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Abstract Observed temperature changes from 2002 to 2022 reveal a pronounced warming of the Southern
Hemisphere (SH) subtropical lower stratosphere, and a cooling of the Antarctic lower stratosphere. In contrast,
model simulations of 21st-century stratospheric temperature changes show widespread cooling driven by
increasing greenhouse gases, with local warming in the Antarctic lower stratosphere due to ozone healing. We
provide evidence that these discrepancies between observed and simulated stratospheric temperature changes
are linked to a slowdown of the Brewer-Dobson Circulation, particularly in the SH. These changes in the
stratospheric circulation are strongest from October through December. This altered circulation warms the SH
subtropical lower stratosphere while cooling the Antarctic lower stratosphere, canceling and even reversing the
Antarctic ozone recovery that would have occurred in its absence during this period. When circulation changes
are accounted for, the SH subtropical lower-stratospheric warming is removed, and Antarctic lower-
stratospheric warming is revealed with enhanced ozone healing, highlighting the crucial role of the stratospheric
circulation in shaping temperature and ozone changes.

Plain Language Summary Climate models predict that rising greenhouse gas levels cool the
stratosphere, while the healing of the Antarctic ozone hole—driven by the reduction of ozone-depleting
substances under the Montreal Protocol since the beginning of the 21st century—should warm the Antarctic
lower stratosphere. However, observations for the period from 2002 to 2022 reveal unexpected changes:
warming in the Southern Hemisphere (SH) subtropical lower stratosphere and cooling over Antarctica. This
study identifies the cause as a slowdown in stratospheric circulation that moves stratospheric air and
chemicals from low to high latitudes. These circulation changes, most pronounced from October to
December, lead to warming in the subtropical lower stratosphere of the SH and cooling in the Antarctic
lower stratosphere. They also mask the anticipated ozone recovery over Antarctica during this period.
Accounting for these circulation changes removes the anomalous warming of the SH subtropical lower
stratosphere and reveals an obvious Antarctic lower stratospheric warming and enhanced ozone recovery.
These findings highlight the crucial role of the stratospheric circulation in shaping temperature and ozone
changes.

1. Introduction

Observations largely confirm the expected response to increased greenhouse gas concentrations (GHGs) of
tropospheric warming and stratospheric cooling (e.g., Fu et al., 2004; Karoly et al., 1994; Khaykin et al., 2017;
Ladstidter et al., 2023; Manabe & Wetherald, 1967; Santer et al., 2023; Steiner, Ladstéadter, Ao, et al., 2020;
Vallis et al., 2015). However, from 2002 to 2022, an unexpected anomalous warming of the Southern Hemisphere
(SH) subtropical lower stratosphere was found in Radio Occultation (RO) observations (see Figure 1a) (Gleisner
etal., 2022; IPCC, 2023; Ladstédter et al., 2023; Shangguan et al., 2019). The underlying cause of this Anomalous
Warming of the Lower Stratosphere (abbreviated as AWLS) remains unknown.
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Over the same period, the observed Antarctic lower stratosphere cooled in contrast to the expected warming
induced by ozone recovery (Fu et al., 2019; Hu et al., 2011; Ladstédter et al., 2023; Maycock, 2016; Maycock
etal., 2018; Randel et al., 2017; Solomon et al., 2017). Observed warming in the AWLS region and cooling in the
Antarctic lower stratosphere vary seasonally, but the largest changes in both regions occur from October—
December (Ladstddter et al., 2023). This observed dipolar change in lower stratospheric temperature between
the subtropical SH and Antarctic might be evidence for changes in the SH Brewer-Dobson Circulation (BDC)
which can link variability between the low and high latitude stratosphere (Butchart, 2014).

The BDC plays a crucial role in regulating the distribution and transport of ozone, which is produced at lower
latitudes and moved poleward by the circulation (Brewer, 1949; Dobson, 1956; Perliski et al., 1989). The SH-
BDC can also change the temperature of the Antarctic stratospheric vortex, which determines the efficiency of
chemical ozone depletion (Solomon et al., 1986; World Meteorological Organization Executive Summary, 2022).
While Antarctic ozone healing since 2000 has been detected during September in line with model simulations,
recovery from October to December is not observed (e.g., see Figures 4-16 in World Meteorological Organi-
zation Executive Summary, 2022; Solomon et al., 2016; Solomon et al., 2017; Wang et al., 2025; Chipperfield &
Bekki, 2024; Chippertfield et al., 2017; Kuttippurath & Nair, 2017; Stone et al., 2021; Kessenich et al., 2023).
Dynamical activity during these months strongly impacts temperature and ozone changes (e.g., Dhomse
et al., 2018; Randel & Wu, 2015; Robertson et al., 2023). In addition, enhanced aerosol loadings and chemical
processes related to wildfires and volcanoes may also contribute to the discrepancies (e.g., Bernath et al., 2022;
Solomon et al., 2022; Solomon et al., 2023; Stocker et al., 2021; Stocker et al., 2024; Stone et al., 2021; Wang
et al., 2023; Yook et al., 2022; Zhang et al., 2024). Recently, Wang et al. (2025) demonstrated a striking
agreement in the observed and simulated fingerprint pattern of Antarctic ozone response to decreasing ozone
depleting substances (ODSs) since 2005, offering strong evidence that Antarctic ozone recovery is underway.
They also discovered that ODS forcing has amplified the Antarctic ozone internal variability during austral spring
compared to the pre-ODS era, affecting the detection of ozone recovery.

Here we show that the AWLS is linked to a slowdown of the BDC, particularly in the SH. We focus mainly on
2002-2022 but also consider other time periods. These circulation changes not only warm the AWLS region but
also cool the Antarctic lower stratosphere. We also explore the implications of this SH-BDC slowdown for ozone
and indicate that it can obscure signs of Antarctic ozone healing from October to December, depending on the
time period considered. While external forcing associated with GHGs and ODSs remains relatively stable
regardless of the chosen time periods, internal variability is highly sensitive to start and end dates as well as the
duration of the period. By accounting for this decadal variation in the BDC, we bring observed and simulated
temperature and ozone changes for 2002-2022 into an overall agreement.

Section 2 describes the data and methods used. In Section 3, we first partition temperature changes from 2002 to
2022 into those related to the AWLS and those that are not. We then investigate the seasonal variation of tem-
perature and ozone changes, as well as the influence of the stratospheric circulation on these changes, followed by
a comparison with simulated changes from a representative climate model. The discussion and sensitivity analysis
in Section 4 establishes context for our findings. Finally, Section 5 summarizes our results and highlights their
importance.

