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Abstract Southern Hemisphere (SH) circulation and surface climate changes are emerging in recent
decades. For example, in most seasons, the SH Hadley cell edge and the eddy‐driven jet stream have shifted
polewards, and the Southern Annular Mode (SAM) has trended towards its positive phase. However, attributing
these changes to specific external forcings, such as greenhouse gas (GHG) increases or stratospheric ozone
depletion, has been hindered by small ensemble sizes and lack of coherent forcing methodology across multiple
models. In this study, we analyzed simulations from 10 models within the Large Ensemble Single Forcing
Model Intercomparison Project (LESFMIP) to isolate the long‐term (1850–2014) SH climate response to
individual forcings (GHGs, aerosols, and ozone). We found that long‐term SH climate trends are dominated by
GHGs across all seasons. Over this time period, stratospheric ozone depletion exerts an influence comparable to
GHGs but is restricted to austral spring and summer. Although anthropogenic aerosols show weaker effects on
climate trends that oppose those induced by GHG forcing and ozone depletion, they have a noticeable impact.
Notably, ozone recovery following the Montreal Protocol is currently weakening or reversing spring and
summer trends in key circulation metrics. Finally, we quantify the degree to which the observed sea surface
cooling of the Southern Ocean and Antarctic sea ice increase from 1980 to 2014 fall outside the models'
ensemble spread. Our results highlight the need to better understand the roles of different forcings, model
differences, and discrepancies between models and observations to constrain projections of future Southern
Hemisphere climate change.

Plain Language Summary Atmospheric and oceanic circulation changes are emerging in the
Southern Hemisphere (SH). To better understand the drivers of these changes, in this study we use a new multi‐
model large ensemble data set to look at how specific factors (forcings) have individually influenced the long‐

RESEARCH ARTICLE
10.1029/2025JD046229

Leandro B. Díaz and Amy H. Butler
contributed equally to this work.

Key Points:
• Greenhouse gases drive Southern

Hemisphere circulation changes year‐
round, while ozone is a key driver
during austral spring and summer

• Although weaker, anthropogenic
aerosol effects are substantial and
should be accounted for in attribution
studies

• Persistent model‐observational dis-
crepancies exist for recent trends in
Southern Ocean sea surface tempera-
ture and sea ice extent

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
A. H. Butler,
amy.butler@noaa.gov

Citation:
Díaz, L. B., Butler, A. H., Avisar, D.,
Bischof, S., Boehm, C. L., Boschat, G.,
et al. (2026). Disentangling anthropogenic
effects on Southern Hemisphere
circulation and surface climate: A
multi‐model large ensemble approach.
Journal of Geophysical Research:
Atmospheres, 131, e2025JD046229.
https://doi.org/10.1029/2025JD046229

Received 23 DEC 2025
Accepted 6 JUL 2026

© 2026 His Majesty the King in Right of
Canada. Crown Copyright.
Commonwealth of Australia. Israel
Institute for Biological Research. Earth
Sciences New Zealand and The Author(s).
Reproduced with the permission of the
Minister of Environment and Climate
Change. This article is published with the
permission of the Controller of HMSO and
the King's Printer for Scotland. This article
has been contributed to by U.S.
Government employees and their work is
in the public domain in the USA.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

DÍAZ ET AL. 1 of 31

https://orcid.org/0000-0002-9237-6704
https://orcid.org/0000-0002-3632-0925
https://orcid.org/0000-0001-6590-9926
https://orcid.org/0000-0002-7035-5224
https://orcid.org/0000-0001-5384-5822
https://orcid.org/0000-0002-5174-1170
https://orcid.org/0000-0002-3285-5340
https://orcid.org/0000-0001-7258-666X
https://orcid.org/0000-0003-0934-8129
https://orcid.org/0000-0001-6559-9059
https://orcid.org/0000-0002-1264-815X
https://orcid.org/0000-0002-6275-1454
https://orcid.org/0000-0001-6551-7017
https://orcid.org/0000-0003-1249-6624
https://orcid.org/0000-0002-4287-2363
https://orcid.org/0000-0002-9713-7227
https://orcid.org/0000-0002-8868-4739
https://orcid.org/0009-0008-7641-4767
https://orcid.org/0000-0001-8273-5358
https://orcid.org/0000-0002-6614-1127
https://orcid.org/0000-0002-6749-010X
https://orcid.org/0000-0002-8751-1211
https://orcid.org/0000-0003-2191-9756
https://orcid.org/0000-0001-5708-694X
https://orcid.org/0000-0002-0551-6810
mailto:amy.butler@noaa.gov
https://doi.org/10.1029/2025JD046229
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025JD046229&domain=pdf&date_stamp=2026-08-19


term SH climate trends from 1850 to 2014. We find that greenhouse gases are the main driver of long‐term
changes in the SH since the preindustrial era. The impact of stratospheric ozone depletion is comparable to
greenhouse gases, but only during austral spring and summer. On the other hand, anthropogenic aerosols
partially counteract greenhouse gas effects on the circulation. The models are able to simulate the recent
weakening or even reversal of some of the trends in key atmospheric circulation metrics due to the recovery of
the ozone layer following the enactment of the Montreal Protocol and its amendments. However, the
disagreement between model simulations and real‐world observations for recent trends in Southern Ocean sea
surface temperatures and Antarctic sea ice highlights the need for more research to reliably project future
climate change in this crucial region.

1. Introduction
The global climate has undergone significant changes in recent decades due to anthropogenic activities. The
circulation and surface climate of the Southern Hemisphere (SH) is no exception, with observation‐based studies
reporting various emerging signals associated with climate change (Gulev et al., 2021; Shaw et al., 2024). Key
observed trends include a poleward expansion of the Southern Hadley Cell (Grise & Davis, 2020; Johanson &
Fu, 2009; Lionello et al., 2024; Min & Son, 2013), a positive trend in the austral summer Southern Annular Mode
(SAM, Fogt & Marshall, 2020; Purich et al., 2026), a poleward shift of the austral summer SH eddy‐driven jet
(Mindlin et al., 2025; Woollings et al., 2023), including near‐surface extreme wind (Chou et al., 2025), and a
strengthening of the storm tracks (Chemke et al., 2022; Shaw et al., 2022). The Southern Ocean heat content has
experienced an accelerated increase in recent decades (Auger et al., 2021; Cai et al., 2023; Shi et al., 2021).
Antarctic sea ice slightly increased between 1979 and 2015, but has experienced a rapid decline in recent years
(Eayrs et al., 2021; Parkinson, 2019; Purich & Doddridge, 2023). A wetting trend has also been evidenced in SH
land monsoon areas (Cao et al., 2023), with regions like Southeastern South America and northern Australia
standing out for their positive austral summer trend (Díaz et al., 2021; Heidemann et al., 2023; Varuolo‐Clarke
et al., 2021). Conversely, SH semi‐arid regions—such as southern Chile, southern Africa, and south
Australia—have experienced a drying trend during austral autumn and winter (Boisier et al., 2018; Cai &
Cowan, 2013; Cai et al., 2012; McKay et al., 2023; Purich et al., 2013; Timbal & Drosdowsky, 2013).

A major challenge in attributing observed SH climate changes and projecting their future evolution is disen-
tangling and understanding the role of various external forcings. The most prominent of these are increasing
greenhouse gas (GHG) concentrations and changes in stratospheric ozone. Global GHG concentrations have risen
at high rates since the mid‐20th century, primarily due to the widespread use of fossil fuels (IPCC, 2021). In
contrast, the Antarctic stratospheric ozone layer experienced significant depletion in the late 20th century because
of manmade ozone‐depleting substances (ODS) such as chlorofluorocarbons. Actions agreed upon in the
Montreal Protocol and its amendments to substantially reduce ODS emissions are expected to lead to Antarctic
ozone recovery by the mid‐to‐late 21st century (e.g., Keeble et al., 2021). Anthropogenic aerosols, which have a
net global‐mean cooling effect, peaked in the mid‐1970s in Europe and North America but in the mid‐2000s in
Asia; and air quality policies have since resulted in global‐mean aerosol decreases (Fiedler et al., 2019).

Pioneering studies suggested that Antarctic ozone depletion could largely explain the structure and sign of
observed summertime SH climate trends in the last decades of the 20th century (Arblaster & Meehl, 2006; Gillett
& Thompson, 2003; Thompson et al., 2011; Thompson & Solomon, 2002). Ozone depletion has led to a later
seasonal dissipation of the stratospheric polar vortex (the “final stratospheric warming” or FSW; Byrne &
Shepherd, 2018). This delay in the stratospheric seasonal cycle propagates downward and delays the seasonal
timing of the equatorward shift of the eddy‐driven jet stream, resulting in an anomalous poleward shift of the
eddy‐driven jet and positive phase of the SAM (Butler & Domeisen, 2021; Byrne & Shepherd, 2018; Saggioro &
Shepherd, 2019). Single forcing simulations confirm that ozone depletion is the main driver of the observed
poleward shift of the SH jet stream in summertime (McLandress et al., 2011; Morgenstern, 2021; Polvani
et al., 2011; Purich et al., 2026; Waugh et al., 2015). Furthermore, stratospheric ozone depletion has significantly
contributed to the observed austral summer Hadley Cell widening—an effect that is distinguishable from other
external forcings like GHG increases (Grise et al., 2019; Kim et al., 2017; Min & Son, 2013). This widening
further contributes to the poleward shift of the SH eddy‐driven jet and extratropical storm tracks (Grise
et al., 2014; Son et al., 2009), as well as alterations in the shape and position of the South Pacific Convergence
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Zone (Brönnimann et al., 2017). The poleward circulation shifts associated with ozone depletion altered pre-
cipitation patterns, leading to increases at high latitudes and decreases at mid‐latitudes, which could connect to
negative precipitation trends in southwestern South America in austral summer (Boisier et al., 2018). SH sub-
tropical moistening during austral summer in late 20th‐century, including observed positive trends in regions like
southeastern South America, Australia and South Africa, has been attributed to ozone depletion as well (Gonzalez
et al., 2014; Hendon et al., 2014; Kang et al., 2011). Finally, modelling studies have reported that ozone depletion
can also alter the Southern Ocean circulation by inducing a poleward shift of the surface wind stress, which
strengthens the subpolar meridional overturning (Sigmond et al., 2011; Solomon et al., 2015).

