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ABSTRACT: The acceleration of the Brewer-Dobson circulation is one of the most robust impacts on the atmospheric
circulation of increasing levels of carbon dioxide (CO,). However, a complete understanding of the mechanisms leading to
that acceleration is as yet incomplete. Here, using a single-model framework, we separate and quantify three largely inde-
pendent pathways that lead to Brewer—Dobson circulation (BDC) acceleration under an abrupt 4 X CO, forcing: the
warming of sea surface temperatures (SSTs), the cooling of the stratosphere from direct radiative forcing, and the composi-
tion feedbacks associated with changes of the ozone layer, each of which is caused by increased CO,. We accomplish this
by contrasting NASA Goddard Institute for Space Studies (GISS) model E2.2 simulations in fully coupled and atmo-
sphere-only configurations. First, we validate our methodology and demonstrate that the response in the fully coupled
model can be simulated as the linear sum of contributions from warmer SSTs, direct radiative effects, and ozone changes.
Second, we show that while surface warming induces ~85% of the BDC acceleration, its impact is limited to the lower
stratosphere. By comparison, in the upper- and midstratosphere, the BDC response is dominated by changes due to direct
radiative forcing from CO, (80% of the acceleration at 10 hPa). Third, we find that changes in ozone lead to a deceleration
of the BDC, nearly canceling the acceleration by the CO, direct radiative forcing in the mid-lower stratosphere (30-70 hPa).
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1. Introduvction

Recent studies have highlighted the importance of ozone
adjustments in the atmosphere’s response to increased carbon
dioxide (CO,). These adjustments, i.e., the changes in ozone
caused by increasing concentrations of CO,, may not only
modulate climate sensitivity (Nowack et al. 2015; Marsh et al.
2016) but also the aspects of “dynamical sensitivity” (Grise
and Polvani 2016), including the position and strength of the
midlatitude eddy-driven jets (Chiodo and Polvani 2017; Chiodo
et al. 2018), with potential impacts on the ocean circulation in
both the Southern Hemisphere (Li and Newman 2023) and
North Atlantic (Orbe et al. 2024). Typically, ozone adjustments
act to reduce the response of the climate system to increased
CO,.

For example, Chiodo and Polvani (2017) show that ozone
changes under 4 X CO, induce a weakening and equatorward
shift of the tropospheric eddy-driven jet in the Southern Hemi-
sphere (SH), which directly opposes the jet’s well-known strength-
ening and poleward shift in response to increased CO, (Kushner
et al. 2001; Barnes and Polvani 2013). In addition to the
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troposphere, Chiodo and Polvani (2019) hint at ozone hav-
ing a significant impact on stratospheric circulation as well.
This growing body of research suggests that, while not pre-
sent in most climate models, ozone adjustments can sub-
stantially modify the atmospheric circulation’s response to
increased CO,.

While previous studies have focused on the impacts of
ozone adjustments on stratospheric temperatures and the SH
tropospheric midlatitude jet, their impacts on the Brewer—
Dobson circulation (BDC) have received less attention. This
is despite growing evidence that the BDC response to climate
change might be more complex than initially considered. In
particular, while models consistently project an overall accelera-
tion of the BDC with increasing CO, concentrations (Butchart
et al. 2010), much uncertainty remains as to the vertical structure
of this response, notably regarding which mechanisms may con-
trol the response of the shallow versus deep branches of the
BDC (Abalos et al. 2021).

Previous studies have taken initial steps toward disentan-
gling these mechanisms. Garny et al. (2011) first showed that
an increase in stratospheric tropical upwelling in response to
greenhouse gas forcing is primarily driven indirectly by tropi-
cal surface warming. Subsequently, Oberldnder et al. (2013)
identified that the direct radiative impact of greenhouse gases
on the BDC is limited to the upper stratosphere. Following
this line of inquiry, Chrysanthou et al. (2020) used an atmo-
sphere-only model with independently prescribed sea surface
temperatures (SSTs) and CO, concentrations to show that
global surface warming drives 70% of the increase in mass
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TABLE 1. List of simulations included in the experimental design.
Configuration Notation CO, SST (O

Coupled piControlepiq 1 X CO, Interactive Interactive
(4 X CO2)cpia 4 X CO, Interactive Interactive

Atmosphere only piControl,mos 1 X CO, piControl g piControl g
(4 X COZ)atmos 4 X COZ (4 X CO2)cpld (4 X CO2)cpld
RAD o0 4 X CO; piControlepig piControlcyiq
SST::;E,?Z 1 X CO, (4 X CO2)cpia piControlcpig
O3gt>|<11co(s)z 1 X C02 piCOHtl‘Olcpld (4 X COZ)cpld

flux at 70 hPa under abrupt 4 X CO, forcing. In contrast, at
10 hPa, the role of direct radiative CO, cooling is comparable
to the role of SSTs (Chrysanthou et al. 2020), highlighting the
importance of the rapid adjustment of stratospheric tempera-
tures in accelerating the deep branch of the BDC. With that
said, stratospheric ozone was kept at preindustrial levels in all
their simulations, so the role of ozone adjustments could not
be evaluated in that study.