2. Data and Methods

We analyze interannual variability and decadal trends of stratospheric variables using monthly anomalies,
calculated by removing the 2002-2022 monthly climatology from the monthly mean data. We removed inter-
annual variability associated with the El Nifio Southern Oscillation (ENSO) and the Quasi-Biennial Oscillation
(QBO) using a multiple linear regression (MLR), which was fitted to the anomalies of stratospheric variables and
then subtracted (Randel & Wu, 2015; Steiner, Ladstddter, Randel, et al., 2020, Steiner, Ladstidter, Ao,
et al., 2020; Tseng & Fu, 2017). ENSO is represented by the MEI-V2 index with a 3-month lead to maximize its
impact on the lower stratosphere (Ladstidter et al., 2023; Wolter & Timlin, 2011), and QBO is represented by the
first two principal components of Singapore wind observations (Wallace et al., 1993). All results presented in this
study have these modes of variability removed.
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Figure 1. (a) Zonal-mean temperature trends from 8 to 30 km during 2002-2022 derived from Radio Occultation data using anomalies from all months. Stippling
indicates statistically significant trends at 95% confidence. The climatological lapse-rate tropopause height is indicated by the thick black line. The red box highlights the
region with the Anomalous Warming of the Lower Stratosphere (AWLS). (b) Monthly temperature anomaly timeseries in the AWLS region (i.e., the red box of

panel (a)).

2.1. Observation and Reanalysis Data Sets

This analysis uses observations of atmospheric temperature and trace gas species. Observations of temperature
come from RO measurements stored by the COSMIC Data Analysis and Archive Center (CDAAC) from 2002 to
2022. RO temperature measurements provide stable and accurate temperature observations of the upper-
troposphere and lower-stratosphere (UTLS) region with high vertical resolution, allowing for detailed investi-
gation of changes in this region (Khaykin et al., 2017; Kuo et al., 2004; Kursinski et al., 1997; Leroy et al., 2018;
Scherllin-Pirscher et al., 2021; Steiner et al., 2013, Steiner, Ladstédter, Randel, et al., 2020). Data was pre-
processed using the level 2 DryPrf from all RO satellites. RO temperature profiles were binned into monthly-
mean, zonal-mean temperature fields with 200 m vertical resolution and 7.5° latitudinal resolution.

Observations of stratospheric ozone and water vapor come from SWOOSH, a merged record derived from limb
soundings and solar occultations spanning 1984 to present (Davis et al., 2016). We use SWOOSH V2.7 data from
2002 to 2022, which relies heavily on measurements from the Microwave Limb Sounder onboard the Aura
satellite, launched in 2004 (Livesey et al., 2021; Read et al., 2007). The primary SWOOSH product used here is
the monthly-mean, zonal-mean ozone and water vapor mixing ratios provided on pressure levels. Observed
changes in GHGs and chlorofluorocarbons (CFCs) come from the NOAA/ESRL Global Monitoring Laboratory
archive based on the Mauna Loa station.

We also use the ERAS reanalysis data for monthly-mean zonal wind and residual stream functions (replaced by
ERAS5.1 when available) (Hersbach et al., 2020). Temperature and zonal wind are the monthly average of 6-
hourly data at a given latitude and pressure level. The residual stream function is calculated following Diallo
et al. (2021) using the 6-hourly data. We also use the monthly mean sea level pressure (SLP) data from ERAS to
calculate the Southern Annular Mode (SAM) index using the first principal component of the 20°-90°S SLP
anomalies.

2.2. CESM1 WACCM Simulations

Simulations of the 10-member Community Earth System Model 1 (CESM1) Whole Atmosphere Community
Climate Model 4 (WACCM) ensemble are analyzed. These simulations are documented in Zambri et al. (2021)
and have GHG concentrations following historical and representative concentration pathway 6.0, and ODS
concentrations are prescribed following the WMO (2011) (Meinshausen et al., 2011). These simulations have the
same prescribed 28-month QBO and no prescribed solar cycle. Since these simulations have different ENSO and
QBO cycles from observations, we create indices to represent these modes in each ensemble. For ENSO, we use
the deviation from the ensemble mean of 500 hPa temperature from 15°S to 15°N. For the QBO, we use the
ensemble mean zonal wind at 10 and 30 hPa. These three predictors are then fit to each of the ensemble members
and removed using a MLR.
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2.3. NASA Langley Fu-Liou Radiation Model

We estimate temperature changes due to observed changes in GHGs (CO,, CH,4, N,O), CFCs, and stratospheric
ozone and water vapor through radiative processes by using the NASA Langley Fu-Liou radiation model (Fu &
Liou, 1992). Radiatively induced temperature changes are derived using the “Seasonally Evolving Fixed
Dynamical Heating” approach, which fixes the dynamical heating so that the resulting temperature changes are
the result of radiative processes (Forster and Shine, 1997; Fu et al., 2015; Ming & Hitchcock, 2022). Observed
changes in GHGs, CFCs, and stratospheric O5 and H,O come from the data sets described in Section 2.1. Changes
in well-mixed GHG concentrations are considered throughout the atmosphere, whereas changes in O; and H,O
are applied at and above the tropopause. Below the tropopause, water vapor, ozone, and temperature are held to
their ERAS climatological values.

2.4. Trend Calculations

The change for a given variable over a specific time period is quantified using the linear trend derived by applying
ordinary least squares regression to the monthly anomalies. Uncertainty estimates for this regression are obtained
accounting for the effective degrees of freedom after considering the lag-1 autocorrelation. Significance is
defined at the 95% confidence level. Within any given period, the derived linear trend from observations reflects
contributions from both external forcing and internal variability.

2.5. Circulation Regression

We aim to partition stratospheric variability into components that covary with temperature in the AWLS region
and those that do not. The zonal-mean monthly temperature anomaly timeseries in the AWLS region, referred to
as the “AWLS timeseries”, serves as the basis for this partitioning. This method can be applied to any variable of
interest, such as temperature, ozone, or zonal wind, using monthly anomalies from all months or from each month
individually. To carry out this partitioning, we start with zonal-mean monthly anomalies after removing the QBO
and ENSO, which we generically refer to as the “anomalies”, and proceed as follows:

1. Detrend the anomalies at all latitudes (indexed by i) and heights (indexed by j), as well as the AWLS
timeseries.

2. Regress the detrended anomalies at each location onto the detrended AWLS timeseries to obtain the regression
coefficients, mg.

3. Multiply m;; by the original (not detrended) AWLS timeseries to obtain the component associated with
“circulation variability.” This is referred to as “circulation variability” because m;; is derived from detrended
interannual timescales, where stratospheric circulation is the dominant source of variability. Furthermore, as
demonstrated later, the trend in the AWLS timeseries is primarily driven by changes in stratospheric
circulation.

4. Subtract the circulation variability from the original anomalies to obtain the component that is independent of
the AWLS timeseries.

We refer to this technique as the “circulation regression.” Here, we assume that the detrended AWLS timeseries
serves as a good proxy for the interannual variability of stratospheric circulation and we provide supporting
evidence for this assumption in Section 3.