GHG increases have also been found in previous studies to contribute to observed changes in the SH circulation,
with a signature that extends year round (Kushner et al., 2001; Shindell & Schmidt, 2004). These include:
expansion of the SH Hadley Cell (Grise et al., 2019; Nguyen et al., 2015); positive SAM trend (Arblaster &
Meehl, 2006; Boisier et al., 2018); a sea level pressure increase over the SH mid‐latitudes and a decrease over the
SH high latitudes (Gillett et al., 2013); SH mid‐latitude drying and high‐latitude moistening (Fyfe et al., 2012);
negative precipitation trends in southwestern South America (Boisier et al., 2018; Vera & Díaz, 2015) and
southwestern Australia (Delworth & Zeng, 2014), and positive precipitation trends in southeastern South America
(Vera & Díaz, 2015; Zhang et al., 2016). Both ozone depletion and increasing GHGs have driven changes in the
zonal‐mean atmospheric circulation of the same sign, albeit with different seasonality and underlying mecha-
nisms (Eyring et al., 2013; Son et al., 2018). However, since around 2000, stratospheric ozone has been
recovering (Salby et al., 2011; Solomon et al., 2016). This means there is an inflection point in ozone forcing,
while at the same time, GHG forcing has continued to increase. Some recent studies suggest that ozone recovery is
already driving changes in the SH circulation that are opposite to those resulting from ozone depletion (Banerjee
et al., 2020; Zambri et al., 2021; Zheng, 2024). Therefore, the future evolution of the SH summer jet stream and its
related circulation is thought to be the result of a tug‐of‐war between increasing GHGs and ozone recovery
(Arblaster et al., 2011; Karpechko et al., 2010; Perlwitz, 2011).

Although anthropogenic aerosol emissions have received less attention in relation to their impact on the SH
climate, they are also an important forcing factor. Increased aerosols result in global cooling due to their radiative
effect (e.g., Gillett et al., 2021), even though most anthropogenic aerosol emissions occur in the Northern
Hemisphere (NH). This means radiative effects from increasing aerosols historically counteract those from
increasing GHGs, both in terms of global temperature change and more regional climate and circulation changes
(e.g., Xie et al., 2013). For example, the SH subtropical jet was shown to weaken under enhanced aerosol
concentrations but strengthen in response to GHGs (Rotstayn et al., 2013; Wang et al., 2020). However, it has also
been suggested that changes in the zonal‐mean circulation driven by aerosol forcing do not universally mirror
those due to GHG forcing (Choi et al., 2019; Wang et al., 2020). Moreover, the global mean trend of aerosol
forcing has reversed in recent decades due to changes in air quality policies that have reduced aerosol emissions
(Quaas et al., 2022). For these reasons a more thorough investigation on how aerosols influence the SH circulation
and where and when they oppose or amplify GHG‐driven changes is necessary.

Despite significant advances over the last 20 years in attributing emerging climate signals in the SH, major
challenges remain in understanding these changes and how they may evolve in the future. Firstly, while studies
generally demonstrate that stratospheric ozone depletion plays a significant role in explaining late 20th century
SH mid‐ and high‐latitude climate trends, particularly in summer, as well as a year‐round contribution from GHG
forcing, the comparative role of each of these forcings is unclear and varies between studies. This is because the
studies are based on different models or model ensembles, often with different forcing data sets (Eyring
et al., 2013; Haase et al., 2020; Ivanciu et al., 2021; Morgenstern, 2021), and use different methodologies for
comparison. Secondly, despite a clear indication of the role of ozone depletion in SH circulation and climate
trends over the late 20th century, the amplitude of the response varies substantially across models. Thirdly, many
of these studies are limited by the availability of multiple realizations for each experiment, particularly those
related to ozone forcing. Long‐term signals may contain components related to internal climate variability, so
multiple realizations of each experiment are necessary to isolate the forced signals (Deser et al., 2020; Maher
et al., 2021). Fourthly, the role of aerosol forcing has received much less attention than that of other anthropogenic
forcings, such as GHG and ozone forcing. Consequently, the extent to which aerosol forcing contributes is more
uncertain. Fifthly, the focus of most studies has been on changes during austral summer, when the observed
signals are generally more prominent. However, the impact of climate change is relevant throughout the year.
Some climate signals have the potential to emerge outside of the dynamically active seasons, during the transition
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seasons, so it is necessary to expand the scope to include other seasons as well (Shaw et al., 2024). Finally, the
extent to which an ozone recovery signal could be identified in the circulation after 2000 has not yet been fully
explored.

Additionally, though robust signals have emerged in the observations, some discrepancies with models persist
(Shaw et al., 2024; Simpson et al., 2025). For example, high‐latitude Southern Ocean sea surface temperatures
(SSTs) decreased and Antarctic sea ice increased from 1979 to 2014, but the models instead show warming and
sea ice loss over this period (Roach et al., 2023). The role of ozone forcing via the SAM over this time period has
been heavily debated (e.g., Dong et al., 2023; Polvani et al., 2021; Seviour et al., 2019). More recently, Hart-
mann (2022) suggested that the La Niña‐like trend in tropical SSTs over the observational record, which is not
captured by models, may be related to ozone depletion, which was supported by a fully coupled model experiment
(Dong et al., 2025). Resolving these discrepancies is limited by persistent model biases, but could be reduced
through multi‐model comparisons and large ensembles to separate the forced response from internal variability.

The objective of this study is to use simulations from the recently generated Large Ensemble Single Forcing
Model Intercomparison Project (LESFMIP; Smith et al., 2022) to isolate the competing roles of ozone, GHGs and
aerosols in driving multidecadal trends in the SH atmosphere and ocean. LESFMIP is a unique modelling
intercomparison project because of: (a) the required large ensemble size, which allows for better quantification of
internal variability; (b) the availability of multiple models, which allows for quantification of model uncertainty;
and (c) the ability to isolate the roles of different forcings. In addition to revisiting simulated historical changes in
SH circulation and their attribution to single forcings, as well as known model‐observation discrepancies, we
address several under‐explored questions. These include seasonal variations in forcing attribution, the impact of
aerosol forcing on observed SH changes, and the influence of ozone recovery on the SH climate post‐2000.

2. Data and Methods
To explore the roles of different anthropogenic forcing agents, we use simulations from the LESFMIP database
(Smith et al., 2022). These simulations followed the experiments proposed by the Detection and Attribution
Model Intercomparison Project (DAMIP, Gillett et al., 2016) from Coupled Model Intercomparison Project Phase
6 (CMIP6, Eyring et al., 2016), but with increased ensemble size. LESFMIP simulations are a key component of
the World Climate Research Programme Lighthouse Activity on Explaining and Predicting Earth System Change
(EPESC, Findell et al., 2023) objective to establish and apply attribution methodologies to explain multi‐annual to
decadal changes in the climate system.

Four different types of LESFMIP experiments were considered: (a) historical experiment, forced by natural
sources (observed volcanic aerosols, solar forcing, natural aerosols, etc.) and anthropogenic sources (observed
GHG concentrations, ozone concentrations, anthropogenic aerosols and land use); (b) hist‐GHG experiment,
forced by varying GHG emissions as in the historical experiment while fixing the natural forcing and the other
anthropogenic forcing at preindustrial values; (c) hist‐aer experiment, forced by varying anthropogenic aerosol
sources or concentrations as in the historical experiment while fixing the natural forcing and the other anthro-
pogenic forcing at preindustrial values; and (d) hist‐totalO3 experiment, forced by varying total column ozone
concentrations as in the historical experiment while keeping constant the natural forcing and the other anthro-
pogenic forcings. This is notably different from the DAMIP stratospheric ozone only (hist‐stratO3) experiment
(Gillett et al., 2016), but is consistent with that proposed in DAMIP2 for CMIP7 (Gillett et al., 2025). Table 1
shows the number of members used for each model and experiment. All 10 models considered have conducted the
historical, hist‐GHG, and hist‐aer experiments, but only 6 models included the hist‐totalO3 experiment. Although
the number of members varies according to the model and experiment, a minimum of 10 members for each set are
available, while two thirds (24/36) of the simulations are run with larger ensemble sizes (20–65).

We use monthly outputs from LESFMIP simulations for the following variables: net top‐of‐atmosphere (TOA)
radiative fluxes (based on downward solar, upward solar, and upward longwave radiative fluxes), mean sea level
pressure (SLP), zonal and meridional wind (at all available pressure levels), SST, downward heat flux at sea water
surface, sea water potential temperature (all vertical levels), sea ice area fraction, and precipitation. All the
simulations were interpolated to a 2.5° × 2.5° regular horizontal grid through bilinear interpolation or first‐order
conservative interpolation for globally defined fields. In each case, we use as many simulations as are available
for each variable. For the analysis we consider monthly data and seasonal means for December–January–February
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(DJF), March–April–May (MAM), June–July–August (JJA), and September–October–November (SON) or
annual means.

In order to evaluate the long‐term changes associated with the various forcings, we calculate the mean difference
between the 35‐year periods at the beginning (1850–1884) and the end (1980–2014) of the simulations. We also
evaluate the temporal evolution for the full period (1850–2014 or 1850–2020 depending on the experiment and
model) of different indices that describe some of the main features of the SH circulation and surface impact. To
that end, we compute the multi‐model mean (MMM) for each experiment, by first calculating the ensemble mean
for each model and then averaging across all models with equal weights. We highlight grid points with 100%
agreement in the sign of the ensemble mean response to indicate robustness of the response across models. As a
caveat, 100% agreement among the model responses does not guarantee that the response is correct, as this could
be related to a common model bias. We also acknowledge that the MMM can mask substantial differences in the
responses across individual models. To better compare across individual models and to assess how each model
compares to the true observed response, we also compute linear trends for the 1980–2014 period for the individual
model runs with the aim of comparing them with observational results during the satellite era when more ob-
servations are available to constrain the reanalysis. Since the number of models varied across experiments, we
tested whether selecting only those models for which simulations were available from all four experiments would
affect the results. Finding no significant changes, we present the MMM results using all available models for each
respective experiment.

The 1980–2014 analysis period mixes together the period of ozone depletion and ozone recovery, which have
oppositely signed influences on the circulation. In order to evaluate the possible effect of ozone recovery in the
beginning of the 21st century on the SH climate trends, and to more cleanly separate ozone depletion and recovery
signals, in Section 3.5 we compare the linear trends for the 1980–1999 and 2000–2014 periods in both the models
and the reanalyses. A caveat is that the models are forced with total column ozone changes, including changes in
tropospheric ozone (Checa‐Garcia et al., 2018), which precludes a clean attribution to stratospheric ozone
depletion and recovery. Additionally, none of the LESFMIP models include interactive ozone chemistry, a model
simplification which has been shown to result in a too‐weak SH circulation response to ozone depletion (Haase
et al., 2020; Ivanciu et al., 2021) and a weaker circulation response to ozone recovery that is more easily overcome
by GHG forcing (Ivanciu et al., 2022).