That role was originally noted in DallaSanta et al. (2021),
who showed that ozone adjustments dampen the BDC accel-
eration in response to increased CO,. However, that finding
was somewhat incidental in their study which focused, rather,
on the impacts of ozone adjustments on the quasi-biennial os-
cillation. In contrast, the more recent study of Hufnagl et al.
(2023) focused explicitly on quantifying how ozone adjust-
ments impact the BDC under abrupt 4 X CO, forcing. Com-
paring the BDC acceleration in an atmosphere-only model
with and without concurrent ozone changes, they confirmed
that the presence of interactive ozone dampens the BDC
response to increased CO,, by roughly 20% in their model.
Both studies further showed that the damping of the BDC by
ozone adjustments is vertically dependent, operating mainly
between 15 and 40 hPa and below 20 hPa in DallaSanta et al.
(2021) and Hufnagl et al. (2023), respectively.

Finally, in a recent paper, Calvo et al. (2025) examined the
times scales of the response of the BDC to abrupt 4 X CO,
forcing, comparing the fast and slow responses in two configu-
rations of their model: a fully coupled configuration (i.e., with
an interactive ocean component and progressively warming
SSTs) and a fixed-SST atmosphere-only configuration (i.e.,
with prescribed preindustrial SSTs). They reported that both
the shallow and the deep branches of the BDC respond on
relatively fast time scales (i.e., within the two decades after
CO, quadrupling) and confirmed the findings of Chrysanthou
et al. (2020) that in the shallow branch, acceleration is domi-
nated by the warming SSTs, while the direct radiative cooling
of the stratosphere by CO, is important in the deep branch.
Unlike Chrysanthou et al. (2020), however, the model employed
by Calvo et al. (2025) included interactive ozone chemistry, so
that the role of stratospheric ozone adjustments on the BDC re-
sponse was indeed accounted for, although it could not be sepa-
rately quantified.

In summary, these previous studies suggest that the BDC
response to increased CO, is 1) vertically dependent 2) with
different mechanisms controlling the responses of the deep

and shallow branches and 3) sensitive to adjustments from ozone.
These findings, however, have been obtained by independent
groups working with models in somewhat different configurations.
As such, a clean quantitative comparison of the relative im-
portance of each mechanism, within a single and self-consistent
model framework, is still lacking.

To this end, we here perform the first complete and consistent
decomposition of the BDC response to abrupt CO, forcing into
three distinct components: the direct radiative cooling of the
stratosphere, the warming of the SSTs, and the changes of
stratospheric ozone. We first run the model in a fully coupled
configuration (i.e., with coupled atmosphere and ocean com-
ponents and with prognostic ozone concentrations) subjecting
the preindustrial climate state to an abrupt 4 X CO, forcing.
Using this output, we then run the atmosphere-only model
and demonstrate in section 2 that specifying the increased at-
mospheric CO, concentrations, warmer SSTs, and the ozone
changes from the coupled configuration yields a nearly identi-
cal result. Having validated the decomposition, in section 3,
we document and quantify the relative importance of each
mechanism on key features of stratospheric circulation. A
summary of our results is presented in section 4, together with
some discussion.

2. Methodology and validation
a. Model configurations and simulations

In this study, we present output from seven simulations in
two configurations of the NASA Goddard Institute for Space
Studies model E2.2 (GISS-E2.2) “middle atmosphere” (Rind
et al. 2020; Orbe et al. 2020), see Table 1. Relative to the
lower-top GISS Coupled Model Intercomparison Project
phase 6 (CMIP6) climate model submission, GISS-E2.2 was
optimized for stratospheric processes through incorporation
of higher vertical resolution, a higher model top, and a more
complete parameterization of nonorographic gravity wave
drag, leading to an interactive quasi-biennial oscillation.

The first configuration couples the model’s atmosphere,
ocean, sea ice, and land components. Two simulations use this
coupled configuration: a control simulation, where all composi-
tions are held at their preindustrial levels (piControl,q), and a
climate change simulation, where the CO, is abruptly quadru-
pled and held constant for 150 years, denoted (4 X CO,)cpia. For
completeness, we show the resulting temperature changes in
Figs. 1 and 2, where one can see the familiar stratospheric
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FIG. 1. Zonal-mean DJF climatology (black contours) and re-
sponse (colored shading) to an abrupt 4 X CO, in the last 50 years
of a 150-yr simulation of (a) SSTSs (C) and (b) ozone (DU). Note,
the response of the ozone is shown relative to the climatological
values.

cooling and tropospheric warming (Fig. 2a) and the global
warming at the surface with the expected North Atlantic warm-
ing hole (Fig. 1a).