3. Results

Figure 1a shows the linear trends in zonal mean temperature between 8 and 30 km from the RO record (Steiner,
Ladstédter, Ao, et al., 2020). The RO data document a statistically significant warming below the tropopause with
tropical tropospheric warming increasing with altitude between 8 and 13 km (Fu et al., 2004; Santer et al., 2005).
Most of the stratosphere is cooling, while the AWLS region (highlighted by red box in Figure 1a) shows a strong
warming above the SH subtropical tropopause (Gleisner et al., 2022; I[PCC, 2021; Khaykin et al., 2017; Lad-
stadter et al., 2023; Steiner, Ladstidter, Ao, et al., 2020). The AWLS region is defined here as the region between
16.6 and 18.6 km and 33.75° to 11.25°S. Very similar changes are evident in the MSU/AMSU TLS measurements
at the same latitudes, suggesting that this warming is not an artifact of RO data (see Figure S1 in Supporting
Information S1). Tropopause heights in this region show changes that are not statistically significant, thus the
AWLS is unlikely to be a direct manifestation of tropopause height changes (Gao et al., 2015; Weyland
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Figure 2. (a) Correlations between the detrended temperature timeseries of the Anomalous Warming of the Lower
Stratosphere region and the detrended temperature anomalies from 8 to 30 km. (b) Same as (a), but for the detrended
temperature anomalies in the Antarctic lower stratospheric region from 63.7° to 90°S and 13-17 km. Stippling indicates
statistically significant correlations. The climatological lapse-rate tropopause height is indicated by the thick black line. The
white star shows the location used in Figures 3 and 5.

et al., 2025). Figure 1b shows the monthly temperature anomaly timeseries in the AWLS region, revealing a
warming of 0.4 K/decade since 2002 with the 95% confidence interval of +0.33 K/decade.

The observed RO temperature changes in Figure la also show cooling in the Antarctic. Randel et al. (2017)
reported Antarctic warming during 1998-2014 based on both MSU4 observations and WACCM simulations. The
contrasting lower-stratospheric temperature trends over Antarctica between the RO observations (Figure 1a) and
the WACCM simulations (Figure 9) for 2002-2022 may be attributed to internal variability. Notably, the blue
dots in Figure 1b highlight the concurrence of strong negative anomalies in the AWLS region with Antarctic
Sudden Stratospheric Warmings (SSWs) in 2002 and 2019 (Lim et al., 2021; Newman & Nash, 2005; Xia
et al., 2020). The apparent strong influence of Antarctic SSWs on this subtropical lower stratosphere suggests a
close coupling of these regions through the SH-BDC (Zuev et al., 2024). This coupling is exemplified by the
correlations between the AWLS region and the Antarctic lower stratosphere shown in Figure 2.

3.1. Partitioning Temperature Changes Based on Covariability With the AWLS

Figure 2a shows the correlation of detrended monthly temperature anomalies from 8 to 30 km with those of the
AWLS region. Temperature anomalies in the AWLS region are strongly anticorrelated with those of the Antarctic
lower stratosphere. This temperature covariability between the tropical and extratropical lower stratosphere is
driven by variability in the BDC (Yulaeva et al., 1994). Figure 2b shows the correlations with detrended tem-
perature anomalies in an Antarctic lower stratospheric region (red box in Figure 2b: 63.75°-90°S and 13-17 km).
In Figure 2b, the region of the strongest anticorrelation with the Antarctic lower stratosphere is the AWLS region,
highlighting the coupling of these two regions by the SH-BDC. Here, we emphasize that while the AWLS region
was selected for its significant decadal trend (Figure 1), its true importance lies not only in this pronounced trend
but, more importantly, in its strong dynamic coupling with the Antarctic lower stratosphere (Figure 2).

The AWLS region exhibits a weaker but significant anticorrelation with the Arctic (Figure 2a), due to the tel-
econnection between the polar lower stratosphere and the subtropical lower stratosphere in the opposite hemi-
sphere (Figure 2b). Figure S2 in Supporting Information S1 shows an analogous set of correlation maps with the
Northern Hemisphere (NH) subtropics and Arctic, revealing similar connections. While this study focuses on the
SH and associated stratospheric circulation changes, variations in the NH BDC are an integral part of the overall
picture, as discussed in Sections 3.2, 4.2, and 4.5.

Next, we use the circulation regression technique outlined in Section 2.5 to separate stratospheric changes
associated with the AWLS timeseries from those that are not. Figure 3 illustrates this for one location in the
Antarctic lower stratosphere (71.25°S, 16 km; white star in Figure 2a), which we expect to be coupled to the
AWLS via the SH-BDC. The observed temperature anomaly timeseries at this location (Figure 3a) shows an
insignificant change of —0.35 + 1.11 K/decade. Regressing the detrended temperature at this region onto the
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Figure 3. Example of the circulation regression technique applied to temperatures at a specific Antarctic lower stratosphere
location (71.25°S, 16 km). (a) RO-observed temperature anomaly timeseries. (b) Circulation regression timeseries, obtained
by multiplying the temperature timeseries in the Anomalous Warming of the Lower Stratosphere (AWLS) region by the
regression coefficient between the detrended temperature anomalies and the detrended AWLS timeseries. (c) The difference
between the observed anomalies (a) and the circulation regression component (b), that is, ¢ = (a)—(b).

detrended AWLS timeseries results in a regression coefficient of —2.73 K/K and a correlation coefficient of
—0.66, revealing strong coupling between these regions. Multiplying this coefficient by the original AWLS
timeseries produces the timeseries shown in Figure 3b, which we interpret as representing circulation variability.
This timeseries has a statistically significant change of —1.09 = 0.9 K/decade. Figure 3c is the difference after
removing covariability with the AWLS from the observed temperature timeseries. This difference timeseries has
a statistically significant positive trend and a smaller uncertainty (0.74 + 0.64 K/decade).

The regression coefficient used reflects the interannual coupling between the AWLS and Antarctic, mediated by
the SH-BDC. Wang et al. (2025) found that interannual variability of Antarctic lower stratospheric ozone is
amplified due to ODSs. This occurs at least in part because interannual variability in the BDC can also influence
the efficiency of ozone depletion by modulating polar vortex temperature and location (see Wang et al., 2025 for
details). This enhanced ozone variability in turn affects the temperature variability. Figure S3 in Supporting
Information S1 shows the ratio of the standard deviation in detrended temperature anomalies between 2002 and
2022 (ODS period) and 1955-1975 (pre-ODS period), based on ERAS data for (A) January—April (B) May—
August, and (C) September—December. It reveals that Antarctic temperature variability during September—
December in the ODS period can be up to ~100% higher, supporting Wang et al. (2025). This increased inter-
nal variability in both temperature and ozone during this period makes the detection of ozone recovery and its
corresponding temperature response more challenging. Since the regression coefficient in the circulation
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regression is derived from observed interannual variability during 2002-2022, it inherently accounts for the
impact of dynamics, chemistry, and radiative interactions on interannual variability during the ODS period.