We use the following observation‐based data sets to compare with simulations: the fifth generation ECMWF
atmospheric reanalysis (ERA5, Hersbach et al., 2020), the Modern‐Era Retrospective analysis for Research and
Applications, Version 2 (MERRA2, Gelaro et al., 2017), the Japanese 55‐year Reanalysis (JRA‐55, Kobayashi
et al., 2015), the Japanese Reanalysis for Three Quarters of a Century (JRA‐3Q, Kosaka et al., 2024), the
Extended Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5, Huang et al., 2017), the EUMETSAT

Table 1
LESFMIP Models, Experiments, and Number of Ensemble Members Used in the Study

Model

Experiments

ReferenceHistorical Hist‐GHG Hist‐aer Hist‐totalO3

ACCESS‐ESM1‐5 40 10 10 – Ziehn et al. (2020), Mackallah et al. (2022)

CanESM5 65 50 30 10 Swart et al. (2019)

CMCC‐CM2‐SR5 10 10 10 – Lovato et al. (2022)

CNRM‐CM6‐1 30 10 10 – Voldoire et al. (2019)

GISS‐E2‐1‐G 40 40 40 40 Kelley et al. (2020), Miller et al. (2021)

HadGEM3‐GC31‐LL 55 55 55 50 Jones et al. (2024)

IPSL‐CM6A‐LR 33 10 10 – Boucher et al. (2020), Lurton et al. (2020)

MIROC6 50 50 10 10 Shiogama et al. (2023)

MPI‐ESM1‐2‐LR 50 30 30 30 Mauritsen et al. (2019)

NorESM2‐LM 43 23 23 20 Seland et al. (2020)

Note. See also Tables S1 and S2 in Supporting Information S1.
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Ocean and Sea Ice Satellite Application Facility (OSI SAF, Lavergne et al., 2019), and the observational (station)‐
based SAM index (Marshall, 2003).

We define the Hadley cell edge as the latitude where the 500‐hPa zonal‐mean meridional mass stream function
switches sign from negative in the SH tropics to positive in the SH mid‐latitudes, and the eddy‐driven jet latitude
as the latitude where the 850‐hPa zonal‐mean zonal wind field is maximized at SH mid‐latitudes. Both metrics are
calculated using the Tropical‐width Diagnostics code package (TropD; Adam et al., 2018), with the eddy‐driven
jet latitude found using the “max” method. Monthly mean wind fields are first zonally and then seasonally
averaged prior to calculating the metrics. The SAM is defined as the difference in normalized monthly zonal mean
SLP between 40°S and 65°S based on the Gong and Wang (1999) definition and using 1850–1884 for the
standardization period. Final stratospheric warming (FSW) dates are estimated from monthly mean data
following Hardiman et al. (2011), by assuming that the monthly mean data correspond to the 15th of each month
and then creating a daily time series by linear interpolation. To find the day of the FSW we select the first day
during austral spring on which the zonal mean zonal wind at 50 hPa and 60°S drops below 15 m s− 1. Sea ice
concentration is defined as the percentage of each grid cell covered in sea ice, while sea ice extent is calculated as
the total area of grid cells that have at least 15% sea ice cover. In Section 4, we consider the existence of a model‐
observation trend discrepancy using the 1980–2014 period if the following two criteria are met: (a) the observed
trend (or the mean, if there is more than one estimate) falls outside the 5th and 95th percentiles of the distribution
of all members, independently of the model; (b) for at least five models, the observed trend lies outside the full
range of values in the distribution of all members.

3. Results
In this section, we assess long‐term changes in the principal features of the SH climate and evaluate their potential
attribution to anthropogenic drivers. Where applicable, we compare these changes with observations and evaluate
their potential attribution to anthropogenic drivers. In particular, we evaluate the seasonal variations in the
attribution of forcing, as well as the impact of aerosol forcing on the SH observed changes.

3.1. Radiative Fluxes at Top‐of‐Atmosphere (TOA) and Zonal‐Mean Temperature Response

To understand how the radiative modifications resulting from the various forcing agents lead to changes in
circulation and how these vary seasonally, we first explore changes in top‐of‐atmosphere (TOA) net downward
all‐sky radiative fluxes (Figure 1) and zonal‐mean temperature (Figure 2) for 1980–2014 relative to the
1850–1884 reference period. The all‐sky fluxes include cloud radiative effects and so may be more difficult to
compare across models due to large differences in how models simulate cloud–aerosol interactions and other
cloud‐related processes. However, the all‐sky fluxes also better represent the radiative forcing the dynamics
respond to, and thus have a more meaningful connection to the rest of the analysis.

The historical simulations indicate increases in SH TOA energy fluxes (0.85 ± 0.25 W/m2), with individual
ensemble means ranging from 0.04 ± 0.12 W/m2 (CMCC‐CM2‐SR5) to 1.21 ± 0.11 W/m2 (ACCESS‐ESM1‐5).
Both aerosols (0.49± 0.33 W/m2) and GHGs (0.59± 0.22 W/m2) make positive contributions in the hemispheric‐
mean TOA energy imbalance, though with different spatial distributions (Figures 1b and 1c). GHG increases lead
to positive TOA energy fluxes that peak in the tropics and regions of maximum sea ice loss, whereas aerosols lead
to positive flux changes over most SH ocean regions, with maxima in the subtropical anticyclone regions, and
negative flux changes in most NH regions, especially in mid‐latitude continental areas. It is interesting that both
GHGs and aerosols lead to positive changes in net SH TOA radiative flux, despite GHGs leading to warming of
global‐mean surface temperatures and aerosols leading to cooling (Figure 2). This seeming contradiction can be
explained by changes in cross‐equatorial energy transport (e.g., Stephens et al., 2016); for example, the positive
aerosol‐related forcing in the SH implies increases in northward atmosphere/ocean energy exports to the NH
under the hist‐aer experiment. The response in SH TOA fluxes for hist‐totalO3 (Figure 1d) is generally weaker
than the responses for hist‐aer or hist‐GHG (Figures 1b and 1c). Ozone forcing averaged across the ensembles
leads to predominantly negative TOA fluxes in the SH, particularly for Antarctica, consistent with reduced at-
mospheric absorption of solar radiation due to ozone loss that amplified in magnitude during the period of peak
ozone depletion in the 1980 and 1990s before leveling off in the 2000s (Figure 1e).

Across model ensemble means, aerosol and GHG effects on the energy balance of the entire SH are of comparable
magnitude in the annual mean (Figure 1e) but with distinctly different seasonalities that show considerable inter‐
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model differences. Inter‐model spreads in all‐sky TOA imbalance, clear‐sky TOA imbalance, and cloud radiative
effects are comparable in magnitude when plotted month‐by‐month (Figure S1 in Supporting Information S1).
Cloud radiative effects contribute significantly to the DJF (summertime) spread in the all‐sky TOA fluxes,
especially under hist‐GHG and hist‐totalO3 (Figures S1i–S1l in Supporting Information S1). These inter‐model
differences are beyond the scope of this paper and will be evaluated in detail in follow‐up work.

The zonal‐mean temperature responses in Figure 2 include both radiative (Figure 1) and dynamically driven
effects, most of which are well‐known but with some interesting seasonal variations that we will point out here.
The historical experiment shows year‐round broad tropospheric warming that peaks in the tropical upper
troposphere and stratospheric cooling that generally increases with altitude (Figures 2a–2d), responses consistent
with the known response to GHG increases (Figures 2e–2h second column; see also Santer et al. (2023) and
references therein). Year‐round cooling of the polar lower stratosphere peaks in SON (austral spring) and DJF
(Figures 2a and 2d), primarily from ozone forcing (Figures 2m and 2p; Thompson & Solomon, 2002). GHGs
more weakly contribute to polar lower stratospheric cooling but with different seasonality than ozone, peaking in
DJF and MAM (austral fall) (Figures 2e and 2f; Grise & Polvani, 2017). Ozone forcing in SON and DJF also
produces a warming of the mid‐stratosphere. This dipole polar temperature response to ozone depletion has been
attributed primarily to enhanced shortwave cooling in the lower stratosphere and dynamical heating in the mid
stratosphere (Keeble et al., 2014). Additionally, there is a year‐round robust warming in the upper tropical
troposphere and cooling in the tropical to subtropical lower stratosphere in response to ozone forcing. The hist‐aer
experiment shows broad tropospheric cooling that peaks in the upper tropical troposphere (Figures 2i–2l), which
in the zonal‐mean is spatially similar but opposite in sign to the GHG response. In contrast to GHGs which are
well‐mixed in the atmosphere, the influence of the more tropospherically confined anthropogenic aerosol forcing
on stratospheric temperatures is generally weak for the long‐term response; however, it is important to reiterate

Figure 1. Changes in simulated net top‐of‐atmosphere (TOA) radiative fluxes for 1980–2014 relative to the 1850–1884 average (calculated across experiments but
excluding historical to avoid pre‐1884 volcanic influence). Spatial distributions based on (a) historical, (b) hist‐GHG, (c) hist‐aer, and (d) hist‐totalO3 multi‐model
means. The stippling marks regions where all models agree on the response sign. (e) Time series of annual‐mean TOA flux changes averaged over the entire Southern
Hemisphere relative to the 1850–1884 period. The shading indicates ±1 standard deviation across model ensemble means. Units in W m− 2.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD046229

DÍAZ ET AL. 7 of 31

 21698996, 2026, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

046229 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [20/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



that the hist‐aer simulation design excludes the significant short‐term deviations that often occur following
volcanic eruptions, when stratospheric aerosol loading is temporarily enhanced.

3.2. Large‐Scale Atmospheric Circulation Responses

To address the large‐scale changes in the SH atmospheric circulation, their seasonal variations and its potential
attribution to single forcings, we show the zonal‐mean zonal wind (Figure 3) and the SLP (Figure 4) responses for
1980–2014 relative to the 1850–1884 reference period in each season for the four LESFMIP experiments. The
simulated historical zonal wind responses during SON and DJF have been well‐documented (e.g., Eyring
et al., 2013; Son et al., 2018): relative to the preindustrial climatology (black contours), the SON stratospheric
polar vortex winds strengthen; the lower stratospheric westerly winds persist longer into DJF; while the tropo-
spheric eddy‐driven jet is enhanced on its poleward flank year‐round, but with a distinct poleward shift in DJF
(Figures 3a and 3d). In MAM, the models also agree on stronger zonal winds throughout the lower to mid
stratosphere, with stronger winds on the poleward side of the tropospheric jet, but with a lower magnitude than
DJF and SON, especially in the lower stratosphere. A broadly similar story is apparent in JJA, though in the
stratosphere, the strongest increases occur on the equatorward flank of the polar vortex, and the tropospheric jet
shows its strongest increases at its central jet location, in contrast to other seasons.

