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Abstract. Strong near-surface westerly winds drive the Southern Ocean circulation and play a key role in setting regional
and global climate. In the latter half of the 20th century, depletion of stratospheric ozone over Antarctica has caused
these winds to accelerate and move polewards, particularly in austral summer. However, the future evolution of
these winds remains uncertain. We use reanalysis data and the UK Earth System Model (UKESM1), with full
atmosphere interactive chemistry, to assess the drivers of the winds over the recent past and coming century. We
first characterize the wind mean state, distribution, and trends over 1980-2020 in the most commonly used
atmospheric reanalyses (ERAS, JRA3Q, MERRAZ2, and R1) to gain insights into observed wind behaviour in the
past. We show that while the representation of the mean wind is similar among reanalyses, MERRA2 and R1 show
stronger wind acceleration trends that persists year-round, while JRA3Q and ERAS5 show weaker acceleration,
primarily in austral summer. Using an observational Southern Annular Mode (SAM) index, we show that the
weaker, summer-focused trends of JRA3Q and ERAS are likely more accurate. UKESMI represents historical
trends in winds accurately compared to ERAS. Targeted model simulations show that ozone depletion is
overwhelmingly responsible for the wind acceleration observed in 1980-2020, which occurs primarily in austral
summer. The effect of ozone depletion on winds peaks in 1980-2000, when it is roughly double that for the entire
40-year period. Ozone recovery is then associated with a slowdown of winds from 2000 to 2050. Beyond 2050, the
ozone effect becomes minimal and winds accelerate primarily due to greenhouse gas induced warming, with this
trend more evenly distributed across seasons.

1 Introduction

Strong near-surface westerly winds are a dominant feature of the midlatitude atmospheric circulation over the
Southern Ocean, driving the Antarctic Circumpolar Current (ACC), the largest ocean current on Earth. The ACC is an
important control on the Atlantic Meridional Overturning Circulation (AMOC; J. Marshall & Speer, 2012) and plays a
fundamental role in controlling Southern Ocean heat (Huguenin et al., 2022) and carbon uptake (Le Quéré et al., 2007).

Over the last four decades, substantial changes in the Southern Hemisphere wind regime have been seen in both
reanalyses and observations. Chiefly, the wind jet (i.e., the location of the strongest westerly winds) has intensified and
moved poleward (Swart & Fyfe, 2012), with substantial longitudinal variation (Goyal et al., 2021; Waugh et al., 2020).
These changes are manifested in significant trends in the Southern Annular Mode (SAM; Fogt & Marshall, 2020).
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The observed changes in southern hemisphere winds over the latter half of the 20th century have been linked to the
depletion of stratospheric ozone, particularly the Antarctic ozone hole (Thompson & Solomon, 2002). The absorption of
incoming solar UV radiation by ozone warms the stratosphere, so ozone depletion leads to a relative stratospheric cooling.
This cooling strengthens the north-south temperature gradient, which in turn enhances the vertical wind shear and accelerates
the polar vortex, especially in austral spring and summer (for an overview, see, e.g. Previdi & Polvani, 2014; Thompson et
al., 2011). This acceleration results in an overall strengthening and poleward shift of Southern Ocean winds throughout the
troposphere, particularly in austral summer (DJF), with an accompanying shift towards a more positive index of the SAM,
the principal mode of atmospheric variability in the region (G. J. Marshall, 2003; Swart & Fyfe, 2012; Thompson et al.,
2011).

This ozone-driven latitudinal shift and intensification is expected to reverse as Southern hemisphere ozone levels
are projected to recover over the coming half century (Polvani et al., 2011; Solomon et al., 2017). Simultaneously, this
slowdown is expected to be counteracted by a trend towards stronger and more southerly winds due to greenhouse gas-
driven warming, year round (Arblaster et al., 2011; McLandress et al., 2011; Zambri et al., 2021). The future evolution of the

overall wind patterns thus depends on which forcing dominates.

These changes in the Southern Hemisphere wind regime are likely to have multiple downstream effects on both the
regional and global climate, and have thus attracted substantial research. However, differences in the representation of wind
trends exist between reanalysis products, which may translate to differences in ocean responses when global ocean models
are forced by different reanalyses (Friedlingstein et al., 2023; Tsujino et al., 2020) or have implications for energy
production, as wind energy infrastructure depends on accurate estimates of regional wind state (Gualtieri, 2022).
Furthermore, most studies to date have focused on the mean trend in the wind jet and omitted variability and extreme winds,
which are disproportionately important for a number of ocean and climate processes, for example in rapid sea-ice loss (Jena

et al., 2022), ice shelf calving events (Francis et al., 2020), and air-sea CO2 exchange (Gu et al., 2021).

In this paper, we examine recent changes in the Southern Ocean winds and quantify the relative contributions of
stratospheric ozone depletion and rising greenhouse gas (GHG) concentrations in driving these changes. We first
intercompare a suite of the most commonly used reanalysis products over the period 1980-2020, assessing the wind
climatology and wind speed frequency distribution, as well as time trends in the mean wind speed, in extreme wind speeds,
the position and variability of the wind jet, and the SAM index. We next evaluate the representation of the winds from the
UK Earth System Model (UKESM1) against the reanalyses. Here we have two main applications in mind. First, we want to
understand how suitable UKESM1 is for studying the wider climate effects of changes in the wind distribution — for example

their role in modifying the uptake of carbon dioxide by the Southern Ocean (Jarnikova et al., 2025). Second, we want to
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understand to what extent this model can be used to attribute the relative contribution of ozone and greenhouse gases to

changes in the wind distribution.

