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ABSTRACT: The increase of atmospheric CO2 concentrations changes the atmospheric temperature distribution, which
in turn affects the circulation. A robust circulation response to CO2 forcing is the strengthening of the stratospheric
Brewer–Dobson circulation (BDC), with associated consequences for transport of trace gases such as ozone. Ozone is fur-
ther affected by the CO2-induced stratospheric cooling via the temperature dependency of ozone chemistry. These ozone
changes in turn influence stratospheric temperatures and thereby modify the CO2-induced circulation changes. In this
study, we perform dedicated model simulations to quantify the modification of the circulation response to CO2 forcing by
stratospheric ozone. Specifically, we compare simulations of the atmosphere with preindustrial and with quadrupled CO2

climate conditions, in which stratospheric ozone is held fixed or is adapted to the new climate state. The results of the resid-
ual circulation and mean age of air show that ozone changes damp the CO2-induced BDC increase by up to 20%. This
damping of the BDC strengthening is linked to an ozone-induced relative enhancement of the meridional temperature gra-
dient in the lower stratosphere in summer, thereby leading to stronger stratospheric easterlies that suppress wave propaga-
tion. Additionally, we find a systematic weakening of the polar vortices in winter and spring. In the Southern Hemisphere,
ozone reduces the CO2-induced delay of the final warming date by 50%.

SIGNIFICANCE STATEMENT: A robust circulation response to enhanced CO2 is the strengthening of the equator-
to-pole circulation in the stratosphere, the so-called Brewer–Dobson circulation (BDC), which affects the ozone layer
by tracer transport. This in turn alters stratospheric temperatures and thereby modifies the stratospheric circulation. In
the present study, we perform model experiments to quantify the ozone-induced circulation changes caused by quadru-
pled CO2 concentrations. The results show that ozone changes damp the CO2-induced BDC strengthening due to radia-
tive effects of the redistributed ozone layer by enhanced CO2. These ozone modifications lead to strengthened
stratospheric easterlies in summer and decelerated westerlies in winter and spring. Moreover, the ozone changes reduce
the CO2-induced delay of the polar vortex break down date in the Southern Hemisphere.
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1. Introduction

Climate change is an ongoing phenomenon and a result of
increasing atmospheric greenhouse gas (GHG) concentra-
tions, which warm the troposphere and cool the stratosphere
(Stocker et al. 2013). In the upper troposphere and lower
stratosphere region (UTLS), this modifies the zonal wind bal-
ance, strengthening the subtropical jets (STJ) and shifting
them upward (e.g., Vallis et al. 2015; Chiodo and Polvani

2019; Pisoft et al. 2021). Additionally, it is well established
that larger atmospheric concentrations of GHGs strengthen
the stratospheric meridional overturning circulation [the
Brewer–Dobson circulation (BDC), see Brewer 1949; Dobson
1956], enhancing the transport of trace gases such as ozone
from the tropical to the extratropical stratosphere (e.g., Li et al.
2008; McLandress and Shepherd 2009; Garcia and Randel
2008; Eichinger et al. 2020). Moreover, stratospheric cooling
leads to a higher net production of ozone (Haigh and Pyle
1982). As a result of these processes, ozone concentrations
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decrease in the tropical lower stratosphere and increase in the
extratropical and the upper stratosphere.

Ozone is essential for life on Earth. It absorbs high-energetic
UV radiation in the stratosphere, but it also acts as an im-
portant radiatively active gas (e.g., Thompson et al. 2011).
The absorption and emission of shortwave and longwave radia-
tion by ozone thus modifies atmospheric temperatures, especially
in the stratosphere. In further consequence, the modifications of
the temperature by ozone additionally alter the stratospheric cir-
culation in accordance. However, as this effect is inherent in
chemistry–climate model simulations, dedicated model experi-
ments have to be set up in order to disentangle the specific role
of CO2-induced ozone changes for the overall climate response.

A number of recent studies have addressed the question
of modulations of the circulation response to CO2 via strato-
spheric ozone. For example, Nowack et al. (2018) showed
that the ozone changes decrease temperatures in the tropical
lower stratosphere and increase temperatures in the extratrop-
ical lower stratosphere as a result of radiative effects. The re-
sulting weakened meridional temperature gradient translates
into weaker annual mean stratospheric zonal flow. Chiodo and
Polvani (2019) asserted that the downward extension of this
anomaly to the Southern Hemisphere (SH) troposphere damps
the CO2-induced poleward shift of the eddy-driven jet (EDJ) in
their model experiment. Another recent study reported that the
CO2-induced ozone changes weaken the tropical upwelling
(DallaSanta et al. 2021). Next to those effects on stratosphere
(troposphere) circulation, the CO2-induced ozone changes also
lead to an additional effect of radiative forcing on surface cli-
mate, and thus can alter the global mean surface temperature
response to CO2 increases. This modification of the climate sensi-
tivity via stratospheric ozone feedbacks is estimated to be negative,
with reductions ranging between 0% and 20% by several studies
(Dietmüller et al. 2014; Marsh et al. 2016; Muthers et al. 2014;
Nowack et al. 2015; Dacie et al. 2019) and the recent IPCC report
(Szopa et al. 2021) assessed that the effects are likely to be closer
to the lower bound of those estimates which is 0.064Wm22 K21.

Overall, these studies mentioned above emphasize the rele-
vance of a realistic ozone representation in climate models, but
also motivate further analyses with respect to ozone-induced
changes in atmospheric circulations. In particular, the effects of
CO2-induced ozone changes on the BDC have not been investi-
gated in detail so far. A weakening of tropical upwelling as found
by DallaSanta et al. (2021) can have consequences for tracer
transport in the entire stratosphere, thereby affecting radiation
in various manners, which yet has to be quantified in order to as-
sess its contribution to climate change.