In both the control and perturbation simulations of this
coupled climate configuration, ozone responds to CO, follow-
ing the linearized ozone (“LINOZ”) scheme, introduced by
McLinden et al. (2000), such that the ozone tendency is, to
first order, parameterized as a function of the local ozone
mixing ratio, temperature, and overhead column ozone. In
GISS-E2.2, the simplified LINOZ parameterization is applied
throughout the whole atmosphere and has been shown to ade-
quately produce the structure of ozone response resulting
from a more comprehensive configuration with full interactive
chemistry (DallaSanta et al. 2021). Particularly relevant for
this study is that the LINOZ scheme accurately captures all
the key features of the ozone’s response to 4 X CO,, notably
the decrease in the tropical lower stratosphere and the increase
in the upper stratosphere and in the polar regions (Fig. 1b).
This pattern of ozone change with CO, is robust across various
climate models (Chiodo et al. 2018; Hufnagl et al. 2023).

The second configuration of our model is used to perform
the remaining five simulations: Here, only the atmospheric
component is used, and it is forced with prescribed atmo-
spheric composition and SSTs. The first two simulations
mimic those performed with the coupled climate configura-
tion. One is a control simulation (piControl,yes) in which we
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hold both the atmospheric composition and the SSTs at their
preindustrial values; the other is an abrupt climate change
simulation (4 X CO3)atmos in Which CO, is abruptly quadru-
pled and held constant, while the SSTs and ozone fields are
prescribed from the (4 X CO,)cpiq output. We emphasize that
all other natural and anthropogenic forcings are kept at prein-
dustrial values in all simulations.

The three remaining atmosphere-only simulations are de-
signed to isolate the respective impacts of three key drivers
under consideration: direct radiative CO, forcing, surface
warming, and stratospheric ozone adjustments to increased
COs,. In each simulation, we prescribe drivers using the out-
put from the (4 X CO;)cpig, While holding the other drivers
and all other forcings at their preindustrial levels. Specifi-
cally, to test the role of direct radiative CO, forcing, in the
RAD:?,,SS2 simulation, only CO, concentrations are abruptly
quadrupled, while the SSTs and ozone are kept at their control
values. And likewise, in the SSTi:mC,SZ and 031:,&02 simulations,
we only prescribe the SSTs and the ozone from the (4 X CO5)cpiq
simulation, respectively, and keep everything else as in the piCon-
trol,mes Simulation.

All model simulations analyzed in this paper are 150-yr
long, and we emphasize that in each of the atmosphere-only
simulations, the full transient structure of the individual driv-
ers is prescribed from the corresponding coupled run. For in-
stance, the SST::,‘CO?Z simulation is driven with the entire
monthly time series of SSTs from the fully coupled simulation
with quadrupled CO, levels and likewise for the prescribed
ozone field in 03::,10?2. Additionally, the prescribed fields are
three-dimensional, varying in longitude as well as latitude and
level, which impacts key circulation features (Albers and
Nathan 2012; Ivanciu et al. 2021). Although one could simply
use the zonal-mean steady-state response of SSTs and ozone
to abrupt 4 X CO, forcing, as is done in Hufnagl et al. (2023),
maintaining the zonal and transient structure of these fields al-
lows us to precisely determine how faithfully the atmosphere-
only model with prescribed SSTs and ozone is able to replicate
the fully coupled response (see below).

While our atmosphere-only simulations were designed to
maximally reproduce the coupled ones, for the sake of brev-
ity, we have decided to focus here only on the “equilibrium”
response. Such response is calculated as the difference be-
tween a forced simulation, averaged over the last 50 years,
and its respective control run, averaged across the entire time
series. Statistical significance is then determined using a 95%
confidence interval two-tailed Student’s ¢ test. We denote the
response of variable  under forcing F as A, F, so, for instance,
the response of ozone to quadrupled CO; in the fully coupled

model is AOX (4 x COZ)Cpld.

b. Validation of the decomposition

Before examining the individual impacts of direct radiative
CO, forcing, SST warming, and ozone changes on the BDC,
we seek to validate our methodology. The first step consists of
determining to what degree the response to 4 X CO, forcing
in the atmosphere-only model reproduces the fully coupled
response when carbon dioxide, SSTs, and ozone from the fully
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coupled model are prescribed in the atmosphere-only model.
In other words, we seek to demonstrate that

A4 X CO,) L ~ A (4XCO,) )

cpld atmos”
For the variables x, we examine the atmospheric temperature
T, the zonal wind u, and the residual mass streamfunction d/*,
whose December-February (DJF) responses are shown in
Figs. 24, respectively [see Figs. S2-S4 in the online supple-
mental material for the June-August (JJA) response]. Con-
trasting panels a and b in Figs. 24, it becomes clear that the
atmosphere-only model configuration closely reproduces the
atmosphere’s response to CO, in the coupled model
configuration.