Finally, we attribute the relative drivers of historical changes in Southern Ocean winds and project their future
evolution through to the end of the twenty first century. To do this, we perform a set of experiments with UKESM1 covering
the period 1950-2100, modifying the emissions of Ozone Depleting Substances (ODS) to generate two stratospheric ozone
scenarios (one with essentially no ozone loss and a second with historically accurate ozone evolution, i.e. Antarctic ozone
depletion, followed by a subsequent recovery). These two ozone scenarios are each combined with two CMIP6 SSP

scenarios that represent a high and low GHG emission scenario.

2 Methods

2.1 Selection of reanalyses and previous evaluation

Meteorological reanalyses provide a gridded estimate of the complete atmospheric state by assimilating satellite and
in-situ observations within a numerical weather prediction model. A large number of global atmospheric reanalysis products
are available (see https://reanalyses.org/ for an overview). Reanalyses are commonly used in climate monitoring and policy
applications, as well as in fundamental research more broadly. For example, global and regional carbon cycle models are
often forced by reanalysis products (Friedlingstein et al., 2023), so any differences between reanalyses may influence such
studies.

We use a subset of the latest generation of products that are commonly used in earth system research: ERAS,
JRA3Q, MERRA2, and R1 (NCEP-NCAR); The main characteristics of these reanalyses are given in Table 1. We initially
also analyzed NCEP-DOE?2, an update of R1, but ultimately excluded it because of anomalously large wind speed biases
relative to the other four products. Spuriously high winds in NCEP-DOE2 have been noted previously. For example, Lucio-
Eceiza et al. (2019) found that NCEP-DOE2 has worse performance than its predecessor R1 in estimating surface wind
speeds in the North Atlantic, while Dong et al. (2020) found it had markedly worst performance in estimating Antarctic Ice

Sheet winds compared to five other contemporary products.

Here we briefly survey some existing in-situ assessments of our chosen reanalyses and their predecessors, focusing
on the Antarctic and Southern Ocean. Though a number of past studies have evaluated reanalysis winds in the Southern
Ocean, the extent of past evaluation in the near-Antarctic region remains relatively limited because of the sparsity of

available in-situ measurements (Caton Harrison et al., 2022; Jones et al., 2016).
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Broadly, most analysis found ERAS performed better than, or as well as, other products when evaluated against in-
situ observations. Li et al. (2013) found that ERA-Interim (a predecessor to ERAS) generally had a low bias in 10m wind
speed compared to in-situ shipboard observations across the entire Southern Ocean (0.06 m s™!, as compared to a high bias of
1.37 m s”! for NCEP-DOE (the predecessor to NCEP-DOE2). When Jones et al. (2016) evaluated the ERA-Interim, JRA-55
(predecessor to JRA3Q), and MERRAT (predecessor to MERRA?2) reanalyses against research vessel observations,
radiosonde automatic weather station (AWS) measurements, and radiosondes in the Amundsen sea, the group found that
JRA-55 had the smallest biases in wind speed compared to AWS and research vessel observations, while ERA -Interim
showed lowest biases when compared to radiosonde profiles. Overall, Jones et al. showed that all three products represented
open-ocean wind speeds reasonably against observations. Caton Harrison et al. (2022) found ERAS slightly outperformed
JRA-55 and MERRA?2 winds in an analysis against coastal station and Advanced Scatterometer (ASCAT) measurements,
though performance was similar between reanalyses. Similarly, Dong et al. (2020) found ERAS5 outperformed MERRA2,
ERA-Interim, and JRA-55 against 56 meteorological stations over the Antarctic Ice Sheet. Li, Jones, and Caton Harrison all
note that all reanalysis products overestimate in-situ winds at low-wind conditions (<~4 m s!) and underestimate them at

high-wind conditions (>~25 m s™).

A global intercomparison of near-surface winds that included ERAS, MERRA2, R1, and JRA-55 (a predecessor of
JRA3Q) found that ERAS substantially outperformed the other reanalyses in reproducing in-situ observations from (land-
based) tall tower platforms (Ramon et al., 2019). Based on these findings and the studies outlined above, we treat ERAS as

our benchmark reanalysis, following other Southern Ocean wind studies (e.g. Goyal et al., 2021).

2.2 Spatiotemporal Standardization

We account for differing spatial and temporal resolution when comparing reanalysis products (Table 1). 10-m wind
speed calculated from u and v components at hourly resolution and then averaged to daily resolution is typically higher than
wind speed calculated from the same u and v components that have been first averaged to daily resolution. We therefore
average all u and v components to daily resolution before deriving wind speed. For similar reasons, we interpolate all three
fields (u-component, v-component, and wind speed) to a standard 1°x1° grid using the cdo package (Schulzweida, 2023).
We are interested primarily in the mean state, trends, and extremes of the open-ocean circumpolar winds. As the wind jet is
typically found between -48°S and -54°S (Swart & Fyfe, 2012), we focus our analysis on the open water winds in the region
40°S to 60°S.

2.3 SAM index
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In each reanalysis, we calculate and then evaluate the SAM index at monthly resolution against the observational
SAM index (G. J. Marshall, 2003). Following Velasquez-Jimenez and Abram (2024), the “natural”, or non-normalized,

SAM index is calculated as:
SAM = P*40° S — P*65° S,

where P*40° S and P*65° S are the zonal MSLP anomalies at 40°S and 65°S, respectively, relative to the time
period 1980-2019. In the observational SAM index, these MSLP anomalies are calculated from the mean of six station
records near each of the two latitudes for which good long-term records exist. In the reanalysis SAM index we simply use
the zonal mean at both latitudes. Compared to the more traditional SAM index (G. J. Marshall, 2003), the natural SAM index
is not normalized by dividing by the reference interval standard deviation. It is therefore not dimensionless and given in units
of hPa. This approach has the advantage of making the trends and magnitude of the index less sensitive to sampling

frequency.