We now apply the circulation regression to temperatures in the UTLS from 8 to 30 km. Figure 4 presents the
results: panel A shows the RO temperature changes from 2002 to 2022 (identical to Figure 1a), panel B displays
the temperature changes that are congruent with those in the AWLS region, and panel C illustrates the difference
between panels A and B.

The changes related to the AWLS (Figure 4b) exhibit a warming of the tropical lower stratosphere, which hugs the
SH subtropical tropopause near the AWLS region, and strong cooling at high latitudes in both hemispheres. This
pattern of temperature change in Figure 4b is consistent with a slowdown of the lower-stratospheric BDC
(Fu et al., 2019), characterized by reduced upwelling (i.e., less cooling) in the tropics and decreased downwelling
(i.e., less warming) in the high latitudes. Because the linear trend of the AWLS timeseries is statistically sig-
nificant (Figure 1b), the trends in Figure 4b are also statistically significant, as they are derived by multiplying the
AWLS timeseries by the corresponding regression coefficients.

Figure 4c presents the temperature change that is not related to the AWLS timeseries, showing strong tropo-
spheric warming and stratospheric cooling, which are the expected atmospheric temperature responses to
increased GHGs. In addition, Figure 4c reveals significant warming in the Antarctic lower stratosphere, a feature
absent in the observed changes (Figure 4a). This Antarctic lower stratospheric warming is a predicted conse-
quence of ozone healing, as shown in chemistry-climate models, and is expected to peak between September—
January near 16 km, mirroring the cooling seen during the ozone depletion era (Fu et al., 2019; Randel
et al., 2017; Solomon et al., 2017).

The resemblance between the temperature trend pattern from circulation regression (Figure 4b) and the expected
BDC-driven temperature changes reflects our method of isolating these changes using regression coefficients
based on interannual variability, which is largely influenced by the BDC. In contrast, the difference panel in
Figure 4c aligns with the anticipated temperature response to GHG increases and Antarctic ozone recovery. The
similarity of Figure 4c to the expected GHG- and ozone-induced changes suggests that circulation variability is
largely internal and has been effectively removed. This reinforces the interpretation that the changes in Figure 4b
are primarily due to the stratospheric circulation.

To test whether that the AWLS may alternatively be driven by radiative processes, we use the radiative transfer
model described in Section 2.3 to estimate the impact of observed atmospheric composition changes on the lower
stratospheric temperature (Davis et al., 2016; Forster and Shine, 1997; Fu et al., 2015; Keeling et al., 1976; Lan
et al., 2022). Observed changes in radiatively active species, including GHGs, CFCs, and stratospheric O, and
H,O0, are considered. The results indicate that in response to composition changes, the AWLS region should cool
at a rate of —0.18 K/decade. Breaking this down by individual contributions, GHGs and CFCs contribute
—0.072 K/decade to the total cooling, while stratospheric O5 and stratospheric H,O contribute —0.064, and
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Figure 5. (Black) Timeseries and trends of observed (a) temperature at (71.25°S, 16 km) and (b) ozone at (71.25°S, 83 hPa) in
October. (Red) Temperature and ozone timeseries and trends obtained from the monthly circulation regression. (Blue) The
difference timeseries and trends after removing the circulation regression component from the observations.

—0.044 K/decade, respectively. While observed changes in stratospheric O; and H,O are also influenced by
circulation, the fact that radiative processes would lead to cooling suggests that the pronounced warming of the
AWLS region is primarily driven by circulation changes. This strengthens confidence that the decadal variability
associated with the AWLS is linked to the circulation trends.

3.2. Seasonality of Temperature Changes

A key finding from Figure 4c is the warming of the Antarctic lower stratosphere consistent with ozone recovery
after accounting for circulation variability. However, since Figure 4 shows temperature changes based on
anomalies from all months, it does not capture the strong seasonal dependence of ozone recovery. To address this,
we apply the circulation regression separately for each month to derive the monthly-resolved circulation impact
on temperature changes.

Figure 5a provides an example of the circulation regression applied to the temperature timeseries at a location in
the Antarctic stratosphere (white star in Figure 2a), like Figure 3 but applied to the month of October. Observed
temperature in October shows an insignificant cooling, with strong interannual variability (black line in
Figure 5a). This interannual variability is closely captured by the temperature derived from the circulation
regression (red line in Figure 5a), reflecting the strong temperature covariability between the AWLS region and
Antarctica. Notably, interannual variability in the AWLS region and the Antarctic location are more strongly
correlated during October than in most other months, with a correlation coefficient of —0.86 and a regression
coefficient of —4.9 K/K. This is further illustrated in Figure S4 in Supporting Information S1, which presents
interannual correlation maps between the AWLS region and the UTLS for each month. Removing circulation
variability from October temperature (blue line in Figure 5a) strongly reduces interannual variability and reveals a
statistically significant warming trend in the region. The results for ozone (Figure 5b) will be discussed in
Section 3.3.

Figure 6 displays temperature trends for 2002—-2022 for each month from July-December and shows results from
the monthly circulation regression applied to temperatures from 8 to 30 km, while Figure S5 in Supporting In-
formation S1 provides corresponding changes for January to June. Figure 6 row 1 reveals that tropospheric

SWEENEY ET AL.

8 of 20

95UD1 SUOWIWOD SAIERID 3|ded![dde au Ag peusenob afe 3l YO 8SN J0 S3|NJ 10} AeiqiT 8ulUO AS]IA UO (SUONIPUOI-PUR-SLLIBIWOD A8 | I AReiq 1 Bui|uo//SdNy) SUONIPUOD pue SWwie 1 8y} 88S *[5202/80/TT] Uo AlgiTauliuo AS|IM ‘0jouyde L Jo aIisu| sesnydesse N Ag Z£2T00AYSZ0Z/620T 0T/I0p/wod As | Akeiq puijuo'sandnBe//:sdiy WwoJj papeojumod ‘v ‘G202 ‘X099.52



Ay
MAI AGU Advances 10.1029/2025AV001737
AND SPACE SCIENCES

T
Temperature =
Trends @
z
0.9
05
z g
Circulation § 0 §
Regression £ _0'1§
Trends ©
I -0.5
—6/0 30 0 30 60 -0.9
Difference

Height (km)

.

N T~ A > i

- o

>

-60 -30 30 60 -60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0

Latitude

30. 62) -60 -30 0' 30 60 :66 -30 0 30“ 6/0\
Latitude Latitude Latitude Latitude Latitude

Figure 6. Monthly trends in temperature for the 2002-2022 period. Row 1 shows temperature trends from July to December. Row 2 shows the corresponding trends
associated with the Anomalous Warming of the Lower Stratosphere based on the circulation regression. Row 3 shows difference trends (i.e., Row 1 minus Row 2).
Stippling in rows 1 and 3 indicates areas where trends are statistically significant, while in row 2, stippling shows regions where the regression coefficients from the
circulation regression are statistically significant. The climatological tropopause is indicated by the thick black line.

warming persists year-round, while stratospheric temperature changes depend strongly on season (Khaykin
et al., 2017). Figure S6 in Supporting Information S1 presents the monthly AWLS timeseries and changes,
indicating consistent warming in the AWLS region throughout the year, with peak warming occurring in
October—November and the weakest warming observed in April-May (Ladstédter et al., 2023).