Figure 2. Zonal‐mean temperature responses (difference between 1980–2014 and 1850–1884 periods, for multi‐model ensemble mean) in shading starting from±0.2°K
for (top row) DJF, (second row) MAM, (third row) JJA, and (bottom row) SON, for the (a–d) historical forcings, (e–h) hist‐GHG only, (i–l) hist‐aer only, and (m–p) hist‐
totalO3 only. Units in K. The stippling indicates locations where all models agree on the sign of the response.
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In agreement with other studies, the magnitude of the SON and DJF zonal wind responses from the preindustrial
era to the early 21st century appear to be about equally attributable to hist‐GHG and hist‐totalO3, though ozone
forcing dominates in the last few decades of the simulations (not shown). Though both GHG and ozone forcings
strengthen the westerly zonal winds in the extratropical stratosphere and contribute to a poleward shift of the
tropospheric jet during the dynamically active seasons (SON and DJF), the structure of the zonal wind response is
somewhat different between the two forcings. GHGs increase the polar stratospheric winds from the lower to
upper stratosphere, particularly on the equatorward side of the climatological polar vortex in SON
(Figures 3e–3h). On the other hand, ozone forcing primarily enhances the winds in the lower to mid stratosphere,
with a stronger effect near or slightly poleward of the core of the climatological vortex winds (Figures 3m–3p).
These differences likely reflect the different mechanisms by which each forcing affects the circulation. For

Figure 3. Zonal‐mean zonal wind responses (difference between 1980––2014 and 1850–1884 periods, for multi‐model
ensemble mean) in shading for (top row) DJF, (second row) MAM, (third row) JJA, and (bottom row) SON, for the (a–d)
historical forcings, (e–h) hist‐GHG only, (i–l) hist‐aer only, and (m–p) hist‐totalO3 only. Units in m s− 1. The contours show
the multi‐model mean ensemble‐mean climatology for the preindustrial period (1850–1884); the contour interval is 10 m s− 1,
with the thick contour line representing 0 m s− 1. The stipping indicates regions where all models agree on the sign of the
response.
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instance, ozone forcing acts primarily through positive chemical–dynamical feedbacks that drive a stronger and
more persistent polar vortex in response to ozone depletion‐driven cooling in the lower stratosphere (Figure 2).
Conversely, GHG forcing predominantly enhances the zonal winds via thermal wind balance by sharpening the
meridional temperature gradient across the subtropical tropopause (Wilcox et al., 2012), which occurs year‐round
(Figure 2). In both cases, changes in the temperature gradient near the tropopause (and for GHGs, at the surface)
can also alter wave generation and propagation (McLandress et al., 2010). Interestingly, in JJA, ozone forcing
instead decelerates the stratospheric polar vortex on its poleward flank (Figure 3o); however, this response is not
robust in the historical simulations (Figure 3c). Aerosol forcing slows the lower to mid‐stratospheric zonal winds
in all seasons (Figures 3i–3l), with the most robust changes across models in the subtropical lower stratosphere
(20–40°S). The zonal‐mean zonal wind response to hist‐aer tends to spatially mimic the response to hist‐GHG
(but is of the opposite sign, Figures 3e–3h), except that GHG forcing enhances the westerly winds more
broadly from the lower to upper stratosphere and from the subtropics to the extratropics, whereas the only robust
response to aerosol forcing occurs in the lower subtropical stratosphere. The stratospheric cooling under GHGs

Figure 4. Multi‐model mean sea level pressure response (difference between 1980–2014 and 1850–1884 periods) for (top row) DJF, (second row) MAM, (third row)
JJA, and (bottom row) SON, for the (left column) historical, (second column) hist‐GHG, (third column) hist‐aer, and (right column) hist‐totalO3 experiments. Units in
hPa. The stippling indicates regions where all models agree on the response sign.
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(Figures 2e–2h) could amplify both the direct thermal wind response in the extratropics as well as the indirect,
potentially non‐linear response to changes in baroclinicity and wave driving (Walz et al., 2023), which may
explain the differences in the zonal wind response compared to aerosol forcing that shows little long‐term in-
fluence on stratospheric temperatures (Figures 2i–2l).

The zonal‐mean circulation responses in Figure 3 correspond to surface (SLP) responses, shown in Figure 4. In
the historical experiment, during DJF, MAM, and SON, and to a lesser extent during JJA, the models agree on the
spatial pattern of the SLP response, with decreasing SLP across the southern high latitudes and pole, and
increasing SLP across the SH mid‐latitudes, indicating that the response projects strongly onto the positive phase
of the SAM. This SLP response is consistent (via geostrophic balance) with the increase in the zonal‐mean zonal
winds around 60°S (Figure 3). The models show a large spread in the vicinity of the eddy‐driven jet latitude (50°S
approx).

To a large degree, the historical SLP response resembles the hist‐GHG response (Figure 4). The hist‐GHG
response is larger in magnitude than the other single‐forcing experiments in most seasons, with the exception
of hist‐totalO3 in DJF, and is opposite in sign relative to the hist‐aer response. For hist‐totalO3, as well as for the
historical experiment, the response signal is largest during DJF. The agreement between models is high for the
hist‐GHG experiment across seasons, and for the hist‐totalO3 experiment during DJF and SON, but is much less
evident in the hist‐aer experiment outside of the tropics/subtropics. These results are consistent with those re-
ported by Gillett et al. (2013) for previous model generations and also include the transition seasons, which have
distinguishable roles for individual forcings. For example, a robust high‐latitude SLP response is seen even in
MAM for the hist‐totalO3 experiment.

Next, we explore the evolution of various indices that describe some of the main features of the SH large‐scale
atmospheric circulation: the Hadley cell edge latitude, SAM index, and FSW date. The computation of these
indices is described in Section 2. Although previous studies have explored the forced responses to these metrics,
mainly in DJF, here we quantify the seasonal differences in responses and the relative importance of ozone and
aerosols compared to GHGs using a multi‐model approach. We also show trends in the historical experiment for
individual ensemble members over the 1980–2014 period; the large ensembles allow us to quantify where in the
ensemble spread the reanalysis value lies, and thus determine the likelihood of a model‐observation discrepancy.

Figure 5 (left column) shows the MMM evolution of the SH Hadley cell edge latitude from the four LESFMIP
experiments. All individual model‐means in the historical experiments show a poleward shift of the Hadley cell
edge since the preindustrial era in all four seasons (not shown). This poleward shift is largest in DJF, when GHG
and ozone forcings have comparable contributions. GHG forcing is the dominant forcing during all four seasons,
with a secondary contribution from ozone forcing during SON and DJF. In most models, aerosol forcing con-
tributes to an equatorward shift of the SH Hadley cell edge in JJA and SON, with the exception of NorESM2‐LM
(not shown). The MMM equatorward shift due to aerosols is one third to one half the magnitude of the response
due to the GHG forcing in these seasons, and roughly the same magnitude due to the ozone forcing in SON. Note,
however, that the total historical trend is only approximately 80% of the sum of the individual contributions (not
shown), reflecting potential nonlinearity in the ozone and GHG forcing signals during DJF (see also Polvani
et al., 2011). The conclusions here are generally consistent with those noted by previous studies using CMIP6
models (e.g., Grise & Davis, 2020), which were based upon fewer numbers of ensemble members.

To compare with the reanalysis, in Figure 5 (right column) we show linear trends in the Hadley cell edge over the
1980–2014 period for all ensemble members of each model in the historical experiment. The reanalyses show a
poleward shift of the Hadley cell edge of 0.2–0.4° latitude per decade during all seasons except SON. In JJA and
DJF, these reanalysis trends generally fall within the model ensemble spread, but exhibit greater poleward trends
in SH Hadley cell extent than the MMM. In MAM (autumn), at least one reanalysis (ERA5) shows much larger
poleward shifts compared to the MMM, and only one individual member (out of 414) has a poleward shift
magnitude greater than ERA5. In SON, the reanalysis instead shows a small equatorward shift of the Hadley cell
edge, which is in disagreement with the poleward shifts shown by every model‐mean; however, approximately
20% of individual model members show an equatorward shift. As is apparent by the large scatter in the magnitude
of the Hadley cell edge trends simulated by individual model members over the 1980–2014 period (Figure 5 right
column), trends in individual members (or the single “realization” of the reanalysis) are dominated by internal
variability, which can drive large Hadley cell edge trends over a 35‐year period that can easily mask any forced
circulation trend (Garfinkel et al., 2015; Grise et al., 2018). e.g., a decadal shift from the positive Interdecadal
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Pacific Oscillation to its negative phase may be responsible for a significant portion of the observed Hadley cell
expansion in recent decades (e.g., Allen & Kovilakam, 2017; Yang et al., 2020). Thus, the discrepancies noted
above in MAM and SON between the reanalysis and models may arise from internal variability; or from a true
model bias, given that the reanalysis value falls outside or at the far end of the ensemble spread for some models.

The behavior of the eddy‐driven jet latitude (Figure S2 in Supporting Information S1) closely resembles that of
the Hadley cell edge latitude (Figure 5), with a marked poleward shift, particularly during DJF. Two key dif-
ferences between the Hadley cell edge and eddy‐driven jet results are: (a) a greater role of ozone in driving the
poleward shift of the eddy‐driven jet during SON and DJF, and (b) a stronger role for aerosol forcing in coun-
teracting the poleward shift of the eddy‐driven jet position during DJF and MAM, but a weaker role during JJA
and SON. Over the 1980–2014 period (Figure S2 in Supporting Information S1), a consistent poleward shift of the
eddy‐driven jet position is seen in DJF and MAM in the reanalyses; however, during JJA and SON, there are

Figure 5. SH Hadley cell edge latitude year‐to‐year variabilities and long‐term trends. Left column: Multi‐model mean time
series (1850–2020) of the four experiments (historical, hist‐GHG, hist‐aer and hist‐totalO3) for each season: (a) DJF, (c)
MAM, (e) JJA, and (g) SON. Values relative to 1850–1884 period. In each case, the shading indicates ±1 standard deviation
across model ensemble means. Right column: Linear trends over 1980–2014 for historical experiment for each season: (b)
DJF, (d) MAM, (f) JJA, and (h) SON. Open circles represent individual ensemble members, filled circles show model
ensemble means, and horizontal lines indicate trends from ERA5, MERRA2, and JRA55 reanalyses.
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instead near‐zero or equatorward trends in the reanalyses. The model‐means closely match these trends in DJF
and JJA; but show a weaker poleward trend than reanalysis in MAM and near‐zero or poleward trends in SON.
However, the reanalysis trends still fall within the ensemble spread. The conclusions are generally consistent with
those noted by previous studies using CMIP6 models (e.g., Lachmy, 2022; Mindlin et al., 2025), which were
based upon fewer numbers of ensemble members.