2.4 Modelled Ozone Depletion

We perform simulations with UKESM1 to quantify the relative contribution of ozone depletion and greenhouse gas
induced warming on the wind field trends. UKESM is a well-established earth system model (ESM, Sellar et al., 2020; Yool
et al., 2021) based on the HadGEM3-GC3.1 coupled physical atmosphere-ocean model (Kuhlbrodt et al., 2018). We refer
readers to these articles for a general evaluation of UKESM 1 and only highlight here components of the model that are
central to our work. The atmospheric component of UKESM1 is the Global Atmosphere 7.1 (GA7.1) science configuration
of the Unified Model (Walters et al., 2019), with horizontal resolution of approximately 135 km (1.25° x 1.875°), 85 vertical
levels and a model top located at 85km altitude. Unusually for a CMIP6 (Coupled Model Intercomparison Project Phase 6;
Eyring et al., 2016) model, UKESM1 simulates full atmosphere ozone chemistry through the U.K. Chemistry and Aerosols
(UKCA) model (Archibald et al., 2020; Mulcahy et al., 2018), interactively coupled to the model’s physics and dynamics.
Ozone is therefore prognostic, with its evolution dependent on, and influencing, the simulated atmospheric thermal,

dynamical and chemical states (Keeble et al., 2021).

The ability of UKESM1 to simulate the historical evolution of ozone has been discussed in Keeble et al. (2021). Of
22 models they analysed, only six interactively predicted stratospheric ozone, including UKESM1. UKESM1 overestimates
the observed global mean total column ozone (TCO) over the period 1980 to 2015, but this overestimation is significantly
reduced over the Antarctic region (60°S to 90°S). In addition, UKESM1 has a stronger negative TCO trend globally than

observations, but this overestimate is again significantly reduced when the 60°S to 90°S region is considered (Keeble et al.,
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2021). These biases should be kept in mind when the impact of ozone depletion and recovery on the surface physical climate
165 s discussed.

2.5 Experimental Design

We control the evolution of stratospheric ozone in UKESM1 by modifying emissions of ozone depleting substances

170 (ODS, e.g. CFCs and HCFCs), which play a central role in driving stratospheric ozone loss (Farman et al., 1985; Solomon et
al., 1986). We perform simulations for 1950 to 2100 using two ODS emission scenarios: (i) ODS use the standard CMIP6
emissions (historical followed by a projection), and (ii) ODS are fixed at 1950 values. We refer to these two experiments as
OZONE-HIST and OZONE-1950. OZONE-HIST results in ozone loss from approximately 1970 to 2000, followed by a
slow recovery through to 2100 (Keeble et al. 2021, see their Fig 7). OZONE-1950 minimizes stratospheric ozone loss

175 throughout the simulation as essentially no ODS reach the model stratosphere. The two ODS scenarios are combined with
two CMIP6 SSP (shared socioeconomic pathway) scenarios (SSP 3-7.0 and SSP 1-2.6; Gidden et al., 2019) that represent a
high and low GHG emission scenario. This configuration results in four experiments that allow us to isolate the effects of
simulated stratospheric ozone and GHG on wind trends. Following McLandress et al. (2011), we assume that ozone-driven
trends (resulting from the different ODS emissions) and GHG-driven trends are additive; that is, the OZONE-HIST run

180 demonstrates a linear addition of ODS-driven trends and GHG-driven trends, so [OZONE-HIST — OZONE-1950] will
isolate the ODS-driven trend, while any trends in the OZONE-1950 runs are due to GHG emissions alone.

These experiments are unique in that the ozone scenarios are internally generated by UKESM1, based solely on
emissions of ODS. This means changes in atmospheric ODS impact the evolution of stratospheric ozone, and thus climate
185  through the induced stratospheric ozone changes, as well as climate directly via the impact of changing ODS on infrared
radiation. As a result, the impact of variable ODS is complete and internally consistent in our simulations. This differs from,
for example CMIP6 DAMIP (Gillett et al., 2016), where simulations are run either with, or without, externally prescribed
stratospheric ozone concentrations, which risk not being consistent with the host model’s evolving thermodynamic,
radiative, and chemical state.
190
For each UKESM1 experiment, we run three ensemble members, each branched in 1850 from the CMIP6 UKESM1
piControl following the procedure for generating initial conditions outlined in section 4 of Sellar et al., (2020). With respect
to means and trends, we report the mean and trend of the ensemble mean value, calculated at daily 1°x1° resolution. When
reporting extreme values, interannual variability, jet position, and standard deviation in the jet position, we calculate them

195 for each ensemble member separately and give the mean of these calculations.
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3. Results

3.1 Reanalysis Intercomparison

3.1.1 Wind climatology and distribution evaluation

We intercompare the reanalyses both to identify their utility for applications such as forcing ocean-only models, and
to provide a baseline against which to evaluate the UKESM1 historical simulation. All the reanalysis products feature a
prominent band of high winds between 40°S and 60°S, with intensification over the Indian Sector (Fig. 1). R1 strongly
underestimates winds at high latitudes near the continent relative to the 1980-2019 ERAS climatology but shows a less clear
difference over the mid-latitude (40°S and 60° S) open ocean that varies zonally and averages to near-zero (Table 2-
climatology). MERRA2 agrees with ERAS at high latitudes but is evenly low compared to ERAS over the open ocean.
JRA3Q is relatively uniformly somewhat higher than ERAS (Fig. 1).