The second row of Figure 6 shows corresponding temperature changes associated with the AWLS, obtained from
the monthly circulation regression. Distinct patterns emerge depending on the month, highlighting both the
seasonal variation in AWLS magnitude and its relationship to UTLS temperatures. The strongest dipolar coupling
between the AWLS region and the Antarctic lower stratosphere occurs from October—December (row 2 of
Figure 6). This dipolar pattern during these months closely resembles the circulation-related temperature
anomalies identified during the 2002 Antarctic SSW, as documented by Randel and Wu (2015, see their Figure 9).
Furthermore, the AWLS during January to April are linked to the Arctic stratosphere (row 2 of Figure S5 in
Supporting Information S1).

The third row of Figure 6 presents temperature changes after removing AWLS-related circulation variability.
Between August and September, the warming poleward of 50°S intensifies, peaking above 20 km and expanding
to cover the polar cap by September. This poleward progression of Antarctic stratospheric warming follows the
latitudinal shift of insolation during these months. This warming also descends in altitude, qualitatively aligning
with the expected ozone recovery signal in temperature during this period (Solomon et al., 2017; Wang
et al., 2025).

After removing AWLS-related changes, an Antarctic warming emerges during September—January (row 3 of
Figure 6 and Figure S5 in Supporting Information S1), aligning with the seasonality of ozone recovery (see
Sections 3.3; Figure 7). Internal dynamical variability in the SH can hinder the ability to detect signatures of ozone
recovery, particularly in October and November (World Meteorological Organization Executive Sum-
mary, 2022). However, Figure 6 suggests that removing the circulation effects associated with the AWLS reveals
a temperature response consistent with the expected impact of ozone recovery.

Previous studies suggest that during the 21st century, the NH-BDC has slowed more than the SH-BDC above
25 km (Dubé et al., 2025; Ploeger & Garny, 2022). While our circulation regression analysis does not quantify the
relative magnitude of the slowdown between the NH and SH-BDC, our results also support a slowdown of the

SWEENEY ET AL.

9 of 20

85U017 SUOWWOD SAeaID 8 |deot|dde aup Ag pausenob afe S8olife YO @SN JO S8|nJ 10} AXeIq1T8UIUO A8|IM UO (SUOTIPUOD-PUR-SLIBY WD A8 | I ARe.q Ul |UO//Sd1Y) SUORIPUOD pue swie 1 8y} 88S *[5202/80/TT] Uo ArigiTauliuo A8 (1M ‘0jouyde L Jo 8inisu| suesnydesse|N Aq Z£2T00AVSZ02/620T 0T/10p/wod A8 |im Areiqputjuo'sandnfe//sdny wo.j pspeo|umod ‘ ‘SZ0Z ‘X7099.52



A7 |
\I AGU Advances 10.1029/2025AV001737
ADVANCING EARTH
AND SPACE SCIENCES
10 T
T
o
5 30
Ozone o 5l
Trends 3 7ol
g 100 R
o
200<
-60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60
107~ AT TR
T
o r5
Circulation < 3 .
P Q 5 >
Regression 5 2] ~
o 7 1 o
Trends & 10 2
a F-12
200 - ™ o
-60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60 s
OO
= - I
= -9
) o
Difference 5 °
0 70
123
o
o

-60 -30 0 30 60‘
Latitude

-30 0 30 60
Latitude

-60 -30 0 30 60 -60
Latitude

-60 -30 0 30 60
Latitude

-60 -30 0 30 60‘
Latitude

-60 -30 0 30 60
Latitude

Figure 7. As Figure 6, but for trends in SWOOSH ozone concentration as percent anomaly relative to the 2002-2022 climatology.

NH-BDC for 2002-2022 (Figure 4b and middle panels in Figure S5 in Supporting Information S1 for January—
April). Furthermore, Figure 6 and Figure S5 in Supporting Information S1 indicate that the AWLS from January
to May is largely linked to the NH-BDC slowdown, while from June to December, it is linked to the SH-BDC
slow down. As a result, the SH-BDC and NH-BDC slowdown contributes to the AWLS roughly by
0.27 = 0.27 K/decade and 0.13 + 0.13 K/decade, respectively, based on Figure S6 in Supporting Information S1.
The former drives the dynamically induced cooling in the Antarctic lower stratosphere.

3.3. Ozone Changes

In this section, we investigate the role of AWLS-related circulation variability in observed stratospheric ozone
changes from 2002 to 2022. Figure 5b provides an example of applying the circulation regression to October
ozone concentrations in the Antarctic stratosphere at —71.25°S and 83 hPa. Ozone variations are shown as percent
anomalies relative to the 2002-2022 monthly climatology, highlighting changes in the lower stratosphere. The
black line in Figure 5b represents observed ozone variability, revealing an insignificant change of
—4.63 + 35.99%/decade. This result is consistent with Figures 4-16 of the WMO Ozone Assessment Report
(World Meteorological Organization Executive Summary, 2022), showing little October total ozone trends over
60°-90°S since 2000. Regressing interannual October ozone variability at this location onto the detrended AWLS
timeseries suggests a strong coupling, with a regression coefficient of —49%/K (r = —0.83). Notably, the
interannual variation of observed ozone (black line in Figure 5b) closely follows that of circulation variability (red
line in Figure 5b), which represents the AWLS timeseries multiplied by the regression coefficient. After removing
AWLS-related ozone variability, the resulting difference timeseries (blue line in Figure 5b) reveals a significant
increase in ozone of 32.5 + 23.58%/decade.

The coupling between AWLS temperature and Antarctic ozone (e.g., Figure 5b) can be largely explained by the
SH-BDC. Since most high-latitude ozone originates in the lower-latitude stratosphere and is transported poleward
by the BDC, a slowdown in the SH-BDC leads to reduced Antarctic ozone concentrations (e.g., Dobson, 1956;
Garcia & Solomon, 1983; Orbe et al., 2020; Perliski et al., 1989; Shepherd, 2007). During the ODS period, a
weakened SH-BDC further decreases Antarctic ozone by inducing colder Antarctic stratospheric vortices,
enhancing chemical ozone depletion and contributing to greater Antarctic ozone interannual variability (Wang
et al., 2025). Due to elevated ODS concentrations, a slowdown of the SH-BDC reduces Antarctic ozone through
both reduced transport and increased chemical loss due to lower temperatures.
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Figure 8. As Figure 4, but for trends in SWOOSH ozone concentration as percent anomaly relative to the 2002-2022 climatology.