In this study, we aim to investigate the effects of ozone-
circulation two-way coupling for the circulation response to
CO2 for equilibrated climate states. For that reason, we per-
formed an experiment with the ECHAM/MESSy Atmo-
spheric Chemistry (EMAC; Jöckel et al. 2005, 2010, 2016)
model, in which preindustrial and quadrupled CO2 climate
conditions are used. In the simulations with quadrupled CO2

climate conditions, ozone is once held fixed and is once
adapted to the new climate state. The model setup for the pre-
industrial and the 4xCO2 simulations that are used here and
the data analysis methods are described in section 2. In section 3,

several BDC diagnostics are evaluated to assess how much they
are affected by the ozone changes in the 4xCO2 model simula-
tion. The analysis of the thermal and dynamical impacts that can
explain the BDC changes are discussed in section 4, and further
effects on the polar vortices in section 5. The results are then
summarized and discussed in section 6 before the paper ends
with the conclusions in section 7.

2. Data and methods

a. Model and setup

For this study, simulations were conducted with the Euro-
pean Center Hamburg Model/Modular Earth Submodel System
(ECHAM/MESSy) Atmospheric Chemistry (EMAC; Jöckel
et al. 2005, 2010, 2016) model version 2.54.0.3. The simulations
were performed in atmosphere-only model with a T42L47MA
resolution, i.e., with a horizontal resolution of ;2.88 3 2.88 in
latitude and longitude of the corresponding quadratic Gaussian
grid, and with 47 model layers in the vertical. The uppermost
layer is located around 0.01 hPa. The time step was set to 720 s
and the time interval for the output data to 6 h.

The basic submodels for dynamics, clouds, and diagnostics
(see Table A1 in the appendix and Jöckel et al. 2005, 2010, 2016
for more information on these submodels) are applied for this
study. For radiation the combined RAD and FUBRAD scheme
is used. This is a parameterization to calculate the shortwave heat-
ing rates with an increased spectral resolution for solar variability
studies. It replaces the default RAD radiation at wavelengths
most sensitive to solar radiation in the UV and visible) between
the model top and 70 hPa (Nissen et al. 2007; Dietmüller et al.
2016). Tropical winds were nudged to resemble the quasi-
biennial oscillation (QBO), with a relaxation time of 60 days.

With the above described EMAC model setup without inter-
active chemistry, three different simulations were performed: a
preindustrial (pi) control simulation (piCtrl), a 4-times CO2

control simulation (4xCO2Ctrl), and a 4-times CO2 simulation
with preindustrial ozone mixing ratios (4xCO2piO3). The
chemical species and sea surface conditions are prescribed
from a set of pi-control and 4xCO2 simulations with a fully
coupled chemistry-climate EMAC model version with cou-
pled ocean, which were performed in accordance with the
CMIP6 protocol (Eyring et al. 2016). Since our interest is to
analyze the effect of ozone changes on stratospheric circulation,
we prescribe the ozone fields, and additionally prescribe sea
surface conditions to exclude the effects of stratospheric ozone
feedbacks on surface temperature changes. This approach al-
lows for a clean quantification of the effects of CO2-induced
ozone changes for the equilibrium climate states, but not for
any nonlinear evolving transient feedbacks on different time
scales. The approach is valid as long as the temperature and cir-
culation response in the fully coupled model simulations (from
which the ozone fields are taken) are reproduced by the simula-
tions with prescribed ozone, and the respective figures are
shown in the online supplement (Figs. S7–S9). The response in
temperature and circulation are qualitatively similar between the
fully coupled and the prescribed simulations, but there are some
quantitative differences. Those likely stem from differences in
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the details of the setup of the simulations, but we consider them
small enough so that the ozone changes from the fully coupled
simulations still are consistent with the circulation changes in the
simulation with prescribed ozone.

Specifically, in all simulations, the sea surface temperatures
(SSTs) and sea ice concentrations (SICs) are prescribed to
30-yr SST and SIC climatologies of the coupled EMAC
CMIP6 pi-control and 4xCO2Ctrl simulations, respectively.
Note that the 30-yr climatologies are calculated over years
120–150 after the start of the 4xCO2 forcing.

Zonally averaged, multiannual, monthly climatologies of
ozone (O3), N2O, and CFCs are prescribed from the coupled
EMAC CMIP6 simulations for the radiation scheme. Note that
a zonal averaged ozone and not a 3D ozone field is used for bet-
ter comparison with other studies (e.g., Chiodo and Polvani
2019). All these climatologies were generated from the last
30 years of 150 yearlong simulations to assure that the cli-
mate state is largely in equilibrium. Methane (CH4) oxidation,
an important source of stratospheric water vapor (le Texier et al.
1988; Eichinger et al. 2015; Frank et al. 2018), is calculated by
the CH4 submodel (Winterstein and Jöckel 2021) with pre-
scribed zonally averaged, multiannual, monthly climatologies of
OH, Cl, and O(1D) from the coupled EMACCMIP6 simulations.
CO2 and CH4 are treated as tracers in the simulations, of which
the lower boundary conditions are prescribed (by Newtonian
relaxation with the submodel TNUDGE; Kerkweg et al. 2006)
with year 1850 conditions from the datasets that were also used
for the coupled EMACCMIP6 simulations. For the 4xCO2 sim-
ulations, the CO2 mixing ratio of the lower boundary condition
is quadrupled. Other than the simplified methane oxidation
scheme, no (interactive) chemistry is activated in the simulations.
The simulations cover 60 years; however, the first 10 years are
considered as spinup and only the 50 years after the spinup time
were analyzed.

As mentioned above, the simulations use a prescribed
ozone field from the EMAC CMIP6 simulations. Ozone from
the pi-control CMIP6 simulation is applied in the piCtrl and
in the 4xCO2piO3 simulation and the ozone field from the
CMIP6 4xCO2 simulation is applied in the 4xCO2Ctrl simula-
tion. Note that since the prescribed ozone fields are taken from
simulations with interactive chemistry, all circulation changes
caused by ozone are included in the ozone fields. Figure 1 illus-
trates the relative difference of the ozone fields between the
CMIP6 4xCO2 and piCtrl simulations. In the 4xCO2 simulation,
ozone in the lower tropical stratosphere is lower and ozone in
the extratropical and upper stratosphere is higher. This is in
line with previous studies (Nowack et al. 2018; Chiodo and
Polvani 2017; Chiodo et al. 2018; Chiodo and Polvani 2019).

b. Analysis methods

The results of these simulations are analyzed to investigate the
impact of ozone changes on the temperatures and circulation.
The difference between the results of the 4xCO2Ctrl and the
piCtrl simulation describes the change due to 4xCO2 for which
ozone adapts to the new climate state (i.e., with a prescribed
ozone field from a 4xCO2 coupled EMAC CMIP6 simulation)
and is abbreviated as DCOCtrl

2 . The effect of the ozone changes

due to 4xCO2 is calculated by the difference between the 4xCO2

simulation with adapted ozone (4xCO2Ctrl) and the 4xCO2 simu-
lation in which ozone is held constant at preindustrial levels
(4xCO2piO3) and is abbreviated as DO3 in the following. The cal-
culation of various diagnostics used for the analysis are described
in the following.