The reanalysis products generally agree well when considering only the open-ocean winds between 40°S and 60°S.
Most reanalyses are relatively similar to ERAS, ranging from a difference of -0.20 m s”' (MERRA2) to 0.28 m s! (JRA3Q)
for annual-average winds. In comparison, NCEP-DOE?2, excluded from this analysis for high bias, has a bias of 1.31 m s™!
for yearly-averaged winds in the same region. Interannual variability (IAV) is relatively consistent but varies somewhat
between reanalyses, ranging from 1.2% in ERAS to 2.4%, or roughly double, in R1 (supplementary table (ST) 1). No strong

seasonal differences in interannual variability are seen in any reanalysis.

The frequency distribution of the daily winds is remarkably similar between the reanalyses (Fig. 2, ST2), with
differences mostly visible at the tails of the distribution. ERAS has the lowest ‘low’ (S5th percentile) winds, and R1 has
somewhat anomalously high “low” winds (0.44 m s-1 higher than ERAS). The other reanalyses have ‘low’ winds only
slightly (~0.1 m s!) higher than ERAS. There is more spread at the high end of the distribution, where ERAS sits in the
middle of the reanalysis set and year-round differences from ERAS range from -0.35 m s' (MERRA2) to 0.59 m s°!
(JRA3Q).

3.1.2Wind speed trends

Trends in open-ocean wind speed differ between the reanalyses much more than the climatological mean fields
(Fig. 2a-b, Fig. 3, Table 3). JRA3Q and ERAS behave similarly over the whole time period (1980-2019), having a

statistically significant year-round mean trend of ~0.04 m s™! dec™! that is slightly stronger in austral summer and autumn and

7
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not statistically significant in winter (JJA) and spring (SON). In contrast, R1 and MERRA2 have much stronger trends —
~3.5x and ~2.5x the magnitude of the ERAS annual mean trend, respectively. The seasonality in these two reanalyses is also
very different from ERAS, with relatively strong, statistically significant trends persisting year round. Trends in R1 and
MERRAZ2 are also statistically significant over a much larger area of the Southern Ocean, as well as in the JJA season (Fig.

3).

Summer (DJF) mean wind speed trends in the period of maximum ozone depletion (1980-1999) are approximately
double those for the full time period in all reanalyses (Fig. 2, Table 3). Trends in the extreme winds follow a similar pattern
to the mean winds, with R1 and MERRAZ2 trends much stronger than those of JRA3Q and ERAS5 (Fig. 2, e)-h)). Trends in

extreme winds are not systematically stronger than trends in mean winds and are less likely to be statistically significant.
3.1.3 Jet position and poleward trend

The annual average zonal mean wind jet sits at -52.1°S in ERAS and is similar between products, ranging from -
51.6°S (R1) to -52.3°S (JRA3Q) (Fig. 4, ST3). The jet position exhibits a substantial seasonal cycle, being at its most
southerly location in austral autumn and most northerly location in austral spring. All reanalyses represent this seasonal cycle
in the jet position, which ranges in amplitude (of the seasonal averages) from ~1.6° (MERRAZ2) to ~2.4° (R1). Interannual
variability of the mean jet position over the time period 1980-2019 is comparable between reanalyses — the standard
deviation of the zonal mean ranges from 0.8° (MERRAZ2) to 0.9° (R1). The zonally-varying standard deviation of the jet
position (shown in Fig. 4 only for ERAS, for clarity) is also comparable. The strongest poleward trend in the wind jet occurs
in austral summer and autumn, and is much stronger (1.8x — 3.8x) during the period of maximum ozone depletion (1980-
1999) than over the whole time period (ST4). Trends in the position of the jet are not always statistically significant in the

reanalyses because of the large interannual variability.
3.1.4 SAM index

The timeseries of the station-based SAM index (see Methods) provides a possible observational constraint on the
accuracy of the reanalysis products. The SAM indices derived from reanalyses exhibit a high temporal coherence with the
observational SAM index, with some deviations — for example in JRA3Q during 2005-2010 (Fig. 5). The trend in the SAM
index has a seasonal character both in the observations and in the reanalyses. It is strongest in austral summer (DJF) and
autumn (MAM), and typically much weaker and not statistically significant in the other seasons (Fig. 5, ST5). The
observational trend is much stronger in the period of maximum ozone loss than in the whole time period (factor of ~3x),

which is reflected in the reanalyses (factor of ~2.3-3.6x).
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In all seasons, the trend in the SAM index in the reanalyses correlates tightly with the trend in the estimated wind
speed (r=0.72-0.93, p<0.05). Because the wind acceleration is mechanistically linked to the trend in the SAM, evaluating the
accuracy of the reanalysis-derived SAM indices against the observational index could potentially provide a constraint on the

accuracy of reanalyzed wind speed trends; i.e. a trend in the SAM should result in a trend in the wind speed.