We now apply the circulation regression to monthly ozone changes, similar to those applied to temperature in
Figure 6. The first row of Figure 7 shows observed changes from July—December for 2002—-2022, while changes
from January—June are shown in Figure S7 in Supporting Information S1. Observations indicate clear signs of
Antarctic ozone healing in September (Solomon et al., 2016); however, changes from October—December pri-
marily show a decline. This decline may result from strong circulation variability, sensitivity to additional
forcings not accounted for in the models, and/or observational uncertainties (Chipperfield et al., 2017; Kessenich
etal., 2023; Kuttippurath & Nair, 2017; Montzka et al., 2018; Solomon et al., 2016, 2022, 2023; Stone et al., 2021;
Villamayor et al., 2023; Yook et al., 2022). In this study, we focus on the role of circulation variability.

The second row of Figure 7 presents the impact of AWLS-related circulation variability on ozone changes.
Between October—December, circulation variability decreases Antarctic ozone trends while enhancing positive
trends in the tropical lower stratosphere. This dipolar pattern between the tropical and Antarctic lower strato-
sphere is consistent with a slowdown of the SH-BDC.

The third row of Figure 7 shows ozone changes after removing circulation-driven variability, highlighting a
significant increase in Antarctic ozone starting in August. Similar to the temperature changes (row 3 of Figure 6),
the observed poleward expansion of the ozone recovery in the Antarctic stratosphere follows the seasonal shift of
insolation from August to September. The ozone healing also descends throughout austral spring into summer,
aligning with the mean downward motion of polar air due to the BDC, which is an expected feature of ozone
healing (Solomon et al., 2017). Overall, the third rows of Figures 6 and 7 suggest that removing AWLS-related
changes reveals increases in both temperature and ozone, consistent with the expected effects of ozone recovery
(Calvo et al., 2017; Solomon et al., 2016, 2017).

While Figure 7 focuses on monthly ozone changes to identify Antarctic ozone recovery, Figure 8 shows changes
calculated from monthly anomalies over all months. In Figure 8a, annual ozone changes from SWOOSH indicate
small, insignificant trends in Antarctic ozone poleward of 75°S. Figure 8b displays the annual mean ozone
changes associated with AWLS-related circulation variability. Consistent with the monthly ozone analysis, ozone
concentrations increase in the tropical lower stratosphere and decrease in the Antarctic, reflecting changes in the
SH-BDC. Finally, Figure 8c shows ozone changes after removing the circulation variability, revealing a wide-
spread increase in Antarctic ozone.

3.4. Comparison With Model Simulations

Figure 9a presents ensemble mean temperature changes for 2002-2022 from the CESM1-WACCM 10-member
simulations (Zambri et al., 2021). Averaging over the 10 members to obtain the ensemble mean largely mutes the
effect of internal variability and provides an estimate of the WACCM simulated forced response over this period.
The key differences between the ensemble mean and the observed temperature trend shown in Figure 1a are the
minimal warming of the AWLS region and the pronounced warming of the Antarctic lower stratosphere in the
simulations (cf., Figures 1a and 9a). Similarly, a comparison of ozone changes reveals a notable difference, with
simulations showing a significant recovery of Antarctic ozone (cf., Figures 8a and 9b). Given the influence of
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Figure 9. The 10-member ensemble mean of Whole Atmosphere Community Climate Model 4 simulations for (a) temperature and (b) ozone trends for 2002-2022.
Stippling and the thick black line follow the same conventions as in Figure 1a.

internal variability, we do not expect strong agreement between observed and simulated ensemble mean changes
(see Section 4.7).

Removing circulation variability from observed temperature changes reveals strong warming in the Antarctic
lower stratosphere while minimizing warming in the tropical lower stratosphere (see Figure 4c). Similarly,
removing circulation variability from ozone changes displays an obvious recovery of Antarctic ozone (Figure 8c).
Overall, in both temperature and ozone, accounting for AWLS-related stratospheric circulation results in a better
agreement between observed and WACCM simulated changes (cf., 4C and 9A for temperature, and 8C and 9B for
ozone). Removing the circulation variability from ozone changes also slightly exacerbates the observed decreases
in tropical ozone.

The circulation-adjusted ozone trends in Figure 8c also show significant declines in the subtropical lower
stratosphere of both hemispheres, as well as in the tropical region between~15-40 hPa—different from the
pattern in Figure 9b. Removing the circulation variability from observed ozone changes thus slightly exacerbates
the observed decreases in tropical ozone. These declines persist throughout the year (Figure 7 and Figure S7 in
Supporting Information S1), especially from February to June, even before applying the circulation adjustment.
Future research is needed to understand why ozone levels are decreasing in these regions despite the reduction
in ODS.

Figure S8 in Supporting Information S1 (Figure S9 in Supporting Information S1) shows the monthly temperature
(ozone) changes from the WACCM ensemble mean simulations. Like the monthly temperature (ozone) changes
after removing circulation variability in the third row of Figure 6 (Figure 7), the WACCM simulations show a
seasonally dependent change in Antarctic lower-stratospheric temperature (ozone), which peaks from November—
February (October—February). Note that the strongest warming and ozone recovery in this region from the
WACCM simulations lag the signals seen in observation (the third row of Figures 6 and 7) by 1-2 months. This
may be due to known model biases that delay the breakdown of the SH polar vortex (Butchart et al., 2011; Calvo
et al., 2017; Lawrence et al., 2022).

4. Discussion and Sensitivity Analysis

Section 3 suggests that stratospheric circulation changes are a primary driver of observed AWLS and Antarctic
lower stratospheric cooling, which also obscure ozone recovery signals in certain months. Removing these cir-
culation effects eliminates the anomalous warming of the SH subtropical lower stratosphere, and reveals Ant-
arctic lower stratospheric warming and ozone recovery. Below we discuss these findings in a broader context.

4.1. Sensitivity to Start and End Dates

Previous studies suggest that excluding years with extreme dynamical variability, or unanticipated forcings (e.g.,
wildfire, volcanic activity) may help detect ozone recovery (Bernath et al., 2022; Solomon et al., 2022, 2023;
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Figure 10. Left (right): Same as Figure 4 (Figure 8) for temperature (ozone) trends but for October during 2005-2018, 2003-2022, and 2002-2022.

Stocker et al., 2021, 2024; Wang et al., 2023; Yook et al., 2022; Zhang et al., 2024). To evaluate the circulation
regression's ability to isolate circulation effects, we test its sensitivity to different start and end dates, focusing on
October—-December. If the method is robust, the changes after removing circulation effects should remain similar
regardless of the start and end dates.