The residual mass streamfunction ĉ represents the net me-
ridional overturning mass transport and is calculated by

ĉ 5 2pr0 cos(u)g21
�0

p
y *dp, (1)

where r0 is Earth’s radius, u is the latitude, g is the gravitational
acceleration, p is the pressure, and y * is the zonal mean of the
meridional residual velocity, which is calculated by the trans-
formed Eulerian mean (TEM) equations (Andrews et al. 1987).

The BDC describes tracer transport in the stratosphere.
One way of diagnosing tracer transport is the average age of
an air parcel moving through the stratosphere. This is called the
mean age of air (AoA). The AoA in units of time has to be de-
rived from tracer measurements. To obtain AoA from the
model a so-called “clock tracer” (Hall and Plumb 1994; Waugh
and Hall 2002) is implemented, which is an inert tracer with a
mixing ratio that linearly increases over time as lower boundary
condition. AoA is then calculated as the time lag between the
current local mixing ratio at a certain grid point and the same
mixing ratio at the boundary layer, i.e., measures the time an
air parcel travels from the boundary layer to this grid point.

As described above, the BDC is forced by dissipating at-
mospheric waves. The vertical component of the EP fluxes
represents vertical propagation of planetary and synoptic-
scale waves. EP fluxes and their divergence are calculated
following Andrews et al. (1987). The components of the EP
fluxes are given in spherical coordinates Fu and Fp. For scal-
ing the EP fluxes and their arrows for illustration purposes

FIG. 1. Relative difference between prescribed ozone field used
in this study for 4xCO2 conditions and preindustrial (pi) conditions
{[O3(4xCO2) 2 O3(pi)]/O3(pi); colors}. This shows the relative
ozone response of 4xCO2. Solid contours depict the molar mixing
ratio of ozone (mmol mol21) for pi conditions. The black line
marks the pi-control tropopause and the red dashed line marks the
4xCO2 tropopause.
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(see Fig. 7), whose horizontal and vertical components are
proportional to each other, we use following formulas:

F̂u 5 2pr0g
21 cos2uFu, (2)

F̂ p 5 2pr20g
21 cos2uFp100

21, (3)

are used, similarly to Eq. (3.13) by Edmon et al. (1980) and to
Table 2 in Jucker (2021). The division of the vertical compo-
nent Fp through the whole vertical (pressure) domain by 100
is needed to convert the unit from m3 Pa to m3 hPa. The unit
of the horizontal component Fp is m

3 after the scaling.
According to the downward control principle (Haynes et al.

1991), the wave forcing F above a certain pressure level drives
the residual meridional overturning circulation. This is ex-
pressed as the streamfunction (Okamoto et al. 2011):

C(u, p) 5 cosu
g

�0

p

F

f̂
dp, (4)

for steady state with f̂ given by

f̂ 5 f 2
1

r0 cosu
(u cosu)

u

[ ]
5 2V sinu 2

1
r0

u
u

1
u sinu
r0 cosu

:

(5)

The above expression allows us to quantify the residual circula-
tion (changes) driven by the sum of total resolved and unresolved
wave forcing (changes), with F 5 [1/(roro cosu)]=?F1X
(where ro is the basic state air density, = ? F is the divergence
of the Eliassen–Palm flux, and X represents the gravity wave
drag).

The impacts of the 4xCO2 and of the CO2-induced ozone
changes on the different variables are also statistically ana-
lyzed. For this purpose, a two-sided Student’s t test is applied.
In the figures that are shown in sections 3 and 4, the differ-
ences are considered to be statistically significant if the confi-
dence level exceeds 95%.

3. Effects on the Brewer–Dobson circulation (BDC)

The response of the residual mass streamfunction to DCOCtrl
2

(Figs. 2a,b) and to DO3 (Figs. 2c,d) for JJA and DJF is illus-
trated in Fig. 2, based on the simulations described in section 2.

Higher CO2 mixing ratios robustly increase the total values
of the mass streamfunction in both hemispheres (Figs. 2a,b),
especially in the midlatitudes and in the lower tropical strato-
sphere. These higher values of the mass streamfunction indicate
the well-known global strengthening of the residual circulation
in response to CO2 forcing (e.g., Garcia and Randel 2008;
Abalos et al. 2021; McLandress and Shepherd 2009).

FIG. 2. Response of streamfunction c (colors) to (a),(b) DCOCtrl
2 and (c),(d) DO3 for (left) JJA and (right) DJF.

Contours depict c of the piCtrl simulation in 109 kg s21. Nonsignificant responses at the 95% confidence level are stip-
pled. Note that the scaling of the color bar is different between DCOCtrl

2 and DO3.
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The CO2-induced ozone changes lead to a systematic de-
crease of the mass streamfunction in both hemispheres, mostly
counteracting the CO2-induced acceleration of the BDC.
However, due to large internal variability most of these ozone-
induced changes are not statistically significant for the given
length of record, except within the shallow branch of the BDC
during summer (Figs. 2c,d).