Notably, this observational SAM constraint suggests that the strong trends in the R1 and MERRA?2 reanalyses in
austral winter and spring over the period of maximum ozone depletion may be spurious, as they are accompanied by strong
SAM index trends that are not present in the observations (Fig. 5, panels d and e). Additionally, in autumn, the ERAS5 and
JRA3Q time series appear to underestimate the SAM trend during 1980-1999, while R1 and MERRA?2 overestimate it over
the course of the whole time series, suggesting possible corresponding overestimations/underestimations of the respective
wind trends. In summer, the observational constraint appears to have less power, as the reanalyses show a variety of wind

speed trends while all representing the SAM relatively accurately (Fig. 5b).
3.1.5 Reanalysis intercomparison summary

Overall, all four reanalyses show relative coherence in mean wind speed climatology, distribution, jet position and
jet seasonal cycle. Moderate differences in extreme winds, interannual variability and jet latitudinal trend are observed.
Reanalyses tend to exhibit systematic biases in capturing the tails of the observational wind distribution (i.e., they
overestimate extremely low winds and overestimate extremely high winds relative to observations; see summary of previous
in-situ evaluation in Methods). Thus, it is plausible that ERAS, which has the lowest extreme low winds, is the best

representation of the low tail of the distribution, while JRA3Q may be the best at representing high winds.

The most important differences between the reanalysis products are in the representation of the wind speed trends
over the time period 1980-2019. R1 and MERRA?2 have considerably stronger trends than ERAS and JRA3Q, and moreover
these trends persist year round. To evaluate which trends seem more plausible, we consider an observational constraint in the
form of the observational SAM index. R1 and MERRA?2 appear to overestimate SAM index trends, especially in austral
winter and spring, suggesting that their strong wind trends in these time periods may be spurious. This provides additional

rationale for using ERAS as the baseline reanalysis against which to evaluate the UKESM1 model at southern high latitudes.

3.2 UKESM1 evaluation against reanalyses
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We next evaluate the main Southern Ocean wind features in UKESM1 against our default reanalysis, ERAS, to
assess the model’s suitability for answering scientific questions related to changing wind patterns in this region. The
UKESM|1 model has an overall year-average positive bias of ~0.3 m s™! relative to the ERAS climatology in the band
between 40°S and 60°S (Fig. 1), which does not vary substantially by season (Table 2). UKESM1 underestimates winds at
high latitudes compared to ERAS while showing the strongest positive bias over the mid-latitude open ocean. However, on
average, the UKESM1 distribution is similar to that of ERAS, though slightly shifted towards higher winds than the
reanalyses in the middle of the distribution (Fig. 2). Extreme low (5th percentile) winds are nearly identical to ERAS values,
while the highest winds are somewhat higher (~0.3 m s°!, ST2). Interannual variability in UKESM1 is comparable to that of
ERAS, with an average ratio of 0.8 (IAVukesmi/IAVEras) for annual values (ST1).

UKESMI1 has similar decadal trends in wind speed as ERAS, with strongest acceleration in austral summer (0.04
and 0.06 s-1 dec-1 for for UKESM1 and ERAS, respectively, over 1980-2019, as compared to to 0.11 and 0.14 s™' dec! over
1980-1999; Table 3). The general pattern of significant wind trend strength peaking in austral summer is consistent between
the model and ERAS. Spatial patterns (significant acceleration occurring mostly in the 40-60°S band, and more visible in

austral summer, Fig. 3), are also reproduced by the model.

The UKESMI jet position is similar to that of ERAS5 (Fig. 4, ST3) and accurately captures the observed seasonal
cycle in position (most southerly in MAM, most northerly in SON). The majority of the temporal variability in jet location
is a result of natural variability (as opposed to from a forced signal, such as ozone depletion). We would therefore not expect
a free running coupled model like UKESMI1 to capture the temporal evolution of this variability. (We would, however,
expect the model to capture any externally forced, longer-term trends.) The magnitude of variability in the jet location is
comparable between UKESM1 and ERAS, as seen in the zonally-varying standard deviation for 1980-2019 (Fig 4),
indicating UKESM accurately represents natural variability signals in this region. The UKESM1 trends in the poleward
position of the jet are much stronger than in the reanalyses over the whole time period (~1.8x ERAS in the annual mean,
~1.7x ERAS in the DJF mean, ST4), a feature that is amplified in the period of maximum ozone loss (1980-1999, ST4). This
feature may be due to ozone loss in UKESM1, in response to ODS emissions, being somewhat higher than seen in

observations (Keeble et al., 2021).

The variability and trend in the SAM index is comparable to that of ERAS and the observations (Fig. 5, STS). As in
the case with the jet position, UKESM1 does not reproduce the time variation in the SAM index seen in the reanalyses
because of the significant role natural variability plays in the temporal evolution of the SAM index. Trends in the SAM
index during 1980-1999 are much (up to ~3x) stronger than those during 1980-2019, both in the ERAS reanalysis and in
UKESMI. Similarly to ERAS and JRA3Q, in both time periods, UKESM1 has strongest, most significant SAM trends
during DJF and MAM, accompanied by stronger wind acceleration in those seasons (Fig. 5). In particular, UKESM1

10
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accurately captures the SAM trend in DJF, including the differential trends between the full period and the shorter 1980-
1999 period. This differential response is less accurately captured in MAM, although the SAM trend for the full period is

well simulated.

Overall, the representation of UKESM Southern Ocean wind climatology and distribution, including extremes, as
well as decadal trends and trends in the SAM index, is remarkably consistent with that of ERAS; however, mean wind
speeds are somewhat higher in the model. The mean jet position is also preserved, though UKESM1 demonstrates stronger
poleward movement than all reanalyses. As a result of its accurate representation of wind trends, we suggest UKESM1 can
be used to understand forced wind regime changes in this region, both in the past and in the future. Furthermore, the model is

suitable as a dataset for forcing offline ocean models for studying the Southern Ocean carbon and heat cycles.

3.3 Attribution of wind speed trends to GHG emissions and

ozone depletion

We finally use UKESM1 to attribute past, and potential future, changes in the Southern Hemisphere wind regimes
to either stratospheric ozone changes or greenhouse gas forcing. We do this by combining two ODS scenarios (ODS-HIST
and ODS-1950) with two CMIP6 emission scenarios: SSP 1-2.6 and SSP 3-7.0 for the period 1950 to 2100 (see Methods).