Specifically, comparison of the atmosphere-only model re-
sponse with that of the coupled model (Fig. 2d) shows that
the former captures ~90% of the warming in the troposphere,
including the well-known enhanced warming in the tropical
upper troposphere and the enhanced warming over the Arctic
in lower troposphere (Arctic amplification). It also captures
~98% of the strong cooling in the stratosphere that maxi-
mizes at about 2 hPa (Figs. 2a,b). The difference between
A7(4 X CO3)epia and A(4 X CO3)atmos, shown in Fig. 2d, is
smaller than one degree nearly everywhere.

Additionally, the atmosphere-only model reproduces the
strengthening of the polar vortex, the weakening of the
stratospheric summer easterlies (see above 10 hPa between
30° and 80°S), the strengthening of the subtropical jets, and

the poleward shift of the eddy-driven jet in both hemi-
spheres (Figs. 3a,b). Again, the differences between coupled
model and atmosphere-only model are much smaller than
the response itself (Fig. 3d).

And, last, the atmosphere-only configuration yields the
same notable changes in the meridional circulation as the cou-
pled configuration, in particular the acceleration of the BDC
in the winter hemisphere (Figs. 4a,b). Only minute differences
can be seen—in the lowermost stratosphere—between the
coupled and atmosphere-only response (Fig. 4d).

Despite an overall good agreement, the atmosphere-only
configuration shows a subtly enhanced atmospheric circula-
tion response to 4 X CO, in certain locations. Note, in partic-
ular, a relatively larger strengthening of the stratospheric
polar vortex and upper-tropospheric subtropical zonal wind
(Fig. 3d). It is possible that, since those responses come from
averaging only five decades, some internal variability may lie
behind the small discrepancies in the circulation response
between the coupled and atmosphere-only configurations.
The polar stratosphere in winter, in particular, is highly vari-
able, and a different number of sudden warmings would be
enough to produce such the difference we are seeing. None-
theless, for the purposes of understanding the BDC response
to CO; increases, we consider the differences minor and pos-
sibly the result of an interactive versus prescribed ozone field
(Ivanciu et al. 2021). Also note that while our atmosphere-
only configuration faithfully simulates the 4 X CO, response
in the coupled configuration, the coupled model response is
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likely to be somewhat model dependent. For instance, the nota- Having established that the atmosphere-only model accu-
ble strengthening of the polar vortex is not consistent across cou-  rately reproduces the stratospheric response of the coupled
pled climate models (Karpechko et al. 2022). The focus of our model, we now need to address the question of additivity. In
study is not to explain or even enumerate model-dependent re-  other words, before discussing the individual responses to the
sults but rather to confirm the idealized configurations are repre-  three key drivers that are the subject of this paper, we need to
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in the atmosphere only-model and subsequently added together,
their sum is similar to the one obtained by prescribing the driv-
ers at the same time in the same model. That is, we seek to dem-
onstrate that

4XCO.
atmos

4xco,
atmos

AX(4 X CO,) ~A RAD *+ A SST

atmos

4XCO,
3atmos

+A40 ?2)
where y stands, again, for one of T, u, or 111*. We emphasize
that the validity of Eq. (2) has been implicitly assumed in pre-
vious studies (e.g., Chrysanthou et al. 2020; Hufnagl et al.
2023), whereas we here explicitly test it to validate the
methodology.

As seen by contrasting panels b and c in Figs. 24, the re-
sponse when the three drivers are specified together (panel b
in Figs. 2-4) is very close to the sum of the responses to the
three drivers specified individually (panel c in Figs. 2-4). This is
confirmed by the fact that the differences between the right- and
left-hand sides of Eq. (2)—shown in panel e of Figs. 24—
are largely insignificant and likely due to internal variability.
We, therefore, conclude that our methodology is sound, in the
sense that the responses to the individual drivers (especially for
the residual mass streamfunction) are robustly additive. Note,
this additive nature may be a model-dependent result in of itself,
and we advise its validation before the methodology is replicated
in other models. Armed with this, we are now ready to discuss

how the individual drivers affect the BDC under abrupt 4 X
CO, forcing.

