalyses, although the vertical shift terms are comparable between reanalyses.

MERRA2 and JRA55 agree remarkably well in the decomposition except at TPP, where we identify in JRA55
positive contributions from the vertical shift term (panel H) and in MERRA2 a pronounced double peak structure
and nonlinear relationship with the net upwelling change for the w∗ term (see Figure 3g). Nevertheless, for the
upwelling across TPP it has to be noted that the strongest contribution comes from the v∗ term, where MERRA2
and JRA55 agree remarkably well (see Figure S2 in Supporting Information S1).

4. Conclusions
In this study, we have derived and applied a novel methodology that allows a more nuanced view into the
advective BDC changes by decomposing the net upwelling change following a pressure surface or the tropopause
into contributions diagnosed in the geometric vertical coordinate from accelerating advection by the residual
mean circulation, local density changes, and changes in the vertical and horizontal structure of the atmosphere in
response to climate change. The method can be applied to any iso‐surface such as isentropic, pressure or theta
levels, or the tropopause. A combination of the decomposition method and dynamic linear modeling helped to
reveal completely different (non‐linear) links between individual mechanisms and the net upwelling changes in
the model and reanalysis data.

We demonstrate the performance of the decomposition method on an ensemble of CMIP6 simulations and on a set
of reanalyses. The results reveal that when viewed in the z‐frame, the changes in the net tropical upwelling are
composed from a variable mixture of acceleration of the vertical advection and vertical shifts of the circulation
influencing also the density of air and, as a novel aspect, we show that the horizontal structure changes can be an
important component contributing to the net‐upwelling change as well. The relative roles of these mechanisms
differ between the levels. In particular, the horizontal structure changes are important mostly at the tropopause,
influencing the widening of the upwelling region and the contribution from the meridional mass flux component.

For the models, we have found an excellent agreement for the upwelling trends across 70 and 100 hPa. The
agreement is only slightly worse for the net upwelling trend across the tropopause. The decomposition reveals that
the good agreement across all levels is a result of compensation between the effects of different mechanisms
identified in the z‐frame. The agreement between the models on the importance of the individual terms of the
decomposition is also remarkably good for the upwelling across the pressure levels, however, across the
tropopause there are pronounced differences between the models regarding the role of the meridional circulation
and the tropopause shape changes. Similar conclusions hold also for projections of future net upwelling changes
and their decomposition (Figure S3 in Supporting Information S1 and related discussion in Text S3 in Supporting
Information S1).

As an important result of our study, we have shown that current reanalyses cannot sufficiently help to constrain
the model differences in the net tropical upwelling change or in the individual contributing mechanisms revealed
in the z‐frame. The MRM confidence intervals in most cases are much larger than differences across the models.
This means that the agreement between individual reanalyses in both the net upwelling across analyzed levels and
the decomposition is weaker than between the models. For instance, ERA5 points to unambiguous systematic
contributions of the upwelling region width changes at all studied levels, which is not mirrored in the MERRA2
and JRA55 reanalyses. A possible explanation is that the width term is particularly sensitive to the horizontal
resolution due to the impact on accuracy of the turn‐around latitude detection and/or due to the improved res-
olution of meso‐scale processes (Hoffmann & Spang, 2022). Especially, gravity waves present a considerable
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forcing at the edges of the tropical upwelling region in the lower stratosphere. In the near future, the inclusion of
upcoming reanalyses such as JRA3Q, which is closer to ERA5 regarding the horizontal and vertical resolution,
can shed some light on this issue.

Additionally, we have found pronounced differences between the reanalyses concerning the interannual vari-
ability and trend of the vertical component of the residual mean circulation and also in the relationship between
the vertical structure and the net upwelling changes. This can be due to different data assimilation methodologies
or representation of ozone‐climate interactions (Abalos et al., 2019), although we have verified that the reanalyses
agree well on the temperature evolution at the diagnosed levels (Figure S2 in Supporting Information S1).

Correctly simulating all the aspects of the advective BDC spatio‐temporal variability and long‐term trends is a
challenging task for ESMs and reanalyses, as it requires representing all the involved mechanisms accurately (in
terms of timing, location, strength, and amplitude). For instance for studies of tracer trends or age‐of‐air it makes a
difference whether the same net upwelling trend on pressure surface is caused by locally accelerating circulation
velocities, widening of the upwelling region, or by the upward shift of the circulation. The accuracy of the
simulated composition changes is critical for a quantitative understanding of the climate change influence on the
middle atmosphere.

Besides being a great tool for comparing the skill in simulating the co‐occurring BDC and atmospheric structure
changes across the data sets, a large potential benefit of the presented method is that it explicitly highlights novel
constraints, to date unconsidered in the BDC research. Unlike the changes in the residual mean circulation alone,
the horizontal structure, density (temperature) and vertical shift changes can be directly observable (either from
ground or space) and, subject to availability of sufficiently long and homogeneous observational time series, can
guide improved matching of simulated BDC trends with observations. We therefore encourage future research
and planning of observational capabilities in this direction.

Data Availability Statement
CMIP6 data can be downloaded from https://esgf‐node.llnl.gov/search/cmip6/. ERA5 data are available at
Hersbach et al. (2023). JRA55 and MERRA2 zonal mean data was obtained from S‐RIP project stored at CEDA
archive at Martineau and Wright (2017). The tropopause data for JRA55 can be obtained by contacting Dr. Sean
Davis and Dr. Susann Tegtmeier and for ERA5 and MERRA2 tropopause characteristics by Dr. Lars Hoffmann.
Transport and decomposition time series are stored at Zenodo (Zajíček, 2023). All codes are available on request
to the corresponding author.
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