For each experiment, we show all three model ensemble members, as well as the ensemble mean.

Over the full time period, winds increase in all seasons and scenarios (Fig. 6). The most prominent feature in the
time series is a steep wind acceleration in the scenario with historical ozone depletion (OZONE-HIST), approximately
during 1980-2000, occurring predominantly in austral summer and to a minor extent in austral spring (Fig. 6). During the
same time period, no acceleration — in fact, a minor slowdown is seen in the scenario without ozone depletion (ST6). We
first partition the attribution of the observed historical wind changes to greenhouse gas emissions and ozone depletion,
comparing them with those seen in ERAS, and then consider potential changes over the 21st century, again attributing

changes to ozone forcing and/or greenhouse gas emissions.

UKESM1 exhibits the same positive relationship between the trend in the SAM index and wind speed that was seen
in the reanalyses. Wind acceleration (deceleration) corresponds to a positive (negative trend) in the SAM index in all
ensemble members of the two experiments over the historical period (Fig. 7). Remarkably, though absolute wind speeds are
higher in UKESMI1 than in the ERAS reanalysis, the trend magnitudes for both periods are very similar in both datasets in all
seasons (Fig. 7, Table 3), suggesting that the forced signal of ozone depletion in UKESM1 captures real-world dynamics.
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The key role of ozone in driving the historical SAM and wind speed changes becomes further apparent when
comparing the OZONE-HIST and OZONE-1950 runs: all three ensemble members of the OZONE-1950 experiment show a
much weaker wind speed trend over the whole time period (Fig. 7, filled green squares) and a negative trend over the period
of maximum ozone depletion (empty green squares). Meanwhile, the OZONE-HIST runs (black squares) agree with both
ERAS and the observational SAM index over both the whole time period (filled black squares) and the period of maximum

ozone depletion (empty black squares).

The general congruence of the historical UKESM 1 runs with ERAS5 suggests that UKESM 1 captures both the
sensitivity of the wind and SAM response to the time-varying trend in the ozone forcing, as well as the seasonality of this
response. Both wind and SAM trends are stronger over the period of maximum ozone depletion than over the full time
period, and changes in the austral summer mean are larger than in the annual mean, with minimal changes in austral winter.
This congruence is especially notable because UKESM1’s ozone chemistry is fully interactive (as opposed to the more
common case of models having prescribed atmospheric ozone concentrations), so the model’s accurate wind and SAM
trends suggest it successfully reproduces both the response of ozone to changing ozone-depleting emissions and the

dynamical wind response to changes in ozone.

We next attribute the wind changes throughout the whole simulation period 1950-2100 to either ozone or GHG
forcing, subdividing the time series into three 50-year periods. In the latter half of the 20th century (1950-1999; Table 4),
winds accelerated in all seasons but most strongly in DJF, followed by SON. This acceleration was driven entirely by ozone

loss; winds actually slowed down slightly over 1950-2000 in the OZONE-1950 run, in all seasons except SON (Table 4).

In the first half of the 21st century (2000-2049), in the realistic (ODS-HIST) runs, winds stay approximately
constant in most seasons in both SSP scenarios, though they accelerate significantly in austral winter (Fig. 7, Table 4). This
lack of trend is actually due to the (accelerating) GHG effect counteracting the (decelerating) ozone recovery effect, which
can be seen when decomposing the overall signal into the two forcing factors (Table 4). Though the acceleration due to GHG
is stronger under the higher-emissions (SSP 3-7.0) scenario, the effect of ozone recovery is also stronger under this scenario
and the two effects cancel out (Table 4). The overall acceleration seen in austral winter (JJA) is a result of the different
seasonalities of the two forcing factors: while ozone depletion and recovery is predominantly a summer phenomenon, these
model simulations show that GHG-driven wind acceleration is strongest in winter, resulting in an unbalanced GHG forcing

of wind trends during austral winter.

Finally, in the latter half of the 21st century (2050-2099), the simulations show a difference in wind trends based on

GHG emission level. Under SSP 1-2.6 with historical ozone recovery, wind speed stagnates in all seasons, while under SSP
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3-7.0, winds accelerate in austral winter and spring, both with and without ozone depletion (Fig. 7). However, these trends

are typically not statistically significant, due to large interannual variability.
4. Discussion and Conclusions

The main aims of this work were to evaluate the representation of recent-past Southern Ocean winds in the most
commonly used contemporary reanalysis products, to evaluate their representation in a free-running Earth system model
(UKESM1), and finally to use this model to attribute drivers of changes in these winds both over the recent past and through
to 2100. The initial intercomparison of the reanalyses shows that, while the general features of the Southern Ocean winds
(mean, distribution, jet location, and extremes) are relatively congruent, the reanalyses vary considerably in wind speed
trends. In all reanalyses, trends are strongest in the period of maximum ozone depletion (1980-1999), and comparatively
strongest in austral summer, consistent with the existing understanding of forcing due to ozone loss, which is primarily a
summer phenomenon. However, trends in MERRA and R1 are comparatively much stronger and tend to persist year-round,

while trends in ERAS5 and JRA3Q are weaker and concentrated in austral summer.