The systematic change of the residual mass streamfunction
is also reflected in the total tropical upwelling strength as
shown in Fig. 3. Quadrupling of CO2 enhances tropical up-
welling in JJA as well as in DJF at all altitudes in the lower
stratosphere by up to 50%, if ozone is held fixed in preindus-
trial conditions (see Fig. 3a, red line). This is qualitatively con-
sistent with the well-known trends in residual mean vertical
velocity caused by increased GHG concentrations (e.g., Li et al.
2008; Garcia and Randel 2008). When scaling with the global
mean warming, the increase of w* in the tropics by 5% K21 at
10 hPa and 8% K21 at 70 hPa is quantitatively consistent with
the results from the studies by Chrysanthou et al. (2020) and
Abalos et al. (2021), who quantified these values to be 6% K21

at 10 hPa and 9% K21 at 70 hPa as well as between 5% and
13%K21 (depending on the model) at 70 hPa, respectively.

In both seasons, tropical w* weakens in the tropics by up to
15% through DO3 in the lower and middle stratosphere (cf.
blue versus red lines in Fig. 3). This effect is statistically signifi-
cant in DJF, between 90 and 60 hPa, where the shallow BDC
branch is located, and in JJA extending up to 5 hPa. DallaSanta
et al. (2021) found an ozone-induced ;10%–20% decrease of
upwelling in the inner tropics (108N–S, see their Fig. 6) between
about 70 to 10 hPa, which is quantitatively consistent with our
results. However, they find no response of ozone below 70 hPa,
and it is unclear whether this is due to differences in the diag-
nostic (inner tropics versus entire tropics) or a model sensitivity.
In the upper stratosphere, we find a 10%–15% increase in trop-
ical upwelling due to ozone changes during DJF and less so in
JJA. This relatively enhanced upwelling is consistent with the
systematic strengthening of the residual circulation in the upper
stratosphere in winter (see Fig. 2d).

The mass streamfunction (Fig. 2) and tropical w* (Fig. 3)
only describe the net mass transport contribution to the BDC,
not including two-way mixing that does not involve net mass
exchange (Garny et al. 2014; Dietmüller et al. 2017, 2018;
Eichinger et al. 2019). AoA appropriately reflects both of
these transport contributions. The changes of AoA due to
DCOCtrl

2 are shown in Figs. 4a and 4b, and the changes due to
DO3 are shown in Figs. 4c and 4d.

Quadrupling of CO2 leads to an AoA decrease between
0.5 years in the tropical lower stratosphere and 1.5 years in
the extratropical stratosphere (Figs. 4a,b). This is in line with
the enhancement of the BDC strength due to higher CO2 mix-
ing ratios that strengthens meridional tracer transport (e.g.,
Butchart and Scaife 2001; Garcia and Randel 2008). The non-
uniform changes of AoA are caused by quasi-horizontal mix-
ing processes (Garny et al. 2014).

The CO2-induced ozone changes alone lead to increased
AoA (Figs. 4c,d) throughout the stratosphere in winter and sum-
mer, which results in a damping of the CO2 effect by up to 23%
in DJF. These AoA modifications are consistent with the corre-
sponding modifications of the residual circulation, although they
are statistically more robust (more wide spread coverage of statis-
tically significant values compared to Figs. 2c,d). This is
likely because AoA displays the spatial and temporal inte-
gral of the circulation strength along the path of an air par-
cel (Hall and Plumb 1994).

4. Mechanisms of the BDC decrease by ozone changes

The CO2-induced ozone changes modify the radiative heat-
ing rates locally in the stratosphere, with increased/reduced
ozone abundances leading to enhanced/reduced radiative heat-
ing (see Fig. S1).

The radiative effects directly influence the temperature field,
providing the mechanistic starting point of circulation changes in
our model simulations. Figure 5 illustrates the resulting tempera-
ture response for DCOCtrl

2 (Figs. 5a,b) and for DO3 (Figs. 5c,d),
both for JJA and DJF.

FIG. 3. Relative response of the total tropical upwelling as average residual velocityw* between the turnaround lati-
tudes in the tropics to DCOCtrl

2 (blue) and to DCOpiO3
2 (red). This is shown as function of pressure for (a) JJA and

(b) DJF. The pressure altitudes where the differences between DCOCtrl
2 and DCOpiO3

2 are statistically significant
at the 95% confidence interval are marked with a thick blue line. Note that the turnaround latitudes mark the
latitudes where w* turns from positive to negative values.
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The increased CO2 concentrations lead to the well-known
warming of the troposphere (here by up to 8 K) and cooling
of the stratosphere (here by more than 12 K), consistent with
previous 4xCO2 experiments (IPCC 2018).

The CO2-induced ozone changes lead to a warming in the
upper stratosphere in the tropics and extratropics, linked to
strong absorption of shortwave radiation (see Figs. S1c,d) due
to increased ozone (see Fig. 1). In the upper stratosphere, the
maxima reach up to 3–5 K, and warming is more pronounced
in the respective summer hemisphere, consistent with avail-
ability of shortwave radiation (see Figs. 5c,d). In the tropical
lower stratosphere, temperatures decrease by about 2 K, con-
sistent with decreasing ozone abundances in this region. In
the summer middle stratosphere, the temperature increases
by about 2 K over both polar caps. Over Antarctica statisti-
cally significant warming appears also in the lowermost strato-
sphere (around 150 hPa). These temperature changes are
quantitatively similar to those described in the studies by
Chiodo and Polvani (2019) and Nowack et al. (2015). Note at
this point that also changes in stratospheric water vapor play
a role in terms of radiative heating (see e.g., Maycock et al.
2014), which is further discussed in section 6.

The temperature changes shown in Figs. 5c and 5d are in-
duced by the prescribed ozone changes, but next to the direct
radiative effects they also include any circulation effects on

temperatures, complicating the causal attribution. However,
the pattern of temperature changes is largely consistent with
expected radiative effects of the prescribed ozone differences
(see also Yook et al. 2020; Ivanciu et al. 2022). We will therefore
assume in the following that the modified circulation response
due to the ozone differences may be explained by the altered
temperature gradient in the lower stratosphere caused by radia-
tive effects, and its associated altered vertical wind shear.

