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Abstract

Surface winds around the Antarctic continent control coupled ocean-ice processes that influence the climate system, including

bottom water production, heat transport onto the continental shelf and sea ice coverage. Few studies have examined projected

changes in these winds, even though it would aid in the interpretation and understanding of the ocean’s response to climate

change. In this work we examine historical changes in the near-Antarctic surface winds using Coupled Model Intercomparison

Project Phase 6 models and reanalysis data, and quantify projected changes to the end of the 21st Century. These changes

include a significant reduction in both the easterly and meridional wind components, which under the high emission scenario

amounts to 23% and 7% respectively, most of which occurs during the summer season. The projected weakening of surface

winds are coherent with a trend towards a positive Southern Annular Mode and a reduction of the pole-to-coast meridional

pressure gradient.
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Key Points:9

• Coupled Model Intercomparison Project Phase 6 models show a weakening of the10

near Antarctic surface winds during the period 1979-2015.11

• Future projections in CMIP6 models show that the weakening trend continues un-12

til the end of the 21st Century.13

• Weakened winds are associated with a more positive Southern Annular Mode and14

a reduction in the pole-to-coast meridional pressure gradient.15

Corresponding author: Julia Neme, j.neme@unsw.edu.au

–1–



manuscript submitted to Geophysical Research Letters

Abstract16

Surface winds around the Antarctic continent control coupled ocean-ice processes that17

influence the climate system, including bottom water production, heat transport onto18

the continental shelf and sea ice coverage. Few studies have examined projected changes19

in these winds, even though it would aid in the interpretation and understanding of the20

ocean’s response to climate change. In this work we examine historical changes in the21

near-Antarctic surface winds using Coupled Model Intercomparison Project Phase 6 mod-22

els and reanalysis data, and quantify projected changes to the end of the 21st Century.23

These changes include a significant reduction in both the easterly and meridional wind24

components, which under the high emission scenario amounts to 23% and 7% respectively,25

most of which occurs during the summer season. The projected weakening of surface winds26

are coherent with a trend towards a positive Southern Annular Mode and a reduction27

of the pole-to-coast meridional pressure gradient.28

Plain Language Summary29

Surface winds over the ocean around the Antarctic continent influence several as-30

pects of the oceanic circulation and sea ice in the region that become relevant in the con-31

text of climate change. For example, Antarctic coastal surface winds have been found32

to drive the warming experienced in some regions that subsequently triggers increased33

ice shelf melt. However, there is little understanding regarding how this wind regime is34

expected to change in the future, with most research focusing on the mid-latitude west-35

erlies. In this work, we use Coupled Model Intercomparison Project Phase 6 models to36

quantify projected changes in these winds to the end of the 21st Century, hoping that37

it will aid in the interpretation of the ocean’s response to climate change. We find a sig-38

nificant weakening of 23% for the easterly wind component and 7% for the meridional39

wind component. This weakening can be partly explained by a large scale pattern of change40

in sea level pressure that reflects in an increase of the atmospheric mode of variability41

known as the Southern Annular Mode, and a decrease of the pole-to-coast surface pres-42

sure gradient.43

1 Introduction44

Around much of the Antarctic continental margin there is a narrow band of east-45

erly (westward flowing) surface winds that play a key role in controlling polar ocean cir-46

culation. In spite of their small meridional extent compared to other dominant features47

of the Southern Hemisphere atmospheric circulation, such as the more well-known sub-48

polar westerlies, the easterlies influence processes critical to the ocean-ice response to49

climate change. The ocean processes on the Antarctic margin that are sensitive to changes50

in these winds include bottom water production (Stewart & Thompson, 2012, 2013; Wang51

et al., 2012), cross-shelf transport (Spence et al., 2014; A. F. Thompson et al., 2014) and52

sea-ice formation, melt and drift (Holland et al., 2019; Holland & Kwok, 2012). Despite53

their relevance, current and projected changes to the easterly wind regime have not been54

widely studied, with much more research devoted to understanding changes and impacts55

in the midlatitude westerly wind belt (Goyal, Sen Gupta, et al., 2021; Arblaster & Meehl,56