We assess which trend representation is more realistic using a novel observational constraint: we compare trends in
the observational SAM index to their representation in the reanalyses, and then relate them to wind speed trends. Because a
positive (negative) SAM index trend is mechanistically linked to a positive (negative) wind trend, performance in one metric
may imply performance in the other. Applying this constraint suggests the high winter trends seen in winter and spring in the
MERRA and R1 reanalyses may be spurious, as they are accompanied by strong SAM trends that are not seen in the
observational record. Thus, we conclude that ERAS and JRA3Q are best suited for studies of wind and SAM changes in this

region, as well as for forcing ocean models.

Evaluation of UKESM1 winds and SAM index against the baseline reanalysis (ERAS5) suggests UKESM1 is well
suited to study wind changes over the Southern Ocean, or to force offline oceanographic models for this purpose. Notably,
UKESMI1 performs well in reproducing the intensity distribution of daily wind speeds and tails of ERAS, though the overall
mean of the distribution is somewhat higher in UKESM1 (~0.3 m s-1). UKESM also reproduces the ERAS historical decadal
trends in both the winds and the SAM index, including the differential response between the 1980-2000 period and the full
40 year period, indicating correct sensitivity of winds to ozone changes. The seasonality of the SAM and wind trends is also
well reproduced, with strongest trends in austral summer. However, the poleward jet trend is stronger in UKESM 1 than in

any of the reanalyses, somewhat in contrast to the correctly reproduced behaviour of the other metrics.
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Using future projections made with UKESM 1, with and without ozone depletion, we then attribute the observed
changes to the relative influence of ozone depletion and greenhouse gas emissions, both historically over 1980-2020 and as
projected by the model to the end of the 21st century. The UKESM1 simulations show the observed acceleration of winds in
the latter half of the 20th century is entirely attributable to ozone depletion. In the first half of the 21st century, summer
winds stagnate, as wind slowdown due to ozone recovery competes with wind acceleration due to persistent GHG emissions.
In contrast, winds accelerate in austral winter and spring, as the GHG effect outcompetes the ozone recovery effect, which is
predominantly a summer phenomenon and not strong in these seasons. In the latter half of the 21st century, a more clear
bifurcation between wind trends under the low and high SSP scenario is visible, especially in austral winter and spring.
Winds accelerate more under the high SSP scenario, while stagnating under the low SSP scenario. In this time period, the

role of ozone recovery is minor.

We show that ozone depletion overwhelmingly drove the observed summer wind acceleration in the latter half of
the 20th century, and we expect this trend to reverse in the first half of the 21st century. By the second half of the 21st
century, greenhouse gas loading is the main factor driving wind changes, with more emissions leading to more acceleration,
but it is strongly active only in austral winter and spring. Thus, we demonstrate a shift in the dynamical controls on the wind
behaviour over the Southern Ocean from ozone in the latter half of the 20th century to greenhouse gas emissions in the latter
half of the 21st century. This control shift is consistent with the general understanding; Polvani et al. (2011), Arblaster et al.
(2011), McLandress et al (2011), Solomon et al (2017), and others discuss this decreasing importance of ozone to
atmospheric circulation as the ozone hole heals. Our work here, which focuses on the near-surface winds, extends this
understanding by providing a constrained estimate of the changing surface wind speed trends in response to this shift, based
on a model with interactive chemistry whose past performance is validated against both reanalyses and the observational

SAM index.

To first order, a future increase in wind intensity due to GHG loading would act to strengthen the meridional
overturning circulation and the ACC, both of which may support increased heat uptake by the Southern Ocean (Morrison et
al., 2015). However, the magnitude of the overturning and ACC responses to changes in wind intensity is disputed, and
depends on the magnitude of eddy compensation and the role of buoyancy forcing (e.g. Morrison et al. 2011, Bishop et al.,
2016; Shi et al., 2020). Recent work has even suggested a strong slowdown of the ACC in response to GHG emissions,
driven by increased surface freshening from the melt of ice shelves around Antarctica (Sohail et al., 2025). The ultimate
effect of GHG loading on the circulation of the Southern Ocean remains an open question, implying uncertainty in heat
uptake. In contrast, the rate of future Southern Ocean carbon uptake may be relatively insensitive to potential changes in
regional circulation as the surface-depth gradient in ocean carbon diminishes and may instead be dominated by temperature

changes (Jarnikova et al., 2025).
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Code and data availability
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Figures and tables

Table 1
Name ERAS5 JRA3Q MERRA2 R1
_ NASA NOAA/NCEP
Institution ECMWF IMA GMAO and NCAR
Period 1940 to 1947 to 1980 to 1948 to
coverage present present present present
Time I-hr 6-hr 1-hr 6-hr
resolution
Horizontal
grid (lat. x 0.25° x 0.25° | 0.37°x0.37° | 0.5°x0.625° 1.875° x 2°
lon.)
Hersbach et | Kosaka et al., Molod et al., Kalnay et al.,
Reference al., 2020 2024 2015 2018

Table 1: Basic characteristics of the reanalysis products used.
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Fig. 1

UKESMI

JRA3Q

MERRA2

RI

Fig. 1: Climatological wind speed. For ERAS, the climatological wind speed for the full year and austral
495  summer (DJF) and winter (JJA) is shown. For the other 3 reanalyses and UKESM1, differences from ERAS are
shown as [product x — ERA5]; i.e. positive (red) values indicate higher winds than ERAS. See also Table 2.
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Fig. 2

mean wind speed trend relative to climatology, full year
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Fig. 2: Summary statistics for wind distributions in four reanalysis products and UKESM1. a-b): mean wind
speed trends relative to climatology for a) full year and b) DJF only. Thick lines have been smoothed by a three-
point running filter. c-d): windspeed frequency distribution (100 bins, 0-20 m s ) for c) full year and d) DJF,
with high tails shown in inset. e-h) Trends in mean and extreme winds for full year and DJF vs. climatological
means, with colours the same as in panel a). Filled symbols represent 1980-2019, while open symbols represent
1980-1999; circles represent reanalyses while squares represent UKESM 1. Colours from panel a) are repeated
throughout the figure. Summary statistics shown in panels e)-h) are also given in Tables 2 and 3. All figure

statistics are calculated for daily winds at 1°x1° resolution, 40°S- 60°S.
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515 Table 2
climatological wind speed, m s, 1980-2019
ERAS R1 MERRA2 | JRA3Q | UKESMI1
full year 9.05 -0.05
DJF 8.41 -0.04
MAM 9.13 -0.02
JJA 9.5 -0.08
SON 9.16 -0.07