3. Decomposition of response

Now that we have confirmed the validity of our decomposi-
tion, we are ready to analyze the individual forcing simulations
to compare in detail the relative impacts on the stratospheric
circulation from the direct radiative CO, forcing, surface
warming, and interactive ozone. It is useful to start by con-
sidering the temperature response to these forcings and the
winds that are tied to temperature via thermal wind balance.
As seen in Fig. 5, all three forcings impact stratospheric tem-
peratures, but they do so in very different ways. The direct
radiative CO, forcing accounts for nearly all stratospheric
cooling and strongly increases with height from the tropopause
to 1 hPa (Figs. 5a,d). In contrast, surface warming accounts for
most of the tropospheric warming and also for considerable
warming (1-3 K) in the stratosphere’s mid-lower subtropics
and midlatitudes and upper-level poles (Figs. 5b,e). As for
ozone changes due to increased CO,, while they induce a rela-
tively smaller temperature response compared to the other
forcings, they still have a significant impacts in both the tropical
lower stratosphere, where they lead to cooling [as noted previ-
ously by Chiodo and Polvani (2019), Hufnagl et al. (2023)],
and the upper stratosphere, where they lead to warming
(Figs. 5¢,f).
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As expected, the impacts of individual forcings on atmo-
spheric temperature are associated with response patterns in
the zonal winds. First, it is clear that the forcing from surface
warming dominates the zonal winds’ response, as seen in
Fig. 6. It strengthens the stratospheric polar vortex by about
8-10 m s~ ! in the midstratosphere (~10-40 hPa), strengthens
the subtropical jet by a similar magnitude, shifts the tropo-
spheric eddy-driven jet poleward, and reduces the summer
easterlies (Figs. 6b,e). In the subtropical upper troposphere
lower stratosphere (UTLS), these zonal wind responses are
associated with an upward shift of the meridional temperature
gradients (Figs. 7b,e): Between 30°S and 30°N and above 200 hPa,
the upper flanks are enhanced and lower flanks are reduced.
This overall pattern of change is consistent with a lifting of the
tropopause (see discussion below) and associated with en-
hanced meridional temperature gradients in the subtropics
between 40 and 100 hPa (Figs. 7b.e).

Second, the direct radiative CO, forcing also acts to strengthen
the stratospheric polar vortex, albeit to a lesser degree (Figs. 6a,d).
Unlike the surface warming, the direct radiative CO, forcing
weakens the subtropical jet in JJA, and its impact on the sum-
mer easterlies is latitudinally dependent, characterized by a
strengthening at lower latitudes and a weakening at higher lat-
itudes. The weakening of the summer easterlies at higher lati-
tudes is related to reduced meridional temperature gradients
in the upper stratosphere (Figs. 7a,c). Since most of the me-
ridional temperature gradients’ response occurs higher in the
stratosphere, only a minimal statistically significant response
is seen at the 40-100-hPa level (Figs. 7a,d).

Third, interactive ozone affects the zonal wind response to
quadrupled CO, concentrations, with larger seasonality that
can also be connected to the meridional temperature gra-
dients. Confirming the finding of Hufnagl et al. (2023), the
summer easterlies strengthen in the extratropical lower strato-
sphere where the meridional temperature gradients are en-
hanced (Figs. 6 and 7c,f). Meanwhile, in the winter hemisphere,
we see a slight weakening of the stratospheric polar vortex in ex-
tratropical midstratosphere, associated with reduced meridional
temperature gradients in the same region, about 45°-60° above
100 hPa. Note that while we expect a strong relation between
the responses of the zonal winds and meridional temperature
gradients via thermal wind balance, our analysis does not imply
any causality.

These changes in zonal wind are accompanied by changes in
wave propagation that couples to the mean flow. To diagnose
any connection, we consider the critical latitude (¢¢—¢) at which
the zonal winds cross zero, as an approximation to the latitude
of wave breaking (Hardiman et al. 2014). Most notably, we find
that surface warming induces an equatorward and upward shift
of ¢y—o in both seasons and in both hemispheres (see the blue
lines in Figs. 6b,e). This shift in ¢y—o implies enhanced wave
propagation at lower latitudes which could induce a BDC accel-
eration (Shepherd and McLandress 2011). In contrast, we find
no significant response of ¢—¢ for the other two forcings: Direct
radiative CO, forcing might induce a slight poleward shift of
dy—o (Figs. 6a,d), but change in ¢y—o due to the interactive
ozone adjustment appears negligible (Figs. 6¢.,f). As a conse-
quence, we conclude that any BDC response to direct radiative
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FIG. 7. As in Fig. 5, but for the meridional temperature gradient (9 7/9¢)(K N 1). Positive and negative values denote poleward and equatorward
increases in the gradient, respectively.

CO, forcing or interactive ozone simulations is unlikely to be re-
lated to the response of the subtropical UTLS zonal winds.

The computed BDC response itself, for each of the individ-
ual forcings, is shown in Fig. 8: It is clear that all three forcings
contribute, but not all cause an acceleration. The direct radia-
tive CO, forcing and surface warming induce a BDC accelera-
tion but in very different ways. While the impact of surface
warming is larger overall, it is confined to the lower stratosphere,
below about 20 hPa (Figs. 8b,e). The direct radiative CO, forc-
ing, instead, causes more uniform acceleration throughout the
stratosphere (Figs. 8a,b).