The larger amount of CO2 in DCOCtrl
2 strengthens the sub-

tropical jets (STJs) by more than 10 m s21 and shift them up-
ward (Figs. 6a,b), consistent with previous studies (e.g., Vallis
et al. 2015; Oberländer-Hayn et al. 2016; Chiodo and Polvani
2019; Eichinger and Sacha 2020; Pisoft et al. 2021) and consis-
tent with the meridional temperature gradient described above.
Moreover, the easterlies in summer are robustly weakened by
thermal effects (see Figs. 6a,b). The Antarctic polar vortex
strengthens through an increase of CO2, which is in balance with
a strengthening of the meridional temperature gradient in the
lower stratosphere in the austral winter hemisphere (Fig. 6a).
The weakening of the Arctic polar vortex lies within the large
envelope of the simulated response of the Arctic vortex to CO2

increases, with some models showing a decrease and some an
enhancement of the vortex strength (see e.g., Karpechko et al.
2022). Next to the stratospheric wind changes, the well-known
CO2-induced poleward shift of the tropospheric austral EDJ is

FIG. 4. Response of age of air (AoA; colors) to (a),(b) DCOCtrl
2 and (c),(d) DO3 for (left) JJA and (right) DJF. Con-

tours depict the AoA of the piCtrl simulation in years. Nonsignificant responses at the 95% confidence level are stip-
pled. Note that the scaling of the color bar is different between DCOCtrl

2 and DO3.
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evident, especially in summer (see also Fig. S5). The stronger
poleward shift is possibly in parts linked to the downward extent
of the weakened stratospheric easterlies to the troposphere (see
Fig. S3), which was shown in the studies by Byrne et al. (2017),
Byrne and Shepherd (2018) and Ceppi and Shepherd (2019).

The 4xCO2-induced ozone changes (DO3, see Figs. 6c,d)
also modify the zonal wind in the stratosphere of the summer
hemisphere, strengthening the easterlies in the middle and up-
per stratosphere by up to 3 m s21. The stronger easterlies in
summer are consistent with the increased meridional temper-
ature gradient in the lower stratosphere caused by the radia-
tive effects of ozone changes, which is also in line with the
results of Chiodo and Polvani (2019).

The zonal wind changes further modify the propagation con-
ditions for planetary and synoptic-scale waves. As shown in
Figs. 7a and 7b the convergence of the EP flux at the upper
flanks of the STJ is increased, caused by an upward shift of the
critical lines for wave dissipation (Shepherd and McLandress
2011). In addition to that, wave forcing increases (more nega-
tive EPFD) in the vicinity of the Arctic polar vortex in northern
winter, consistent with the decrease in the polar vortex strength
(Fig. 7b). The enhanced wave breaking at the STJs and at the
Arctic polar vortex strengthens the BDC (see Figs. 2a,b).

The 4xCO2-induced ozone effects lead to more vertical plan-
etary wave propagation at the Antarctic polar vortex (Fig. 7c)
and to less equatorward wave deflection at the Arctic polar vor-
tex (Fig. 7d). This weakens the polar vortices and hence
strengthens their radiatively induced seasonal breakdown, in
particular in the Antarctic. Moreover, the corresponding en-
hanced but not significant wave breaking in the vicinity of the
polar vortices (not shown) systematically strengthens the resid-
ual flow in the winter upper stratospheres (see Figs. 2c,d).

A positive change of the mean flow strengthening by EPFD
(i.e., decrease inwave forcing in response to ozone) that is statisti-
cally significant is found above about 70 hPa in the summer hemi-
sphere. This decrease in wave forcing is understood given the
decrease in the zonal mean zonal winds in the summer strato-
sphere forced by the ozone changes:While the CO2-forcing shifts
the critical lines for wave breaking upward, ozone counteracts
this effect and attenuates vertical wave propagation (see
Figs. 7c,d). This leads to less wave breaking in the lower strato-
sphere above the STJ, and thereby to a decrease in thewave driv-
ing of the shallow BDC branch (see Figs. 2c,d). The effects of
altered wave forcing on the residual circulation is quantified by
the downward controlmethod as outlined in section 2b.

The BDC is also driven by breaking gravity waves that in
our model are represented by the parameterized gravity wave

FIG. 5. Response of temperature (colors) to (a),(b) D4xCO2Ctrl and (c),(d) DO3 for (left) JJA and (right) DJF. The
black thick line illustrates the tropopause, and the contours depict the temperature (K) of the piCtrl simulation. The
red dashed line in (a) and (b) marks the tropopause for 4xCO2 conditions. Nonsignificant responses at the 95% confi-
dence level are stippled. Note that the scaling of the color bar is different between DCOCtrl

2 and DO3.
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drag (GWD). The effects of GWD and EPFD on the residual
circulation changes at 70 hPa calculated via the method of
downward control are shown in Fig. 8.

These results underline the strengthening of the residual cir-
culation in the lower stratosphere through DCOCtrl

2 as well as
the damping of this CO2-induced acceleration through DO3,
which is forced by atmospheric wave breaking. In the summer
shallow branch, the damping by DO3 amounts to about 20% of
the CO2-induced acceleration. In winter, the decrease in the ab-
solute residual circulation strength is of similar absolute magni-
tude than in summer. Additionally, Fig. 8 also shows the role of
the EPFD as the main factor in the changes in the shallow BDC
branches. Note that there is a substantial deviation between the
response of DO3 calculated by the sum of all types of wave forc-
ing and the response of DO3 calculated by the TEM equations
in Fig. 8d. This is likely caused by the fact that the absolute re-
sponse of the residual mass streamfunction to DO3 itself is small.

The relative contribution of OGWD and resolved wave drag
to positive trend in the residual circulation in Figs. 8a and 8b
varies substantially among models (Butchart et al. 2010). As
OGWD is identified as the main driver of the positive trend,
however, with latitudinal and hemispheric dependence. We
note that OGWD driving does not support the damping be-
tween 208 and 408N/S due to the zonal wind strengthening in

the lower stratosphere (Li et al. 2008). Overall, this may be sen-
sitive to intermodel differences in the OGWD parameterization
(McLandress and Shepherd 2009).