Figure 10 presents the temperature (left) and ozone (right) results for October across the periods 2005-2018,
2003-2022, and 2002-2021, in comparison to the full period of 2002-2022. October Antarctic ozone exhibits
large interannual variability and is highly influenced by strong dynamical activity (World Meteorological Or-
ganization Executive Summary, 2022). Results for November and December are displayed in Figures S10 and
S11 in Supporting Information S1. The 2005-2018 period was recently considered in Wang et al. (2025-a) to
investigate Antarctic ozone recovery because of minimal impact of extreme dynamics, wildfires, and volcanoes.
Interestingly, the observed annual mean AWLS change over this period is 0.1 K/decade, which matches the
WACCM ensemble mean warming of 0.1 K/decade there (Figure 9a), suggesting a minimal circulation variability
impact. While 2005-2018 circulation variability has some negative impact on October Antarctic temperature and
ozone, its impacts are minimal in November and December (Figures S10 and S11 in Supporting Information S1)
(Wang et al., 2025-a). Although observed Antarctic temperature and ozone changes remain positive in these
months, the October increases become more pronounced after accounting for circulation effects (Figure 10).

For the periods 2003-2022 (excluding the 2002 Antarctic SSW) and 2002-2021 (omitting 2022 to avoid the
impact of the Hunga-Tonga eruption), comparisons with the full period 2002-2022 reveal minimal sensitivity to
the choice of the start and end years. After removing circulation variability, all periods consistently display
Antarctic lower stratospheric warming, and ozone increases—key features of long-term ozone recovery. How-
ever, some quantitative differences between 2005 and 2018 and the other periods remain evident, even after
removing circulation variability, potentially arising from variations in external forcing, observational un-
certainties, and residual effects of circulation variability.

4.2. ERAS Residual Circulation Changes

If the AWLS is due to changes in the BDC, this should be reflected in residual circulation changes over recent
decades. Changes in the ERAS residual stream function are shown in Figure S12 in Supporting Information S1.
Climatological values of the residual stream function are negative in the SH, yet changes show large positive
values in this region, suggesting a weakening of the SH-BDC. Note that estimates of the residual circulation
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changes might not be well constrained in reanalysis data sets and can vary between products (Ploeger &
Garny, 2022; SPARC, 2022). Yet, the different lines of evidence from the circulation regression analysis,
radiative transfer calculations, and ERAS residual stream function changes all point to a dynamically induced
AWLS, which can be interpreted as a weakening of the BDC, especially in the SH. Figure S12 in Supporting
Information S1 also indicates a weakening of the NH-BDC.

4.3. Relevance to Zonal Wind Changes

Perturbations to the lower-stratospheric temperature gradient associated with the identified circulation variability
must align with zonal wind changes through thermal wind balance. In Figure S13 in Supporting Information S1,
we partition ERAS zonal wind changes into those related to the AWLS timeseries and those not related to it by
applying the circulation regression to monthly ERAS zonal wind anomalies (see Section 2.5). The ERAS zonal
wind changes (Figure S13A in Supporting Information S1) show that the stratospheric jet has strengthened in both
hemispheres from 2002 to 2022, with the strongest intensification near 50°-60°S. The circulation regression
changes show that the AWLS is associated with significant strengthening of the polar stratospheric zonal wind in
both hemispheres (Figure S13B in Supporting Information S1). Removing these changes results in small negative
and statistically insignificant decadal changes in polar stratospheric zonal wind (Figure S13C in Supporting
Information S1), suggesting that the observed stratospheric wind trends are mostly related to the AWLS.

4.4. The Role of the Southern Annular Mode

Changes in the strength and position of the SH stratospheric jet can be understood as variability of the SAM (Fogt
& Marshall, 2020; Thompson & Wallace, 2000). This raises the question of whether the circulation variability we
identify here is simply a reflection of variability in the SAM. To examine this, we apply an adapted version of the
circulation regression to monthly temperature anomalies, by replacing the AWLS timeseries with a SAM index
(see Section 2.1 for its definition). The results are shown in Figure S14 in Supporting Information S1. Notably, the
AWLS region exhibits a local maximum response to SAM (Figure S14B in Supporting Information S1), further
highlighting its dynamic coupling with the Antarctic lower stratosphere. While the pattern of stratospheric
temperature changes associated with the SAM (Figure S14B in Supporting Information S1) closely resembles the
circulation regression results in Figure 4b, the SAM-related warming in the region of the AWLS is only
0.13 £ 0.1 K/decade, which is ~1/3 of the 0.4 + 0.33 K/decade warming trend in the AWLS region (see
Figure 1b). This may be partly because the SAM closely tracks the polar vortex strength, which has been
strengthened by circulation-driven cooling of the Antarctic stratosphere and weakened by warming due to
externally driven ozone healing, leading to a partial cancellation and smaller net changes in the SAM.

4.5. Sensitivity to Box Location as Key Center of BDC Variability

The circulation regression technique (Section 2.5) identified the AWLS region as a key center of SH-BDC
variability (Figure 2). While both the SH- and NH-BDC influence the tropical lower stratosphere, using both
the AWLS timeseries and the temperature anomaly timeseries of the NH subtropical lower stratosphere (see red
box in Figure S2A in Supporting Information S1) has little effect on the results of Figure 4 (not shown). This is
because the AWLS timeseries is a good proxy for the NH BDC during January—March, when NH BDC dominates
(see Figure S5 in Supporting Information S1). Notably, the detrended AWLS timeseries correlates with its NH
counterpart at » = 0.60.

Figure S15 in Supporting Information S1 further tests the sensitivity of our results by replacing the AWLS region
box with a more conventional “tropical box” spanning 26.25°S to 26.25°N at the same height (Figure 15). While
this approach still tracks stratospheric circulation (Figure S15B in Supporting Information S1), it captures less
AWLS warming. Difference changes (Figure S15C in Supporting Information S1) recover weak, insignificant
Antarctic lower stratospheric warming, and still exhibit strong SH subtropical warming. These results suggest that
while the tropical box captures part of variability associated with the stratospheric circulation, it is less indicative
of the SH-BDC variability than the selected AWLS region. Notably, the difference change patterns for the NH in
Figure 4 and Figure S13 in Supporting Information S1 are nearly identical, indicating that the AWLS region also
effectively captures the slowdown of the NH-BDC well (Figures S5 and S12 in Supporting Information S1).
Using a “tropical box” spanning 18.75°S to 18.75°N yields very similar results to those in Figure S15 in Sup-
porting Information S1, though the coupling with the poles becomes even weaker.
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4.6. Impact of Observational Errors on Circulation Regression Analysis

In the circulation regression analysis, trends unrelated to the circulation are obtained by subtracting circulation
variability from the original anomalies. A relevant question is how observational errors affect the trend un-
certainty interval of this difference. Suppose the observational errors for the target anomalies and AWLS
timeseries are denoted as 6, and 6, g, respectively. The observational error in the difference is then given by
o2+ (m;o awrs) 172, where m;; is the regression coefficient. This indicates that the observational errors in the
difference, which incorporate errors from both the target anomalies and the AWLS timeseries, are larger than
those in the original anomalies and circulation variability. However, the trend uncertainty interval of the dif-
ference, which is due to both observational errors and interannual variability, remains smaller than that of the
original anomalies (Figures 3 and 5). This is because the trend uncertainty is dominated by interannual vari-
ability. Since removing circulation variability substantially reduces interannual variability in the difference, it
results in a smaller trend uncertainty interval (Figures 3 and 5). Even if the change in the AWLS region for a
given month is small and statistically insignificant (Figure S6 in Supporting Information S1), it still significantly
contributes to the circulation regression analysis by reducing interannual variability in the difference, thereby
narrowing its trend uncertainty interval.