520

EGUsphere®

Table 2: Climatological wind speed. Seasonally subdivided open-ocean wind speed between 40°S and 60° S for

ERAS5 (1980-2019), and differences from ERAS for the other reanalyses and UKESM1.
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525 Fig. 3

UKESMI

-1.0 -0.5 0.0 0.5 1.0

m s~ decade™

Fig. 3: Decadal trends in wind speed (1980-2019). Hatching shows trends significant at the 95% confidence
level. See also Table 3.
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Table 3
trend in wind speed, m s”'decade™!, 1980-2019
ERAS R1 MERRA2 | JRA3Q | UKESMI
full year 0.04 0.14 0.10 0.04 0.03
DIF 0.06 0.12 0.05 0.04
MAM 0.05 0.13 0.06 0.02
JJA 0.02 0.13 0.08 0.03 0.02
SON 0.01 0.11 0.06 0.02 0.02
trend in wind speed, m s™'decade™!, 1980-1999
full year 0.09 0.12 0.06
DIJF 0.14 0.14 0.11
MAM 0.09 0.14 0.02
JJA 0.08 0.12 0.08
SON 0.07 0.09 0.04

EGUsphere®

Table 3: Decadal trends in wind speed. Seasonally subdivided trends in open-ocean wind speed between 40°S
and 60° S are shown for 1980-2019 and 1980-1999. Trends significant at the 5% level are given in bold.
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Fig. 4
Climatological wind jet position, 1980-2019
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Fig. 4: Summary statistics for the wind jet. a): the climatological mean annual jet position, with one standard
deviation of the annual mean shown for ERAS and UKESM 1. b): The zonal mean of the austral summer jet
position. Thick lines indicate smoothing by a 3-point running mean filter. c-d): Trends in the annual (c) and
summer (d) jet position mean vs. climatological means. Colours from panel a) are repeated throughout the

figure. See also Sup. Tables 3 and 4.
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Fig. 5: Summary statistics for the SAM index. a) Timeseries of the austral summer (DJF) SAM index. To
highlight coherence of interannual variability, no running-mean filter has been applied. b-e) Trends in the wind
speed vs trends in the SAM index, subdivided by season. Filled symbols represent 1980-2019, while open symbols
represent 1980-1999. Vertical lines show the observational SAM index (full line represents 1980-2019, dotted
line represents 1980-1999). Colours from panel a) are repeated throughout the figure. See also Sup. Table 5.
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Fig. 6

Full year
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Fig. 6: Wind speed evolution from 1950 to 2100 in the OZONE-1950 and OZONE-HIST experiments. a) Full

year, b-e): seasonally subdivided means. All means are calculated for daily winds at 1°x1° resolution, 40°S-

60°S. For each experiment, three ensemble members are shown, with the ensemble mean shown in bold. All lines
565 are smoothed with a 10-year running filter. See also Table 4.
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Fig. 7
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Fig. 7: Trends in mean wind speed vs. trends in the SAM index for the OZONE-1950 and OZONE-HIST
experiments. ERAS is shown for comparison (blue circles), and the observational SAM index is shown as vertical
lines (full for 1980-2019, dotted for 1980-1999). For the OZONE-1950 and OZONE-HIST experiments,
individual ensemble members are shown as smaller squares, while the ensemble mean is shown as a larger
square. As in Figs. 2,4, and 5, filled symbols represent 1980-2019, while open symbols represent 1980-1999.
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580 Table4
FY 0.03 -0.01 0.04
MAM 0.01 0.00 0.01
JJA 0.02 -0.01 0.03
SON 0.04 0.01 0.03
SSP1-2.6 SSP3-7.0
2045 | osone | GHGony | | TS |ercony | O
FY 0.01 0.02 -0.01 0.01 0.03 -0.02
DJF 0.00 0.01 -0.01 0.00 0.02 -0.03
MAM 0.00 0.01 -0.01 0.00 0.02 -0.02
JJA 0.03 0.03 0.00 0.03 0.04 -0.01
SON 0.02 0.03 -0.01 0.02 0.04 -0.02
SSP1-2.6 SSP3-7.0
FY -0.01 0.01 -0.01 0.00 0.01 0.00
DJF -0.02 0.01 -0.03 -0.02 -0.01 -0.01
MAM 0.00 -0.01 0.00 -0.02 -0.01 -0.01
JJA -0.01 0.01 -0.02 0.02 0.02 0.00
SON 0.00 0.01 -0.01 0.03 0.02 0.01

585

Table 4: Attribution of wind trends (m s™ dec™) to GHG and ozone forcing in three 50-year time-periods in the
UKESM1 model runs. Values for GHG + ozone refer to the ensemble mean trend of the OZONE-HIST run,
while the GHG only column refers to the OZONE-1950 run. The effect of ozone only is then obtained by
subtracting OZONE-1950 from OZONE-HIST. Statistically significant trends are given in bold.
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