5. Effects on the polar vortices

Figures 6c and 6d show a systematic attenuation of the polar
vortices due to CO2-induced ozone changes. Moreover, the
stratospheric easterlies in summer strengthen in response to the
ozone changes, indicating a shorter polar vortex season. For a
more detailed analysis of these effects, the climatological zonal
mean zonal wind of 608N/S and at 10 hPa are shown in Fig. 9,
which is a common diagnostic for the polar vortex strength (see
e.g., Charlton and Polvani 2007; Baldwin et al. 2021).

For preindustrial conditions the polar vortex turns westerly
in early August in the NH and mid of March in the SH. The
breakdown takes place at the end of March in the NH and at
the end of October in the SH. In the 4xCO2 simulations
(4xCO2Ctrl and 4xCO2piO3) the polar vortex formation starts
earlier and the breakdown occurs later, which is in line with
the study by Ayarzagüena et al. (2020). This means that the
period of the polar vortex is longer due to an increase of CO2

(see also Figs. S3a,b). Moreover, the SH polar vortex is sys-
tematically stronger in the 4xCO2 simulations.

FIG. 6. Response of zonal wind (colors) to (a),(b) D4xCO2Ctrl and (c),(d) DO3 for (left) JJA and (right) DJF. The
black thick line illustrates the tropopause, and the contours depict the zonal wind (m s21) of the piCtrl simulation.
The red dashed line in (a) and (b) marks the tropopause for 4xCO2 conditions. Nonsignificant responses at the 95%
confidence level are stippled. Note that the scaling of the color bar is different between DCOCtrl

2 and DO3.
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Due to CO2-induced ozone changes, the NH polar vortex is
only systematically enhanced at the beginning and at the end of
the period (August–September and February–April). From
November until January, the NH polar vortex is systemati-
cally weaker in 4xCO2Ctrl. However, the standard deviation
(blue shading) is larger than the differences between the
4xCO2 simulations. In the 4xCO2Ctrl simulation, the polar
vortex builds up later and breaks down earlier than in the
4xCO2piO3 simulation. Note also that the final warming itself
happens more abruptly if ozone is changed through 4xCO2 (as
illustrated in Fig. S6 that shows the anomaly of the polar cap
geopotential height at 10 hPa relative to the final warming date
for all three simulations).

Figure 9 indicates that an increase of CO2 leads to a later
vortex breakdown, also known as final warming. The ozone
changes, in contrast, lead to an earlier vortex breakdown. The
distribution of the final warming dates over all individual
years of the simulations is shown in Fig. 10.

Quadrupling of the CO2 concentration postpones the clima-
tologically averaged final warming in the NH by 4 days (see
Figs. 10a,b). Moreover, the spread of the final warming date dis-
tribution in this hemisphere is reduced if the amount of CO2 in
the simulation is higher. In the SH, a shift of the final warming

to a later date is even more evident (see Figs. 10d,e). On aver-
age, the final warming takes place 8 days later in 4xCO2Ctrl in
the SH. The median of the 4xCO2Ctrl distribution is similar to
the 75th percentile of the piCtrl distribution indicating robust-
ness of the delayed vortex breakdown in the SH.

The ozone changes through 4xCO2 shift the distribution to
earlier dates in both hemispheres. In the climatological mean, the
final warming occurs 5 days earlier in the NH and even 7 days
earlier in the SH in the 4xCO2 simulation with changed ozone in
comparison to the 4xCO2 simulation with unchanged (preindus-
trial) ozone. In other words, without ozone changes through
4xCO2, the shift of the final warming dates in a 4xCO2 simula-
tion would be around 2 times larger. Note, that in the SH the
shift between piCtrl and 4xCO2Ctrl is 7 days and between
piCtrl and 4xCO2piO3 it is 15 days. In the SH, the 75th percen-
tile of the distribution in the simulation with changed ozone
(4xCO2Ctrl) is equal to the median of the distribution in the
simulation with unchanged preindustrial ozone (see Figs. 10e,f).

The impacts of CO2-induced ozone changes on the strato-
spheric zonal winds, and in particular on the vortex break-
down date is expected to alter the tropospheric jets via
stratosphere–troposphere downward coupling (see e.g., Byrne
and Shepherd 2018; Ceppi and Shepherd 2019). Figures 6c

FIG. 7. Response of EPFD (colors) and EP flux (arrows) to (a),(b) D4xCO2Ctrl and (c),(d) DO3. Note that for EPFD
only the significant responses on the 95% confidence level are illustrated. The responses are shown for (left) JJA and
(right) DJF. The contours depict the EPFD of the piCtrl simulation. The black line marks the pi-control tropopause,
and the red dashed line marks the 4xCO2 tropopause. Note, unit of the quantity for the horizontal/vertical EP
flux component is m3 m23 hPa21, and that the scaling of the color bar is different between DCOCtrl

2 and DO3.
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and 6d depict that the ozone induced changes of the strato-
spheric polar vortices and easterlies in the SH extend down to
the poleward flank of the EDJ. The negative change of the
zonal wind of the poleward EDJ flank indicates a weakening
of the poleward EDJ shift in DCOCtrl

2 . The stratospheric
negative zonal wind anomaly extends downward especially
in the SH midlatitudes at the end of the vortex season (see

Figs. S3c,d). At this time, the decelerated polar vortex sys-
tematically weakens the EDJ (see Fig. S4) and influences its
position, albeit those changes are not statistically significant
in our model simulations. The CO2-induced poleward shift
is systematically damped in the SH (see Fig. S5). Thus, our
model simulations confirm the results by Nowack et al. (2018)
and Chiodo and Polvani (2019) on the role of ozone changes

FIG. 8. Response of mass streamfunction to (a),(b) DCOCtrl
2 and (c),(d) DO3. This is shown for (left) JJA and

(right) DJF at 70 hPa as a function of latitude. The streamfunction is calculated via the TEM equations (TEM; black)
and with the downward control method for EPFD (red) and GWD (gray), which is the sum of OGWD (green) and
NOGWD (yellow). The sum of all these wave forcings (Total5 EPFD1 GWD) is represented as a blue line.