Figure 6 shows clear positive trends for the MMM SAM index in the historical experiment, which accelerated
around 1960 and are evident across all seasons but particularly pronounced during DJF and weaker in winter (JJA)

Figure 6. SAM index variabilities and trends. Left column: Multi‐model mean time series (1850–2020) of the four
experiments (historical, hist‐GHG, hist‐aer and hist‐totalO3) for each season: (a) DJF, (c) MAM, (e) JJA, and (g) SON. The
SAM is defined as the difference in normalized monthly zonal mean SLP between 40°S and 65°S based on the Gong and
Wang (1999) definition and using 1850–1884 as the standardization period. In each case, the shading indicates ±1 standard
deviation across model ensemble means. Right column: Linear trends over 1980–2014 for historical experiment for each
season: (b) DJF, (d) MAM, (f) JJA, and (h) SON. Open circles represent individual ensemble members, filled circles show
model ensemble means, and horizontal black lines indicate trends from ERA5, MERRA2, and JRA55 reanalyses (solid lines)
and from station‐based observations (Marshall, 2003, dotted lines).
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compared to the other seasons. This behavior is consistent with the poleward shift in the SH eddy‐driven jet
(Figure S2 in Supporting Information S1), SH Hadley cell edge (Figure 5) and the positive SAM‐like pattern
observed in mean SLP (Figure 4).

The single‐forcing experiments reveal distinct seasonal patterns that help attribute the historical SAM trends
(Figure 6). The hist‐GHG experiments show consistent positive trends (in the MMM) across all seasons,
reflecting the year‐round influence of GHG forcing on the mid‐latitude circulation (e.g., Arblaster et al., 2011;
Shaw et al., 2024). In contrast, the hist‐totalO3 experiments show marked seasonality, contributing equally with
GHG during DJF when the impacts of the stratospheric ozone depletion on the troposphere are greatest; to about
half of the positive trends in SON when Antarctic ozone depletion occurs (e.g., Thompson et al., 2011); and with
weak or near‐zero contributions during MAM and JJA, respectively (e.g., Purich et al., 2026). The hist‐aer trends
instead show surprisingly robust negative trends in the SAM, especially in DJF and SON. A negative SAM
response to hist‐aer is also seen in MAM and JJA, though the model spread is large and spans zero. Particularly for
DJF, this model intercomparison suggests that the positive SAM trend in DJF due in equal parts to GHG and
ozone would have been much larger without the mediating influence of aerosol forcing.

Over 1980–2014, the reanalyses, observations, and models agree on strong positive SAM trends during DJF
(Figure 6b) (e.g., Fogt & Marshall, 2020), with much weaker positive trends in JJA (Figure 6d) and SON
(Figure 6h). In MAM (Figure 6f), the reanalysis/observations show stronger positive trends relative to most
individual model‐means, but still lie within the ensemble spread for all models except CMCC‐CM2‐SR5 and
NorESM2‐LM. The substantial scatter among individual model members, with ranges frequently spanning zero,
reflects the influence of internal variability over this shorter time period. This enhanced MAM trend in the
reanalyses is consistent with the Hadley cell edge (Figure 5) and eddy‐driven jet (Figure S2 in Supporting In-
formation S1) shifts discussed above, indicating that three different circulation metrics all show larger poleward
trends in observations than in the model ensemble mean during this season.

The FSW date time series are shown in Figure 7a. In the historical experiment, the MMM FSW occurrence is
delayed by about 20 days between 1960 and the early 1990s, a large part of which can be explained by ozone
depletion (e.g., Byrne & Shepherd, 2018). This attribution of the FSW delay using 6–10 different climate models
supports the findings from McLandress et al. (2010), who used single forcing experiments of a single climate
model. The FSW trend flattens out after the 1990s and even shows some indication of starting to reverse due to
ozone recovery (see Section 3.5). Another factor contributing to the delay in FSWs in recent decades is the in-
crease in GHGs, while aerosol forcing counteracts this positive trend slightly. Our results also suggest that
increased GHGs may have contributed to later FSWs relative to the preindustrial period since even the early

Figure 7. Final stratospheric warming (FSW) date variabilities and trends. (a) Multi‐model mean time series (1850–2020) of
the four experiments (historical, hist‐GHG, hist‐aer and hist‐totalO3). Values relative to the 1850–1884 period. In each case,
the shading indicates ±1 standard deviation across model ensemble means. (b) Linear trends over 1980–2013* for historical
experiment. Open circles represent individual ensemble members, filled circles show model ensemble means, and solid black
lines indicate trends from ERA5, MERRA2, and JRA‐3Q reanalyses. *The FSW date can fall between October to the
following January. This means that for several simulations we could not define the FSW date for 2014 because the record
ended in Dec 2013. For this reason we only look at trends from 1980 to 2013 for this metric. The year 2002 was excluded
from the computation of the FSW reanalyses trends because a sudden stratospheric warming occurred.
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1900s, with a larger role than ozone forcing until the 1970s. Surprisingly, aerosol forcing has counteracted this
influence, leading to earlier FSWs; while this opposing influence has not grown in magnitude since 1960, these
simulations indicate that it has clearly mediated the later timing of the FSW due to GHGs and ozone for several
decades now.

These findings are supported when considering the model trends for the shorter period of 1980–2013 (Figure 7b,
Figure S3 in Supporting Information S1). All models agree on a delay of FSW in the historical experiment
(Figure 7b), although the spread among individual model members can be very large, with some members even
producing a negative trend (see e.g. the CNRM‐CM6‐1 model). The individual model mean trends range from
∼0.23 days/year to ∼0.83 days/year, which is larger than the trend estimated from reanalysis products during this
period (∼0.17 days/year). In fact, for 4 out of 10 models, the reanalysis value lies completely outside the model
spread, though the reanalysis FSW trend is very sensitive to the start‐ and end‐year of the period chosen.

3.3. Southern Ocean Response

We next explore the trends in the Southern Ocean temperatures (Figures 8–10) and Antarctic sea ice concen-
trations (Figure 11), including some model‐observation discrepancies reported previously. Figure 8 shows the
changes of annual‐mean MMM SST and air‐sea heat flux anomalies in the Southern Ocean for LESFMIP
simulations. Note that we analyze spatial means over ocean regions south of 50°S; using slightly different latitude
ranges did not change our conclusions qualitatively.

There is general agreement across the models of a long‐term increase in Southern Ocean SSTs and heat uptake
(positive heat flux) in the historical simulations (Figures 8a and 8c). This increase in SSTs and heat uptake is
mostly driven by GHG forcing, while hist‐aer simulations show a weak decline in SSTs but more robust negative
heat flux that partially offsets the effects of GHG forcing. Of particular note, while trends towards a positive SAM
and enhanced high‐latitude surface westerlies–driven equally by GHG and ozone forcing in DJF (Figure 6)–
should drive northward Ekman transport and SST cooling, the hist‐totalO3 experiment shows instead negligible
SST warming and a weakly positive heat flux into the ocean since ∼1960 for annual‐mean as well as DJF (not
shown), in agreement with previous studies (e.g., Bitz & Polvani, 2012; Dong et al., 2023; Seviour et al., 2019;
Sigmond & Fyfe, 2010).

Despite the models consistently showing warming of the Southern Ocean over the 1980–2014 period (Figure 8b),
the ERA5 reanalysis and ERSSTv5 observations instead show a significant negative trend in Southern Ocean
SSTs (approximately − 0.09°C per decade). This is a common discrepancy among coupled climate models
(e.g., Wills et al., 2022). Though there is a noticeable spread across models, with some models (MIROC6,
NorESM2‐LM, GISS‐E2‐1‐G) showing much weaker positive trends than other models, only one model (GISS‐

Figure 8. (a) Multi‐model mean time series of spatially averaged (poleward of 50°S) annual‐mean sea surface temperature
(SST) of the four experiments (historical, hist‐GHG, hist‐aer and hist‐totalO3). Units in °C. Values relative to the 1850–1884
period. In each case, the shading indicates ±1 standard deviation across model ensemble means; (b) SST linear trends over
1980–2014 for historical experiment. Open circles represent individual ensemble members, filled circles show model
ensemble means, and the horizontal black lines are the observational trends from ERA5 (solid line) and ERSSTv5 (dashed
line). Units are in °C/decade. Panels (c, d) Same as panels (a, b), but for the air‐sea heat flux (H, positive values indicate flux
into the ocean). Units are in Wm− 2 and Wm− 2/decade respectively. Note that ocean diagnostics for many ensemble members
for a number of models are not available, so only those ensemble members that had all three diagnostics– SSTs, air‐sea heat
flux and ocean temperatures– were analyzed. For details, see Text S1 and Table S1 in Supporting Information S1.
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E2‐1‐G) has one member that shows trends equivalent to reanalyses and observations. Because these models
generally simulate realistic SAM trends over this period (Figure 6), and interannual SAM‐SST relationships are
generally well‐captured in CMIP models (e.g., Dong et al., 2023), poor simulation of the SAM seems unlikely to
be the source of this discrepancy with observations, though it is possible models cannot capture SAM‐SST re-
lationships on multi‐decadal timescales. Other proposed sources of the model‐observation discrepancy in
Southern Ocean SST trends are biases in radiative fluxes due to weak stratocumulus cloud feedback in coupled
climate models (Kang et al., 2023); biases in ocean stratification and heat transport due to coarse resolution (Kang
et al., 2026; Yeager et al., 2023); and missing freshwater fluxes from melting ice shelves (Kaufman et al., 2025;
Schmidt et al., 2023). Further investigation is needed to identify the exact cause of this discrepancy between
models and observations. In contrast, for trends in annual‐mean heat flux into the Southern Ocean over the
1980–2014 period, positive trends in the ERA5 reanalysis are consistent with those simulated by the models
(Figure 8d). There is also relatively more agreement and smaller spread among models for the heat flux trends
compared to SST trends. However, the model‐means underestimate the magnitude of the ERA5 trend, though
many individual ensemble members show comparable magnitudes.