4.7. Circulation Regression Applied to WACCM Simulations

Figure S16a in Supporting Information S1 shows temperature changes from 10 individual WACCM ensemble
members over 2002-2022. While Antarctic lower-stratospheric temperature changes vary greatly among mem-
bers, all members simulate similar weak warming in the AWLS region (ensemble mean: 0.1 K/decade). Since
QBO and ENSO effects are removed, these differences primarily reflect internal BDC variability. Figure S16B in
Supporting Information S1 shows changes related to each member's AWLS timeseries using circulation
regression. Figure S16C in Supporting Information S1 presents the difference changes after removing AWLS-
related processes. The similarity between trend patterns in Figures S16A and S16c in Supporting Informa-
tion S1 indicates that the circulation regression approach is ineffective for model simulations.

Figure S17 in Supporting Information S1 compares simulated and observed R> between detrended monthly
temperature anomalies in the Antarctic lower stratosphere and UTLS temperatures. Observations show a strong
coupling between the Antarctic and AWLS region (R°-0.35), whereas simulations exhibit a much weaker rela-
tionship (R?~0.15) across all ensemble members. This suggests that the circulation regression is ineffective for
this model's simulations.

4.8. Cause of BDC Changes

Model simulations suggest that two key external drivers of 21st-century BDC changes are rising GHG
concentrations and Antarctic ozone recovery (Abalos et al., 2019, 2020, 2021; Garfinkel et al., 2017; Garny
et al., 2011; Ivanciu et al., 2022; Lin & Fu, 2013; McLandress et al., 2010, 2011). Increasing GHG levels are
expected to accelerate the BDC, causing cooling in the tropical lower stratosphere and warming at the poles
—opposite to the observed trends (Figure 1a). In contrast, Antarctic ozone recovery is expected to warm the
lower stratosphere over Antarctica, weakening the SH equator-to-pole temperature gradient and inducing a
forced slowdown of the SH-BDC (Abalos et al., 2019; Ladstddter et al., 2023; Polvani et al., 2018, 2019).
However, this simulated slowdown relies on a significant increase in Antarctic ozone concentration, which
would warm the Antarctic. Since such strong increases are absent in observed ozone and temperature
changes, the results presented here do not support a forced slowdown of the SH-BDC due to Antarctic ozone
recovery.

The WACCM simulation indicates a forced warming of 0.1 K/decade and a radiative component of —0.12
K/decade in the AWLS region, resulting in a forced dynamic component of 0.22 K/decade. Observations,
however, indicate a total warming of 0.4 K/decade, with a radiative component of —0.18 K/decade, implying a
dynamic component of 0.58 K/decade. This implies that the dynamic component due to internal variability is
0.36 K/decade. Consequently, if we have confidence in the model-simulated forced changes, the 0.4 K/decade
(Figure 1b) used in our analysis should largely reflect internal variability.
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5. Conclusions

The RO climate record allows for a detailed study of 21st century stratospheric temperature changes (Gleisner
et al., 2022; Khaykin et al., 2017; Ladstadter et al., 2023; Mitchell et al., 2020; Shangguan et al., 2019; Steiner,
Ladstidter, Ao, et al., 2020; Vergados et al., 2021; Zolghadrshojaee et al., 2024). While models predict wide-
spread stratospheric cooling, RO observations for 2002-2022 show anomalous warming in the SH subtropical
lower stratosphere, referred to here as the AWLS. Partitioning temperature changes into those related to the
AWLS (Figure 4b) and those that are not (Figure 4c) reveals the influence of stratospheric circulation on tem-
perature changes, distinguishing them from changes driven by rising GHG levels and ozone recovery. This
approach remains robust to choices of different time periods (Figure 10, Figures S10 and S11 in Supporting
Information S1), reflecting the importance of circulation changes from interannual to decadal timescales for polar
temperatures. Seasonal analysis suggests that circulation variability has the strongest impact from October—
December. Furthermore, radiative transfer calculations suggest that composition changes alone would lead to
cooling in the AWLS region, providing further evidence that warming in this region is circulation driven. Changes
in the ERAS residual stream function also reinforce the evidence for dynamical warming in the AWLS region for
2002-2022. Our findings suggest that the circulation changes identified in this study are largely linked to internal
variability rather than to increases in greenhouse gases or reduction in ODSs.

Following the pronounced 20th century ozone depletion, stratospheric ozone concentrations are expected to
recover in the 21st century due to the reduction of ODSs (Solomon et al., 2016; World Meteorological Or-
ganization Executive Summary, 2022). Detecting robust Antarctic ozone healing is crucial for demonstrating
the effectiveness of the Montreal Protocol and its role in mitigating ozone depletion (Barnes et al., 2019;
Montzka et al., 2018; Newman et al., 2006; Rigby et al., 2019). While Antarctic ozone healing has been
observed during September, October—December ozone healing is less robust (Figure 7). Our findings indicate
that the SH-BDC slowdown linked to the AWLS reduces Antarctic ozone concentrations. This is because a
weakened SH-BDC reduces poleward ozone transport and creates colder conditions favorable for the chemical
depletion of ozone within the Antarctic polar vortex. Our results show that October—December Antarctic ozone
recovery would be apparent in observations in the absence of recent circulation influences, consistent with
previous studies (Solomon et al., 2016). Overall, we link two previously unconnected discrepancies between
models and observations: the AWLS and the weaker-than-expected October—-December Antarctic ozone
healing.

Future stratospheric climate change will impact surface climate via dynamical and radiative stratosphere-
troposphere coupling, thus understanding recent changes in stratospheric dynamics is important (e.g., Butch-
art, 2014; Haynes et al., 2021). However, constraining the BDC changes over recent decades is difficult, as most
BDC metrics are not directly observable and must be inferred from a combination of temperature observations,
trace gas measurements, models, and/or reanalysis products (Abalos et al., 2015; Diallo et al., 2021; Fu
et al., 2010, 2015, 2019; Mahieu et al., 2014; Ploeger & Garny, 2022; SPARC, 2022; Stiller et al., 2012; Stiller
et al., 2017). This study examines signatures of stratospheric circulation change using temperature provided by
high vertical resolution RO data. While temperature is advantageous for studies of BDC change as it is directly
observable, analyses using temperature are hindered by the fact that temperature is influenced by both the cir-
culation and radiative processes. This study also calls for further research to investigate the root cause of recent
stratospheric circulation changes identified here, which will help reduce uncertainties regarding future changes in
stratospheric temperature, composition, and ultimately surface climate.
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