In contrast to the changes due to direct radiative CO, forcing,
COy-induced ozone changes weaken the residual meridional cir-
culation (Figs. 8c.f). This weakening is statistically significant in
both the summer and winter seasons and reaches into the mid-
stratosphere to about 10 hPa. This key result—the deceleration
of the BDC by the ozone changes associated with increased
CO,—provides an independent confirmation of the major find-
ing of Hufnagl et al. (2023). In fact, our simulations show a
slightly stronger statistical significance than theirs.

To better illustrate how the response of the circulation to the
individual forcings relates to the width of the tropical upwelling
region in the stratosphere, Fig. 8 also shows the turnaround lat-
itudes of the residual-mean meridional streamfunction (¢ra)
(Rosenlof 1995), which delimit the tropical upwelling region.
Most notably in response to surface warming, we note a slight
narrowing of the upwelling in the lower stratosphere, consis-
tent with the atmosphere’s coupled response to 4 X CO,
(Menzel et al. 2023). However, no significant narrowing or

widening of the upwelling region is found for the other two
forcings. These differing changes in the width of upwelling be-
tween the three perturbation simulations are consistent with
the response of the critical latitudes shown in Fig. 6.

Next, we quantify how much of the residual streamfunction’s
strengthening may be reflective of tropospheric vertical expan-
sion. Recall that since the tropopause rises in response to CO, a
simple upward shift of the residual streamfunction would present
a strengthening of the stratospheric circulation (Oberldnder-Hayn
et al. 2016). We explore this possibility by plotting the response of
the tropopause pressure (p7) to each of the forcings, see Fig. 9.
Note the figure shows the response multiplied by —1 so that a
positive change indicates an upward shift of the tropopause,
and vice versa. As one might have guessed, the rising of the
tropopause is largest under surface warming (Figs. 9b.e): pr
drops by about 10 hPa at nearly all latitudes except at 30°N/S
where the tropopause climatologically slopes downward. The
direct radiative CO, forcing also contributes to the rising of
the tropopause, with a maximum impact in the subtropics
(~10 hPa) and at higher latitudes (not shown). In both of these
cases, the tropopause response (upward) is consistent with the
response of the residual streamfunction (i.e., strengthening).
However, this is not the case in response to interactive ozone.
While latitudinally dependent, under ozone forcing, the tropo-
pause rises in the tropics by about 2-4 hPa (Figs. 9c,f) even
though this is accompanied by a weakening of the residual
streamfunction in the tropical lower stratosphere.

To better calculate the residual streamfunction’s sensitivity to
the tropopause lifting, we transform the residual streamfunction
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latitudes (¢4 ) for the control and forced simulations, respectively.

according to that introduced by Singh and O’Gorman (2012) W (P, p, ) = W, Bp, 1), 3)
for zonal and meridional winds and subtract the climatologi-
cal field. That is, we transform the meridional streamfunc- where 3 is a scaling parameter such that 8 > 1 denotes an up-

tion as ward vertical shift. Instead of deriving the transformation’s
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FIG. 9. As in Fig. 5, but for the tropopause pressure (p7) (hPa). The red lines show the response, and the black lines show the climatol-
ogy (with the ordinate axis to the right). Circles indicate statistical significance of the response at a 95% confidence interval. Note, the fig-
ure shows the response multiplied by —1 so that positive values indicate a rising of the tropopause.
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scaling number using a thermodynamic argument, as is done
in Singh and O’Gorman (2012), we derive it via the change in
tropopause pressure, presenting the tropopause-relative re-
sponse. We then define the component of residual streamfunc-
tion response that is insensitive to the lifting of the tropopause
as the residual between the tropopause-relative and total
responses.

At first glance, the residual streamfunction’s acceleration
due to surface warming is significantly reflected in the upward
shift of the tropopause (Fig. 10b). This is particularly true in
the UTLS. Even so, the tropopause shift does not account for
all of the residual streamfunction’s response (Fig. 10e), which
differs from the conclusion of Oberldnder-Hayn et al. (2016).
In contrast to surface warming, change in the tropopause
pressure has a minimal and statistically insignificant impact on
the residual streamfunction’s response to both the direct radiative
CO, forcing and the CO,-induced ozone changes (Figs. 10a,c).
We see this in how the component of response insensitive to
the tropopause (Figs. 10d.f) well replicates that of the total re-
sponse (Figs. 8a,c). Especially in the ozone perturbation simula-
tion, the residual streamfunction’s sensitivity to the tropopause
opposes its overall response by driving an acceleration (Fig. 10c)
rather than a weakening (Fig. 8c). Although Fig. 10 only pre-
sents the DJF response, results are consistent for JJA, see
Fig. S6. We also find consistent results when considering the
zonal-mean zonal wind (Figs. S7 and S8).