An examination of maps of SST responses in DJF better elucidates where the model‐observation discrepancies are
largest (Figure 9). While the observations show broad cooling across the Southern Ocean, the magnitude of the
cooling trends is greatest in the Pacific sector (Figure 9a). Furthermore, a well‐known “La Niña‐like” cooling
pattern is seen in the tropical Pacific (Jiang et al., 2024; Watanabe et al., 2024). In contrast, the historical sim-
ulations show weak SST warming of the Southern Ocean and much stronger magnitude SST warming over much
of the rest of the globe (Figure 9b). Global SST warming is attributable primarily to GHGs (Figure 9d). Note that
while some studies have suggested aerosols as the primary driver of the observed La Niña‐like SST trend pattern
(Hwang et al., 2024), here we instead see broad SST cooling of the tropics and subtropics but no significant
meridional Pacific SST gradient due to aerosols (Figure 9e). Dong et al. (2025) suggested that stratospheric ozone
changes have contributed to the observed tropical La Niña‐like SST trend patterns based on a single model. In
addition, we found a strong La Niña‐like SST trend pattern associated with the ozone depletion period
(1980–1999) that is obscured in the full period by small magnitude trends with low agreement between models
during the ozone recovery period (2000–2014) (Figure S4 in Supporting Information S1). Therefore, the ozone
forcing response is sensitive to the chosen time period. Our results provide some evidence that ozone forcing leads
to cooling SST trends in the subtropical eastern Pacific and the Pacific sector of the Southern Ocean during DJF
(though these responses are likely muted in the hist‐totalO3 experiments due to a warming contribution from
tropospheric ozone trends; Sigmond & Polvani, 2026). These results highlight the need to further investigate the

Figure 9. Multi‐model mean DJF sea surface temperature (SST) trends from 1980 to 2014 for (a) ERSSTv5 (b) historical, (c) hist‐totalO3, (d) hist‐GHG, and (e) hist‐aer
experiments. Units in °C per decade. The stippling indicates regions where all models agree on the sign. The included models are those for which simulations were
available from all experiments (CanESM5, GISS‐E2‐1‐G, HadGEM3‐GC31‐LL, MIROC6, MPI‐ESM1‐2‐LR and NorESM2‐LM), and the number of ensemble
members listed in Table 1 was used.
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impact of stratospheric ozone trends on SH SST trends, and the potential role they play in model‐observation
discrepancies.

We now examine the long‐term SH sub‐surface ocean temperature response, along with the associated
depth–latitude pattern of zonal‐mean temperature anomalies (Figures 10a–10d). In historical simulations
(Figure 10a), the warming extends as deep as 2 km at latitudes south of 40°S, which could be related to the
Antarctic Intermediate Water that subducts the heat from the Southern Ocean below the subtropical water near the
surface. Despite discrepancies between observations and models regarding Southern Ocean SSTs, the
depth–latitude pattern of zonal‐mean temperature changes resembles reported changes in the IAP/CAS ocean
reanalysis over the 1940–2021 period (Cai et al., 2023). This warming is predominantly driven by the increase in
GHGs (Figure 10b). In contrast, aerosol forcing leads to a net cooling, partially offsetting the warming caused by
GHGs (Figure 10c). The cooling effect due to aerosols is mainly concentrated at latitudes north of 50°S and there
is little signal at 70°S consistent among all models. In contrast, ozone forcing is associated with a weak warming
trend, particularly in the upper 1 km and at latitudes north of 50°S (Figure 10d). These results confirm previous
findings that GHGs and aerosols are the main drivers of Southern Ocean temperature changes below the surface
(Chen et al., 2022), with ozone forcing playing a smaller role (Swart et al., 2018).

Figure 11 shows the evolution of MMM Antarctic sea ice extent (SIE) anomalies across the 1850–2014 period for
each of the four LESFMIP experiments for both the sea ice minimum in February (Figure 11a) and the sea ice
maximum in September (Figure 11c). Note that MIROC6 is not included in the sea ice analysis because it had
very poor representation of Antarctic sea ice as reported in previous studies (e.g., Casagrande et al., 2023). For the
historical simulation, the MMM shows a decline in SIE across the period for both months, with amplified negative
anomalies occurring after ∼1960 (Figures 11a and 11c). The simulated reduction in SIE is physically consistent
with the simulated increase in Southern Ocean temperatures (Figures 8 and 10). The SIE trends in the hist‐GHG
experiment are consistent with those based on the historical experiment, including larger inter‐model spread

Figure 10. Multi‐model mean zonal‐mean ocean temperature response (difference between 1980–2014 and 1850–1884 periods) for (a) historical, (b) hist‐GHG, (c) hist‐
aer, and (d) hist‐totalO3 experiments. Units are in °C. The stippling indicates regions where all models agree on the response sign. Note that ocean diagnostics for many
ensemble members for a number of models are not available, so only those ensemble members that had all three diagnostics –SSTs, air‐sea heat flux and ocean
temperatures– were analyzed. For details, see Text S1 and Table S1 in Supporting Information S1.
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during September. The spread across models is even larger in the hist‐aer experiment, resulting in a neutral trend
in the MMM. Finally, the SIE trend in the ozone forcing experiment is generally negative across the models over
this time period. The small contribution from ozone forcing nonetheless shows a clear seasonality, with a larger
impact on SIE anomalies during September compared to February, which is consistent with the seasonality of SIE
response to stratospheric ozone depletion reported in Sigmond and Fyfe (2010). Figure S5 in Supporting In-
formation S1 shows maps of the MMM Antarctic sea ice concentration (SIC) long‐term response for each
experiment and season. These maps indicate a widespread, year‐round decrease in SIC in the historical experi-
ment, primarily due to GHG forcing. Conversely, SIC changes in the hist‐aer experiment are weaker and more
heterogeneous across space, with greater disagreement among the models. Changes in SIC in the ozone forcing
experiment are weakly negative, with smaller areas of 100% agreement among the models (Figure S5 in Sup-
porting Information S1).

On balance, these results indicate that the modelled negative SIE trend from the historical simulation can be
explained primarily by GHG forcing, with a small contribution from ozone forcing. These results are consistent
with those of Sigmond and Fyfe (2014), who identified GHG forcing as the dominant driver of the simulated
historical sea ice trend. Also consistent with our results, climate models show decreases in Antarctic sea ice in
response to ozone depletion (Bitz & Polvani, 2012; Sigmond & Fyfe, 2010, 2014), as the increased westerlies act
to enhance upward transport of relatively warm water over long timescales (Ferreira et al., 2015; Holland
et al., 2017; Seviour et al., 2019).

While the models are generally consistent with each other, the observed evolution of sea ice extent over the more
recent historical period is notably different from the simulated evolution of SIE, experiencing a slight positive
trend from 1979 to 2015, followed by a rapid decline from 2016 to present day (e.g., Suryawanshi et al., 2023).
This apparent model‐observation discrepancy of sea ice trends is also captured in the second column of Figure 11,
which shows individual models' ensemble member trends in SIE over the 1980–2014 period. Most ensemble
members across all models are unable to capture the observed positive trend (black solid line), instead simulating
a negative trend consistent with the long‐term evolution (Figures 11a and 11c), particularly in February. The SIE
trends model‐observation discrepancy could be connected to the Southern Ocean SST trend discrepancy, as they
may have a common origin (e.g., Schneider & Deser, 2018). There is a larger spread in the September SIE trends

Figure 11. Sea ice extent (SIE) variabilities and trends. Left column: Multi‐model mean time series (1850–2014) of the four
experiments (historical, hist‐GHG, hist‐aer and hist‐totalO3) for (a) February and (c) September. Values relative to the
1850–1884 period. In each case, the shading indicates ±1 standard deviation across model ensemble means. Right column:
Linear trends over 1980–2014 for historical experiment for (b) February and (d) September. Open circles represent
individual ensemble members, filled circles show model ensemble means, and horizontal black line is the observational trend
from OSI‐SAF (solid line). Note that sea ice variables for some ensemble members for a number of models were not
available. For details, see Text S1 and Table S2 in Supporting Information S1.
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compared to the February SIE trends which is likely due to the seasonal cycle of SIE; a climatologically larger sea
ice pack could result in more regional variability amongst the members. However, it is worth noting that a few
members simulate a positive trend in the historical experiment (consistent with, e.g., Roach et al., 2020; Holmes
et al., 2024), indicating that the observed trend falls within the possible range of simulated internal variability. The
rapid decline in Antarctic sea ice since 2016 (not included in Figure 11) has brought broader alignment between
observations and models for trends up to 2023 (Holmes et al., 2024). Additional large ensemble comparisons
including the recent decade will be critical for further examination of the SIE model‐observation discrepancy.

3.4. Precipitation Response

Next, we evaluate the impact of the anthropogenic forcings on precipitation and their seasonal differences
(Figure 12). All models show a robust increase in high latitude precipitation throughout the year, surrounded by a
decrease in the subtropics and mid‐latitudes, with large regional and seasonal variability (Figures 12a–12d). The
subtropical drying band is related to the poleward shift of the Southern Hadley cell edge (Figure 5). Furthermore,

Figure 12. Multi‐model mean percentual precipitation response (difference between 1980–2014 and 1850–1884 periods) for (top row) DJF, (second row) MAM, (third
row) JJA, and (bottom row) SON, for the (left column) historical, (second column) hist‐GHG, (third column) hist‐aer, and (right column) hist‐totalO3 experiments. The
stippling indicates regions where all models agree on the response sign.
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it exhibits zonal asymmetries, with many centers of action located over the oceans, as indicated by Schmidt and
Grise (2017). On the other hand, the mid‐latitude drying/high latitude wettening trend is consistent with the SAM
positive trend (Figure 6), which drives a poleward shift of the SH storm tracks. The mid‐latitude drying band, with
high agreement between models, is only clearly evident in DJF when the eddy‐driven jet is zonally symmetric,
coincident with more negative trends in the low level extratropical zonal winds during this season (Figure 3a).
This feature could be connected to the observed drying trend in southwestern South America (Boisier et al., 2018).
In the other seasons, the primary drying band is located in the subtropics in the MMM, but with little agreement
across the ensembles for most regions. Although there are almost no continental areas in the mid‐latitudes where
all models agree on the sign of change, eastern Australia and southeastern South America stand out for positive
precipitation trends in DJF (e.g., Bandoro et al., 2014; Hendon et al., 2007; Kang et al., 2011), the latter region of
which is well supported by analysis of observations since the beginning of the 20th century (e.g., Díaz
et al., 2021).