FIG. 9. Climatological zonal mean zonal wind at 10 hPa and (a) 608N and (b) 608S for the piCtrl (black), 4xCO2Ctrl
(blue), and 4xCO2piO3 simulations (red). The standard deviation of the 4xCO2Ctrl simulation is shown as blue
shading.
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FIG. 10. Distributions of the stratospheric final warming dates for the piCtrl, 4xCO2Ctrl, and 4xCO2piO3 simulations
in the (a)–(c) NH and (d)–(f) SH. The gray dashed lines depict the 25th and 75th percentiles. The gray solid lines denote
the medians.
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in damping the CO2-induced poleward EDJ shift, even though
those changes are not significant in statistical terms in our
model. In general, the link between the stratospheric final
warming date and the position of the tropospheric EDJ in the
following month is consistent with a number of recent studies
(Ceppi and Shepherd 2019; Mindlin et al. 2021).

6. Discussion

We performed dedicated simulations with the EMAC model
to investigate the impact of CO2-induced ozone changes on the
equilibrated stratospheric circulation response to 4xCO2, with
particular emphasis on the BDC, and analyzed the mechanism
responsible for ozone-induced BDC changes. To quantify the
effects of CO2-induced ozone changes, we performed a set of
pi-control and 4xCO2 simulations, in which prescribed ozone
concentrations were either adapted to the new climate state, or
held constant at pi-control conditions.

A key result revealed by our set of simulations is the fact that
CO2-induced ozone changes lead to a statistically significant
damping of the BDC strengthening, which means that the ozone
changes act as negative feedback on the circulation. The damp-
ing of the residual circulation along the shallow branch in sum-
mer is as strong as 20% of the total change and is statistically
significant at the 95% confidence level. In the winter hemisphere,
the relative damping is somewhat weaker and statistically not as
robust. The damping of the CO2-induced shallow branch
acceleration is reflected in a statistically significant ozone-
induced weakening of w* in the lower stratosphere of around
20%. The damping of the residual circulation strengthening is
further reflected in a robustly weaker AoA decrease through-
out the entire stratosphere. The damped BDC strengthening
is also apparent as a damping of the vertical residual veloc-
ity in the tropics, which is overall consistent with the study
of DallaSanta et al. (2021). However, it remains to be shown
how robust the result of the ozone-induced damping of the
BDC strengthening is across different models and model
setups.

The starting point for the mechanism of the weakening of the
CO2-induced BDC acceleration are the thermal effects of the
CO2-induced ozone changes on the meridional tempera-
ture gradient in the lower stratosphere. This is an effect of
reduced radiative heating through decrease of ozone in the
lower tropical stratosphere and enhanced radiative heating
through increase of ozone in the extratropical and tropical up-
per stratosphere. While the overall temperature response is
only in parts due to radiative effects (Dietmüller et al. 2014),
the statistically significant temperature response pattern (see
Fig. 5) is proportional to the ozone-induced absorption of short-
wave radiation. Offline radiative calculations or dedicated
model experiments would be necessary to quantify the temper-
ature response that is directly attributed to the ozone changes
in absence of dynamical heating/cooling. Further, such calcula-
tions could reveal the relative role of the weakened tropical
lower stratospheric heating versus the enhanced extratropical
heating in inducing the change in the meridional temperature
gradient.

The radiative heating/cooling in the stratosphere might fur-
ther be influenced by changes in the amount of stratospheric
water vapor (see e.g., Maycock et al. 2013, 2014). The changes
of ozone lead to a relative decrease of the specific humidity
of around 15%–20% in the stratosphere (see Fig. S2b).
Maycock et al. (2013) showed that a uniform increase in
water vapor leads to changes in the circulation, namely, in-
creases in the zonal mean wind in the lower stratosphere. Thus,
the ozone-induced decrease of water vapor might contrib-
ute to the decrease in lower stratospheric winds as found
here, and it remains to be quantified how large the contribu-
tion of water vapor changes to the dynamical changes, which
are reported here, are. The effect of ozone changes on strato-
spheric water vapor was also found by Dietmüller et al. (2014)
and Nowack et al. (2018), who explained it with a lower tropi-
cal cold point temperature. However, it is worth mentioning
that the stratospheric water vapor in our 4xCO2piO3 simula-
tion is probably affected by too high ozone mixing ratios in the
upper tropical troposphere. Quadrupling of the CO2 mixing
ratio lifts the tropopause, but in our 4xCO2piO3 simulation the
ozone distribution does not change. Therefore, the ozone mix-
ing ratios in the upper troposphere are biased high, leading to
too high temperatures in this region. This leads to a too warm
tropical cold point, which causes an increased water vapor intru-
sion into the stratosphere. Furthermore, dedicated model experi-
ments revealed a substantial impact of ozone transport at the
tropical tropopause layer on the tropical cold point (e.g., Birner
and Charlesworth 2017; Charlesworth et al. 2019). However,
Nowack et al. (2018) found that the tropical tropopause bias was
not the dominant factor for the stratospheric water vapor dif-
ferences in these types of simulations. Additionally, in the
present study the response of the temperature and of the zonal
wind in the lower stratosphere is quantitatively consistent with
those shown by Nowack et al. (2018), who use simulations with
interactive ozone chemistry instead of prescribed ozone fields as
in our simulations. This indicates that despite the use of pre-
scribed ozone fields, as necessary for the disentanglement of the
role of ozone changes, our results are unlikely to be falsified by
the possible artifact around the tropopause.

The ozone-induced change of the radiative heating rates
in the lower stratosphere is, via thermal wind balance, con-
sistent with a weaker and less persistent polar vortex, espe-
cially in the SH. This negative wind anomaly in winter
extends down to the troposphere and leads to a damping of
the GHG-induced poleward shift of the EDJ. In the SH, the
stratospheric easterlies strengthen with high statistical confi-
dence due to stronger meridional temperature gradient in the
lower stratosphere, induced by ozone radiative heating. In
winter, the dominant zonal winds in the middle stratosphere
are also affected by wave forcing: The polar vortices weaken
systematically consistent with enhanced planetary wave break-
ing. This stronger wave forcing at the polar vortices results in a
systematic enhancement of the residual circulation in the up-
per stratosphere. In contrast, the wave activity at the STJ is
weakened by ozone changes, resulting in a damping of the
CO2-induced acceleration of the shallow BDC branch.