Finally, to quantify the strength of the BDC response at
each level with a single number under each individual forcing,
we evaluate the upwelling strength metric . (Menzel et al.
2023). At each pressure level, i, is calculated as the sum of
the absolute magnitude of the residual streamfunction at the
turnaround latitudes ¢a. The metric 1[1; therefore, defines

ax?

the residual streamfunction’s magnitude using its extremum
(Menzel et al. 2023). This metric is similar in nature to the up-
ward mass flux diagnostic used by Rosenlof (1995).

Figure 11 shows the response of ¢, under each individual
forcing. The direct radiative CO, forcing induces a strength-
ening at all levels in the stratosphere; the response is largest
in the mid-lower stratosphere, about 0.25 (10°) kg s * up to
15 hPa (Figs. 11a,d). Similarly, surface warming induces a
strengthening of ;. with a maximum value of 3 (10°) kg s '
in the lowermost stratosphere (Figs. 11b,e). Even though we
see a small, albeit significant, impact above 5 hPa, the surface
warming’s predominant impact on the BDC strength is largely
confined to below 20 hPa in DJF and below 40 hPa in JJA
(Figs. 11b.e).

In contrast to the surface warming and CO; cooling, inter-
active ozone is found to reduce the BDC strength. Its impact is
largest at about 70 hPa [approximately 0.5 (10°) kg s~ '], but it
extends as high as 6 hPa in DJF and 15 hPa in JJA (Figs. 11c,f).
Additionally, the interactive ozone’s impact is vertically depen-
dent as it appears to increase ¥, in the higher stratosphere,
above 4 hPa.

The differences in how each individual forcing affects the
BDC may be related to their impact on the zonal wind struc-
ture and thus the wave driving of the circulation. For instance,
when considering the impact of surface warming, we showed
above that the BDC’s acceleration is associated with an equa-
torward and upward shift of ¢y—( and strengthening of the
subtropical jet (Figs. 6b,e). These three signals are all consis-
tent with changing wave propagation in the subtropical UTLS
(Shepherd and McLandress 2011), and indeed, we find en-
hanced convergence of Eliassen-Palm (EP) fluxes in that re-
gion (Figs. 12b,e).
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Circles indicate statistical significance at a 95% confidence interval.

However, the ozone changes have negligible impact on the
subtropical UTLS zonal wind structure (Figs. 6c,f) and EP
flux divergence (Figs. 12c,f), implying that the same mecha-
nism cannot account for a reduction in the BDC by CO,-
induced ozone changes. Instead, the enhancement of the summer
casterlies in the mid—upper stratosphere indicates a weakening of
the westerlies or transitioning of westerlies to easterlies just below
and is robust between our simulations and those in Hufnagl et al.
(2023). These changes in the background zonal winds are accom-
panied by reduced convergence of the EP fluxes (Figs. 12c,f) and
can influence the BDC via the downward control mechanism
(Haynes et al. 1991). As a result, there is a slight lowering of the
critical latitude in the summer midlatitudes even while there is no
distinguishable change in critical latitude in the subtropical UTLS.

Likewise, the BDC response resulting from the direct radia-
tive CO, forcing is inconsistent with changes in the subtropical
UTLS zonal wind. Specifically in JJA, the BDC strengthening
is accompanied by a weakening of the subtropical jets. There

is also minimal change in EP fluxes in the lower stratosphere
for both seasons (Figs. 12a,d). Although the exact mecha-
nisms responsible for the BDC acceleration in response to
the direct CO; radiative changes remain unclear, we can rule
out UTLS dynamics as playing a key role.

The unique patterns of zonal wind response and wave driv-
ing to the three individual forcings are consistent across other
models (Chrysanthou et al. 2020; Hufnagl et al. 2023) and indi-
cate differing mechanisms at play for the different forcings.
Brief inspection of changes in the wind tendencies due to re-
solved planetary waves (Fig. 12) versus gravity waves (Fig. S5)
shows that the former clearly dominates over the latter in pro-
ducing the zonal wind anomalies (Fig. 6). Specifically, interac-
tive ozone induces a response of gravity waves that is nearly
negligible in the summer hemisphere where the largest wind
anomalies occur. This implication of resolved planetary wave
changes is also consistent with the downward control analysis
performed in Hufnagl et al. (2023, see their Figs. 8c,d).
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4. Summary and discussion

The goal of this study has been to elucidate the pathways
that lead to a strengthening of the BDC when CO; is increased.
We decided to examine a simple large forcing (the abrupt qua-
drupling case) to avoid the complexities associated with more
realistic future scenarios. Adopting a single-modeling frame-
work to carefully analyze the response of the BDC to 4 X CO,
forcing, we have focused on three largely independent mecha-
nisms: the direct radiative cooling of the stratosphere, the
warming of surface, and the chemical composition changes
associated with the ozone layer. While these mechanisms are
not strictly independent, they are easily separated given the
model configurations currently available to us and can thus
be independently quantified.