Simulated SH rainfall changes in the historical experiment are mostly explained by GHG forcing with the
exception of the tropical and southeast Pacific (Figures 12e–12h). While the hist‐GHG experiment shows positive
(negative) changes in the tropical (southeast) Pacific with high agreement between the different models, the
aerosol forcing response exhibits an opposite response of similar magnitude, but with lower agreement between
the different models (Figures 12i–12l). The relative strength of the forcing depends on the specific model in
question. As a result, the historical response shows low agreement between models in those regions
(Figures 12a–12d). By contrast, changes associated with ozone forcing are small in magnitude and mostly
concentrated in the mid‐to high latitudes during DJF only (Figures 12m–12p). During DJF, the response due to the
ozone forcing generally resembles the response to GHG forcing in mid‐to high latitudes but with lower
magnitude, though with a somewhat more robust drying response over the mid‐latitude Southern Ocean and
wettening over South Africa and southeastern Australia. Moreover, these results support the claim that GHG
forcing is primarily responsible for positive precipitation trends in southeastern South America (Vera &
Díaz, 2015; Zhang et al., 2016), in contrast to previous studies that reported a major role for ozone forcing
(e.g., Gonzalez et al., 2014). However, the period considered by Gonzalez et al. (2014) (1960–1999) was
characterized by more severe ozone depletion, which could partly explain the incremental contribution of this
forcing, a result confirmed in the LESFMIP simulations (see Section 3.5). Overall, these results enable us to
evaluate some previous attempts to attribute long‐term changes in precipitation that were based on fewer models
or smaller ensembles for single forcing simulations. Additionally, we propose a greater role for aerosol forcing for
SH subtropical rainfall than has been reported previously, which partially offsets the response to GHG forcing.

3.5. Ozone Recovery

Trends calculated over the 1980–2014 period combine the effects of both the ozone depletion era (1980–1999)
and the subsequent stabilization or recovery phase (2000–2014) (e.g., Banerjee et al., 2020; Zambri et al., 2021).
Therefore, analysis of the 1980–2014 period could be mixing ozone depletion and recovery signals. To isolate the
effects of ozone depletion and recovery, we compare the trends from 2000 to 2014 with those from 1980 to 1999,
when ozone depletion peaked. We focus on some of the SH features identified previously, where ozone forcing is
relevant, and only consider DJF (austral summer), the season when ozone forcing has its largest influence. Direct
comparisons between these two epochs (Figure 13) show a clear weakening in positive SAM trends in both
reanalyses and the historical model ensemble during the later period (Figure 13a, e.g., Purich et al., 2026). A
similar behavior is observed for the poleward shift of the Hadley cell edge; although the uncertainty in the
reanalysis estimate is greater in this case, the large ensembles provide a clear sense of the robustness of this
change. Regarding the FSW date (Figure 13c), both reanalyses and the models show a trend toward later FSWs
over the 1980–1999 period, but a trend which has weakened or even reversed during 2000–2014 (note that the
2002 sudden stratospheric warming was removed from the reanalysis in the trend calculation). In line with the
SAM changes, the positive trends in DJF extratropical precipitation in high latitudes (55°S–75°S) show a
weakening in the later period (Figure 13d).

When comparing the historical experiment with the single‐forcing experiments, it is clear that the simulated
changes in trend magnitudes for these circulation metrics between the two periods come from ozone forcing. In
particular, in the hist‐totalO3 experiment, most of the metrics exhibit a reversal in the sign of the trend between the
two periods (whereas in the historical experiment, only the FSW metric exhibits a reversal in sign; the other
metrics show the same sign of trend but with reduced amplitude). On the other hand, the median trends in the
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aerosol single‐forcing are around zero, for both of these two periods (aerosols had a larger effect relative to the
preindustrial period, see e.g., Figures 6 and 7). Meanwhile, the GHG forcing shows no evident change between
the two periods, so also cannot explain the inflection point in the historical evolution. These results suggest that
the 1980–2014 trends shown in the previous sections for the historical and hist‐totalO3 experiments may therefore
represent a blend of accelerating trends during ozone depletion and weakening trends during ozone recovery for

Figure 13. Box‐and‐whisker plot of the 1980–1999 and 2000–2014 linear trends for (a) SAM index, (b) SH Hadley Cell edge
latitude, (c) final stratospheric warming date, and (d) extratropical precipitation (55°S–75°S) spatial average, for each
experiment. All the individual simulations (independent of the model) are included for each box. In each case, the circles are
the multi‐model mean for each model. In the historical experiment, observational references are also included. For the FSW
trends the period of 2000–2013 was used and the year 2002 was excluded in the reanalyses (see Figure 8).
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some variables such as the SAM, the Hadley cell edge latitude, the FSW date, and precipitation changes,
particularly during DJF.

These results support previous reports of early signals of ozone recovery in the circulation (Banerjee et al., 2020;
Zambri et al., 2021; Zheng, 2024). However, those studies relied on observations or only a few models or
ensemble members. Here, we confirm using single‐forcing large ensembles that (a) observed changes in these
circulation metrics during DJF in the early 21st century are within the range of simulated trends, which can vary
substantially across ensemble members; (b) the ensemble‐means of individual models and the MMM show robust
changes between these two periods; and (c) the differences in circulation trends over these two time periods are
driven by ozone forcing.

4. Discussion and Conclusion
The new LESFMIP simulations are the most complete set of multi‐model single forcing experiments to date, with
at least 10 members for each model and experiment. This allows us to revisit with a common framework the long‐
term changes (1980–2014 vs. 1850–1884) in the SH circulation and surface response, and their attribution to the
main anthropogenic forcings: GHGs, ozone and aerosol forcing. The main long‐term changes, the forcing factors
that explain these changes, and the observation‐model discrepancies found in our study are summarized in the
following table (Table 2) and illustrative figure (Figure 14). It should be noted that these findings do not
necessarily represent the results found for the shorter 1980–1999 and 2000–2014 periods, for which the effects of
changing ozone forcing on the circulation approached or even exceeded those of GHGs in some seasons (see
Section 3.5). Looking at the full record mixes together the ozone depletion and recovery signals.

Some of the key findings from this study, confirm and extend previous research:

• Dominance of GHG forcing: Our results highlight the predominant role of GHG forcing in explaining the
simulated atmospheric and oceanic response in all‐forcing historical experiments year‐round over this
∼170 year period.

• Seasonal importance of ozone forcing: Total column ozone forcing, which is dominated by stratospheric
ozone depletion starting in the 1970s, exerts an influence on the SH atmospheric circulation that is comparable
in magnitude, or for some metrics even larger than, the influence of GHGs, but only in certain seasons. In
particular, in DJF (summer), ozone forcing exerts an equivalent magnitude influence to GHGs on the zonal‐
mean zonal winds (Figure 3), SLP (Figure 4), eddy‐driven jet latitude (Figure S2 in Supporting Informa-
tion S1) and SAM (Figure 6); and a slightly weaker but still substantial influence on the SH Hadley cell edge
(Figure 5) and mid‐to high‐latitude precipitation (Figure 12). In SON (spring), ozone forcing also exerts an

Table 2
Summary of Observed Long‐Term (1850–2014) SH Climate Changes and Associated Forcings Attributed to Them (in Brackets, Separated by a Comma in Order of
Contribution, With a Slash Indicating Similar Contributions): GHG, Ozone (O3), Aerosols (AER)

Climate Variable/Metric Summer (DJF) Autumn (MAM) Winter (JJA) Spring (SON)

TOA Net Flux Imbalance—Annual ↑ (GHG, AER)

Zonal Wind ‐Poleward Flank Jet Stream ↑ (GHG/O3) ↑ (GHG) ↑ (GHG) ↑ (GHG, O3)

Poleward shift of HC Edge Latitude ↑ (GHG, O3) ↑ (GHG) ↑ (GHG), ↓ (AER) ↑ (GHG), ↓ (AER)

SAM Index ↑ (GHG/O3), ↓ (AER) ↑ (GHG) ↑ (GHG) ↑ (GHG, O3), ↓ (AER)

FSW Date Delay ↑ (O3, GHG), ↓ (AER)

SO SSTs—Annual ↑ (GHG)

SO Air‐Sea Heat Flux—Annual ↑ (GHG), ↓ (AER)

Subsurface Ocean Temperatures Mid‐latitudes—Annual ↑ (GHG, O3), ↓ (AER)

Antarctic Sea Ice Feb‐Minimum: ↓ (GHG) Sep‐Maximum: ↓ (GHG, O3)

Extratropical Precipitation (55°S–75°S) ↑ (GHG, O3) ↑ (GHG) ↑ (GHG) ↑ (GHG)

Note. Positive (negative) changes are indicated by (↑) (↓). Changes for which a discrepancy is found between models and observations for the 1980–2014 period using
the criteria described in Section 2 are indicated in gray italics (where the changes indicated are those from the models, with observations showing an opposite‐signed
change). In each case, attribution forcings are indicated when the spread among models toward the end of the period (±1 standard deviation) is distinguishable from the
preindustrial reference period.
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equivalent influence to GHGs on stratospheric zonal winds (Figure 3), while being the primary driver of the
FSW delay (Figure 7). Ozone forcing plays a weaker but still substantial role on springtime mean SLP, eddy‐
driven jet latitude, and SAM. Our results highlighted that ozone forcing may even provide some weak
contribution to changes in circulation metrics in other seasons, such as mean SLP and the SAM in MAM
(autumn) or polar stratospheric winds in JJA, though it is possible these changes are related to tropospheric,
rather than stratospheric, ozone forcing.

• Moderating role of aerosols: Although the effects of anthropogenic aerosols on the SH circulation are
generally smaller than those produced by other forcings, they have a noticeable impact on many of the features
explored. Unlike ozone forcing which is primarily stratospheric and largest over the SH high latitudes, aerosol
forcing is primarily tropospheric and largest in the NH. Nonetheless, impacts of aerosols were detected even in
the SH stratosphere (Figures 3 and 7). The zonal‐mean atmospheric circulation response to aerosol forcing
broadly opposes that to GHG, but with weaker magnitude. This is reflected in the simulated historical changes
to the latitude of the SH Hadley cell edge (Figure 5), the position of the eddy‐driven jet (Figure S2 in Sup-
porting Information S1), the SAM index (Figure 6) and the FSW date (Figure 7). Additionally, the aerosol
forcing partially offsets the simulated positive changes in Southern Ocean air‐sea heat flux (Figure 8) and SH
surface and deep ocean temperatures driven by GHG forcing (Figures 9 and 10), though its impact on SIE is
negligible (Figure 11). Regarding the precipitation response, its impact in the South Pacific Ocean is com-
parable to that of GHG, but of opposite sign (Figure 12). Although the counteracting influence of aerosols was

Figure 14. Summary of observed long‐term (1850–2014) SH climate changes and associated forcings attributed to them (in brackets, separated by a comma in order of
contribution, with a slash indicating similar contributions): GHG, ozone (O3), aerosols (AER). Positive (negative) changes are indicated by+(− ) or by (↑) (↓). Poleward
shifts are indicated by ←. Changes for which a discrepancy is found between models and observations for the 1980–2014 period using the criteria described in Section 2
are indicated in italic (where the changes indicated are those from the models, with observations showing an opposite‐signed change). In each case, attribution forcings
are indicated when the spread among models towards the end of the period is distinguishable from the preindustrial reference period.
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generally present year‐round, in some cases it was present only in particular seasons; for example, aerosols had
a detectable influence on the SH Hadley cell edge extent only in JJA and SON. Our analysis highlights the
importance of taking aerosol forcing into account when conducting attribution analyses, in order to obtain a
realistic representation of the full anthropogenic climate response in the SH. Due to the reversal of global
trends in aerosol emissions (Quaas et al., 2022), the counteracting effect of the aerosol forcing in the SH
climate response may become weaker in the future.