The mechanism for the effects of CO2-induced ozone changes
on the BDC are in parts similar to the well-known effects of
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CFC-induced Antarctic ozone depletion on the BDC (e.g.,
Abalos et al. 2019). In both cases, stratospheric ozone
changes induce modifications of the meridional temperature
gradient locally through radiative heating by ozone. However,
in the case of GHG-induced ozone changes, both tropical as
well as extratropical lower stratospheric ozone changes contrib-
ute to the changes in the meridional temperature gradient,
while in the case of CFC-related Antarctic ozone depletion
high-latitude ozone decreases in spring dominate. The quantifi-
cation of the ozone-related damping of the CO2-induced BDC
strengthening might even be underestimated in our study since
we do (by design) not quantify the effects of ozone changes on
surface warming. It has been shown that CO2-induced tropo-
spheric warming might be weakened when taking ozone
changes into account (Dietmüller et al. 2014; Nowack et al.
2015). Since the GHG-induced BDC strengthening is closely
linked to tropical tropospheric warming (e.g., Abalos et al.
2021) leading to a stronger vertical wind shear by thermal wind
balance, which alters the wave propagation and dissipation con-
ditions (e.g., Abalos et al. 2021). Thus, weaker tropospheric
warming in the tropics would further add to the damping of the
BDC strengthening as long as the tropical troposphere is cooled
by the CO2-induced ozone changes. The prescribed ozone and
SST fields in our uncoupled model simulations were produced
by EMAC simulation with a full chemistry-climate model
including ocean coupling. Thus, the 4xCO2Ctrl simulation
does not incorporate any effects of ozone changes on tropo-
spheric warming. However, the difference to the 4xCO2 sim-
ulation with preindustrial ozone field only quantifies the
effects of ozone changes via stratospheric heating/cooling,
while the contribution of ozone-induced surface tempera-
ture changes to the BDC strengthening is left for future
studies to be quantified.

7. Conclusions

Our study complements a number of recent publications
that aim to quantify the role of stratospheric ozone in modi-
fying the atmospheric response to CO2 forcing. Our main

focus is on modifications of stratospheric circulations by
ozone changes, which have so far not been analyzed in de-
tail. We find that ozone changes act as negative feedback by
damping the GHG-induced BDC strengthening by about
20%. This is detected both via the residual circulation and
tropical upwelling in the lower to midstratosphere (from
;100 to 5 hPa), as well as by a statistically significant reduc-
tion of the decrease in stratospheric mean AoA throughout
the stratosphere. The damping of the tropical upwelling has
been noted before by DallaSanta et al. (2021). Here, we
further investigate the mechanism for this damping of the
BDC, which is caused by reduced tropical cooling and ex-
tratropical warming in the lower stratosphere through
ozone changes, acting to reduce zonal mean zonal winds
via thermal wind balance. In summer, stratospheric easter-
lies are enhanced, attenuating vertical wave propagation,
and resulting in a weaker shallow branch of the BDC. In
winter, changes are generally less statistically significant
and more complex, caused by weaker thermal effects of
ozone due to the absence of shortwave radiation as well as
by the far stronger variability in winter. While wave forcing
is reduced in the lower stratosphere, contributing to the BDC
damping, we find systematic increases in vertical wave propa-
gation into the midstratosphere. Enhanced planetary wave
breaking in the high latitude mid stratosphere during winter
weakens the polar vortices by stronger wave–mean-flow inter-
action. However, the lower to midstratospheric damping of
the BDC dominates changes in transport (as diagnosed via
AoA) throughout the stratosphere and all seasons.

Moreover, we find that the modifications of zonal mean
winds via ozone result in an earlier stratospheric final warming,
thus damping the CO2-induced prolongation of the polar vortex
period by up to 50% in the SH. The shortening of the polar vor-
tex period due to ozone changes is a result of the damping of
the CO2-induced strengthening of the polar vortices.

Overall, these findings underline the importance of the
role of ozone for the circulation response to increasing CO2

mixing ratios, indicating that ozone-circulation coupling

TABLE A1. List of MESSy submodels that are used for dynamics, clouds, and diagnostics in the simulations of our study.

Submodel Description Reference(s)

AEROPT Aerosol optical properties Dietmüller et al. (2016)
CLOUD ECHAM5 cloud scheme as MESSy submodel Roeckner et al. (2006, and references therein)
CLOUDOPT Cloud optical properties Dietmüller et al. (2016)
CONVECT Convective parameterization Tost et al. (2006)
CVTRANS Convective tracer transport Tost (2006)
E5DIFF ECHAM5 vertical diffusion scheme as MESSy submodel Roeckner et al. (2006, and references therein)
GWAVE ECHAM5 gravity wave parameterization as MESSy submodel Baumgaertner et al. (2013)
ORBIT Earth orbital parameters as MESSy submodel Roeckner et al. (2006, and references therein)
OROGW ECHAM5 gravity wave parameterization as MESSy submodel Roeckner et al. (2006, and references therein)
PTRAC Define additional prognostic tracers via namelist Jöckel et al. (2008)
QBO Newtonian relaxation of quasi-biennial oscillation Giorgetta and Bengtsson (1999), Jöckel et al. (2006)
SURFACE ECHAM5 surface scheme as MESSy submodel Roeckner et al. (2006, and references therein)
TNUDGE Newtonian relaxation of species as pseudoemissions Kerkweg et al. (2006)
TROPOP Tropopause and other diagnostics Jöckel et al. (2006)
VAXTRA Vertical axes transformations (for output) Unpublished
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generally damps the atmospheric circulation response. This
might have important consequences for understanding in-
termodel differences in the circulation response, and gener-
ally shows that a realistic representation of ozone in climate
models is essential not only for its impact on chemistry, but
also because it has a considerable effect on atmospheric
temperatures and circulations.
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APPENDIX

Description of Some Submodels

This appendix contains additional material to section 2.
Table A1 shows short descriptions and references of the sub-
models that are used for dynamics, clouds, and diagnostics.
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