This quantification is presented in Fig. 13, where we sum-
marize the key findings of our study, showing both percentage
and absolute BDC responses in DJF (top tow) and JJA (bot-
tom row). As in previous studies (Lin and Fu 2013), beyond
the total response, we separately quantify the responses of
the shallow and deep branches, and we also compute the re-
sponse of transition branch in the UTLS. For each branch
level, we calculate the BDC response as the change in i, be-
tween the perturbation and respective control simulation, aver-
aged over the corresponding stratospheric levels. We start by
drawing attention to the fact that the atmosphere-only configu-
ration well replicates the coupled-model response to 4 X CO,:
This is evidenced by the closeness of the black and gray bars in all
panels of Fig. 13. We attribute the small differences to either in-
ternal variability (we are only averaging over 50 years at the end
of each 4 X CO, run) or to very subtle nonlinear effects whose
quantification one would be hard pressed to explore further.

Next, focusing on the colored bars in Fig. 13, we can draw
several key conclusions. First, we see that the warming of the
SSTs (red bars) is the main driver of BDC acceleration under

4 X CO, forcing. This result, which applies not only for the
transition and shallow branches but also to the total BDC re-
sponse, is far from obvious: If one thinks of the BDC as a
fundamentally stratospheric circulation far away from the sur-
face, one would not immediately guess that surface tempera-
ture changes are the main driver of the BDC response. Notice
that, even in the deep branch, about 30%—-40% of the changes
are associated with surface warming.

Second, we see that the direct radiative cooling by CO, is
the overwhelming driver of response in the deep branch, con-
tributing more than 80% of the response there and in both
seasons. However, since the BDC is a mass circulation, whereby
the lower layers carry more weight, this direct radiative effect of
CO, only contributes about a quarter to the total BDC
acceleration.

We also note that the relative contributions of warmer SSTs
and direct radiative CO, forcing found here are in excellent
agreement with those reported in previous studies (Garny et al.
2011; Oberlander et al. 2013; Chrysanthou et al. 2020; Calvo
et al. 2025). Quantitatively, Calvo et al. (2025) and Chrysanthou
et al. (2020) independently found that surface warming ac-
counts for 90% and 70% of enhanced upwelling in the UTLS,
respectively.

Third, confirming previous studies (DallaSanta et al. 2021;
Hufnagl et al. 2023), we find that ozone changes decelerate
the BDC (blue bars in Fig. 13). While that effect is largely
confined to the shallow and transition layers, it amounts to a
total reduction of 15%-17%, which agrees well with a reduc-
tion of 20% found by Hufnagl et al. (2023). Similar damping
of the circulation response to increased CO, driven by ozone
changes caused by that CO, increase—an atmospheric com-
position feedback—has also been reported for the tropospheric
circulation by Chiodo and Polvani (2017, 2019), although the
mechanisms are likely to be quite different. Beyond presenting
conclusions that confirm prior work, our quantification of the
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relative contributions of direct radiative CO,, surface warming,
and ozone changes is derived from a single-model framework,
allowing for faithful comparison of the contributing factors.

Finally, the alert reader will have noticed that the percen-
tages in Fig. 13 do not add to 100%. It may be worth keeping
in mind that for a nonlinear, eddy-mediated, residual circula-
tion such as the BDC, it would be naive to expect the response
to the three drivers to be exactly additive. Nonetheless, our ex-
ercise allows us to quantify how far from linearly additive the
response is. Remarkably enough, in both DJF and JJA, the to-
tal response is nearly completely additive and, even for the
three different branches, the sum of the response to the three
drivers is only 15% different from the response to the drivers
specified together.

Needless to say, it would be of great interest to perform
and analyze different model simulations with similar decom-
position methodology as ours to assess the robustness of our
results, in terms of the relative importance of each driver, and
also vis-a-vis the additivity question. Unfortunately, the Cou-
pled Model Intercomparison Project (CMIP) archive does
not provide equivalent sets of experiments with other models,
and thus, a clean separation cannot be performed. Nonethe-
less, the prescribed SST simulations (which are routine per-
formed by the CMIP to compute effective radiative forcings)
may be used to quantify the effect of surface warming on the

BDC across a large number of models. Similarly, one might
be able to explore the composition feedback from strato-
spheric ozone by grouping and contrasting CMIP simulations
with and without interactive chemistry, as in Wang et al.
(2025). Finally, we acknowledge that—while useful to ferret
out specific mechanisms—the abrupt 4 X CO, forcing is not
terribly realistic. Hence, exploration of future scenarios where
forcing evolves in a transient fashion [e.g., the shared socio-
economic pathways, see Meinshausen et al. (2020)] would also
be of much interest. Such work, however, is well beyond the
scope of the present study.
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