We also identified discrepancies between observation‐based data sets and the model simulations over 1980–2014.
For example, we highlighted the contrast between the negative trend observed in Southern Ocean SSTs and the
positive trends simulated by the models (Figure 8b), as well as the positive trend observed in sea ice extent that
contrasts with simulated negative trends (Figure 11). Although these observation‐model discrepancies have been
reported previously (e.g., Simpson et al., 2025), our study includes a considerably larger number of individual
simulations from different models than most previous studies. Therefore, we could confirm which discrepancies
are much more likely to be genuine and not the result of insufficient sampling of internal variability, over the short
observational period, by determining where the observations are well outside the model distribution. Where few
models have individual members that closely match observed trends suggests a lack of physical understanding of
the processes underlying these discrepancies, as well as a need for model development efforts aimed at improving
the representation of these long‐term features. Advances in both aspects would help to reduce uncertainties of
future projections.

A novel component of our analysis is evaluating all four seasons to identify seasonal dependencies in long‐term
circulation trends and their causes. For instance, although our study confirms that DJF and to a lesser extent SON
are the seasons when the many prominent SH circulation trends have emerged, the results also highlight that these
seasons have been dominated by same‐signed contributions from GHGs and ozone depletion; but in the future,
ozone recovery and GHGs will instead have an opposite‐signed influence, potentially leading to weaker and more
uncertain SH circulation responses in these seasons compared to other seasons. On the other hand, MAM shows a
long‐term response similar to that of DJF, but with a slightly smaller magnitude, mostly attributable to GHG
forcing. This is mainly due to the lack of ozone forcing in this season compared with SON and DJF, which may
imply MAM will become a better season to detect future changes in the circulation. Our results show that the
observed circulation trends in MAM (Figures 5 and 6; Figure S2 in Supporting Information S1) are much larger
than the trends indicated by the model ensemble mean. Although this could be a result of internal variability over
this shorter period, attention should be given to the models' ability to correctly capture the amplitude of the
response to forcing in this season, as this is the season in which we expect forced changes to become most
apparent in the next few decades. Additionally, our analysis identified some previously unidentified responses in
certain seasons; for example, ozone forcing was found to lead to a robust weakening on the poleward flank of the
winter polar vortex, motivating further study into the causes for these changes.

The ozone‐only forcing simulations also allow us to evaluate the extent to which the recovery of stratospheric
ozone, due to actions under the Montreal Protocol, has a detectable signature in SH circulation trends and related
surface impacts. We clearly identified that some of the main long‐term changes in the SH during DJF, such as the
SAM positive trend, the poleward shift in the latitude of the Hadley cell edge, the delay in the FSW and the
positive precipitation trend at high latitudes, are considerably diminishing in the large ensembles, with a clear
slowdown during 2000–2014 relative to 1980–1999 in the historical and ozone forcing simulations (Figure 13).
We also used the LESFMIP simulations to investigate the hypothesis put forth by Hartmann (2022) and Dong
et al. (2025), who suggested that ozone depletion has contributed to the observed tropical La Niña‐like cooling
pattern in SSTs. Using multi‐model large ensembles, we see robust regional SST cooling in the southeastern
Pacific and Southern Ocean due to ozone forcing in DJF, with higher model agreement during the peak period of
ozone depletion (Figure S4 in Supporting Information S1), though it is not possible to conduct a direct comparison
with Dong et al. (2025) due to differences in ozone forcing. This suggests that further exploration of the
connection between ozone forcing and SSTs is warranted.

There are a few important caveats to our results. One limitation is that the LESFMIP model simulations do not
permit a fair comparison with most previous studies, since the LESFMIP ozone‐only forcing includes both
tropospheric and stratospheric ozone. This differs from the stratospheric‐only ozone forcing commonly used in
previous studies (e.g., Gillett et al., 2016). An additional caveat is that none of the LESFMIP models
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incorporate interactive ozone chemistry. Prescribed ozone has been shown to result in weaker stratospheric
responses to changes in ozone levels (depletion and subsequent recovery), which could lead to underestimation
of the long‐term responses of ozone forcing compared to GHG (Butler et al., 2026; Ivanciu et al., 2021, 2022).
Generating simulations that allow the role of interactive chemistry to be evaluated using a large ensemble
approach involving multiple models would improve our understanding of the comparative roles of GHG and
ozone forcings in explaining the response of SH circulation and its associated impacts. Another source of
uncertainty arose from the aerosol forcing used in the LESFMIP simulations, as previous studies have shown
that CMIP model simulations are highly sensitive to plausible historical aerosol forcings (e.g., Dittus
et al., 2020; Fyfe et al., 2021). Therefore, the contribution of aerosol forcing suggested by our results remains
highly uncertain.

Although it was not shown in our analysis, we found evidence of a non‐additive response in the circulation
changes across different forcing agents (e.g., DJF SH Hadley cell edge latitude, Figure 5). Recently, Pope
et al. (2020) reported differences in the SH SLP response when combining GHGs and aerosols, compared to the
sum of the individual forcings, using a coupled chemistry–climate model. In addition, Simpson et al. (2023)
identified significant nonlinearities in the response of Atlantic meridional overturning circulation for anthropo-
genic aerosol forcing by comparing the results of the “only” and “all‐but‐one” methods used in the design of
single‐forcing experiments. Further research is required to establish the importance of such nonlinearities in order
to understand the limitations of attributing specific forcing agents to single‐forcing simulations in the SH changes.
Another issue that requires more attention is the long‐term change in interannual variability, as our study pri-
marily focuses on long‐term changes in mean circulation. This could be particularly important for understanding
climate extremes and predictability, and improving the physical interpretation of climate projections. Large
ensembles are an ideal tool for investigating these aspects (Deser et al., 2020; Maher et al., 2021). Butler
et al. (2026) recently considered a smaller set of large ensembles and found that the dominant mode of variability
in SH stratosphere‐troposphere coupling changes in response to external forcings, with higher variability shifting
to early summer as ozone depletion peaks and back to spring as ozone recovery occurs, and variability of the mode
decreasing by the end of the 21st century. LESFMIP simulations may prove a useful tool for future evaluation of
the long‐term evolution of SH circulation variability and its potential causes.

Although our assessment mainly focuses on signals where all models show agreement, we acknowledge that
using equal weights for individual model ensemble means does not address that some models may have larger
biases than others, nor do we attempt to systematically evaluate models in order to better constrain the simulations
to represent the actual evolution of the long‐term climate. Furthermore, despite using large ensembles, our results
could be impacted by signal‐to‐noise errors, which could result in the magnitude of the modelled ensemble mean
and spread appearing smaller than it actually is (Cottrell et al., 2024; Scaife & Smith, 2018). This could be
addressed by scaling the simulated response by the ratio of predictable signals between observations and sim-
ulations. However, this is more complicated if models have different responses, and a reliable observational
reference is still needed for this computation, which is not always possible for SH circulation variables. Recent
efforts to exploit model differences to explain and predict long‐term climate evolution include the work of Smith
et al. (2025), who developed an emergent constraint based on climatological water vapor errors to predict the
evolution of the North Atlantic Oscillation over multiple decades using CMIP6 and LESFMIP experiments.
Alternatively, Mindlin et al. (2025) developed a causal framework combining observation‐based data sets and
storylines estimated from CMIP6 simulations to attribute DJF eddy‐driven jet changes and predict plausible
future trajectories. A key process to evaluate is the accurate representation of the Southern Ocean, where
observation‐model discrepancies are substantial (Section 3.3). As pointed out by Yeager et al. (2023), improving
representation of the Southern Ocean is critical for improving long‐term climate change simulations in climate
models, as well as potentially improving decadal climate predictions. Further work will be conducted to un-
derstand and exploit model differences, using LESFMIP simulations to gain a deeper understanding of long‐term
SH circulation trends. These analyses could help constrain the expected future evolution of the climate, depending
on the scenario.
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Availability Statement
All simulation data used in this study is available on the Earth System Grid Federation (ESGF; https://aims2.llnl.
gov/search; Cinquini et al., 2014). The fifth generation ECMWF atmospheric reanalysis (ERA5) can be down-
loaded from the Climate Data Store from Copernicus (https://cds.climate.copernicus.eu/datasets) and is refer-
enced in the text as Hersbach et al. (2020). The Modern‐Era Retrospective analysis for Research and Applications,
Version 2 (MERRA2) can be downloaded from NASA Goddard Earth Sciences Data and Information Services
Center (DISC) (https://disc.gsfc.nasa.gov/datasets?project=MERRA‐2) and is referenced in the text as Gelaro
et al. (2017). The Japanese 55‐year Reanalysis (JRA‐55) can be downloaded from the NSF NCAR Geoscience
Data Exchange (https://gdex.ucar.edu/datasets/d628001/) and is referenced in the text as Kobayashi et al. (2015).
The Japanese Reanalysis for Three Quarters of a Century (JRA‐3Q) can be downloaded from the NSF NCAR
Geoscience Data Exchange (https://gdex.ucar.edu/datasets/d640002/dataaccess/) and is referenced in the text as
Kosaka et al. (2024). The Extended Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5) can be
downloaded from the NOAA Physical Sciences Laboratory (https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.
html) and is referenced in the text as Huang et al. (2017). The EUMETSAT Ocean and Sea Ice Satellite
Application Facility (OSI SAF) can be downloaded from the Copernicus Marine Service (https://data.marine.co
pernicus.eu/product/SEAICE_GLO_SEAICE_L4_REP_OBSERVATIONS_011_009/services) and is refer-
enced in the text as Lavergne et al. (2019). The observational (station)‐based SAM index can be downloaded from
https://legacy.bas.ac.uk/met/gjma/sam.html and is referenced in the text as Marshall (2003). This work used
JASMIN, the UK's collaborative data analysis environment (https://www.jasmin.ac.uk; Lawrence et al., 2013).
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