2006).57

The term ”polar easterlies” for the circumpolar wind belt around the Antarctic con-58

tinent, derived in analogy to the midlatitude westerlies, does not provide the most ac-59

curate description of this wind regime. The easterlies are subject to a strong topographic60

steering by the Antarctic continent and tend to be oriented in the direction of the coast-61

line, which presents significant deviations from a purely zonal orientation (see Figure S1).62

Historically, the easterlies have been supposed to be partly driven by geostrophic adjust-63

ment via the Coriolis force in response to the katabatic wind regime, which is in turn64

forced by strong radiative cooling over the continent, as well as blocking effects due to65
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the elevated terrain (Parish & Bromwich, 2007; Parish & Cassano, 2003; Van den Broeke66

& Van Lipzig, 2003; Davis & McNider, 1997; Parish & Bromwich, 1987). However, the67

katabatic wind regime is confined to a shallow surface layer and doesn’t extend far from68

the coastline, which is why more recent work proposes that the easterlies are a balanced69

flow resulting from the Antarctic’s orography and moderated by a potential vorticity anomaly70

atop of the plateau that is generated by radiative cooling (Fulton et al., 2017).71

The polar wind regime influences a number of ocean-ice processes at the Antarc-72

tic margin that are critical for determining future rates of climate change and sea level73

rise. For example, the along-shore orientation of these winds induces an Ekman trans-74

port towards the continent that elevates coastal sea level, and their strength influences75

the cross-shore meridional density gradient, both processes that are responsible for sus-76

taining the Antarctic Slope Current (ASC) and the Antarctic Slope Front (ASF) (Huneke77

et al., 2021; A. F. Thompson et al., 2018; Naveira Garabato et al., 2019; Mathiot et al.,78

2011). The ASC and ASF almost completely surround the Antarctic continent and act79

as a dynamical barrier to the exchange of heat and properties between the continental80

shelf and the deeper ocean (A. F. Thompson et al., 2018; Jacobs, 1991). Perturbations81

of the coastal easterlies thus have the ability to modify the cross-shelf exchange and are82

therefore one of the key factors that set the temperature anomalies responsible for warm-83

ing of the continental shelf, thereby controlling basal melting of ice shelves (Holland et84

al., 2019; Spence et al., 2017, 2014). The abyssal meridional overturning circulation (MOC)85

that originates at the Antarctic margin, and even the Antarctic Circumpolar Current86

(ACC), have been suggested to be sensitive to the easterly winds (Zika et al., 2013; Stew-87

art & Thompson, 2012). Finally, the local winds play a dominant role in sea-ice forma-88

tion and advection (e.g. Kwok et al., 2017; Haumann et al., 2016; Holland & Kwok, 2012)89

as well as in the formation, extent and duration of polynyas (Mathiot et al., 2010; R. A. Mas-90

som et al., 1998; Bromwich & Kurtz, 1984).91

One of the most well-known changes in the Southern Ocean’s surface wind fields92

is the strengthening trend and poleward shift of the westerlies associated with both in-93

creased greenhouse gas emissions and stratospheric ozone depletion (e.g. Goyal, Sen Gupta,94

et al., 2021; Bracegirdle et al., 2008; Marshall, 2003). There are multiple studies exam-95

ining the ocean’s response to the trend in the Southern Hemisphere westerlies, includ-96

ing their impact on the meridional overturning, carbon and heat uptake, and water mass97

formation (e.g. Waugh et al., 2013; Sen Gupta & England, 2006; Oke & England, 2004;98

Hall & Visbeck, 2002; Toggweiler & Samuels, 1995). In comparison, there are very few99

studies that focus on historical and projected changes of the polar easterlies and their100

impact on the ocean circulation. Hazel and Stewart (2019) quantify trends in surface wind101

stress along the circumpolar 1000m isobath using different reanalysis products for the102

period 1979 to 2014 and find that there has been a substantial increase in their season-103

ality that results in an overall increase in their strength. However, the sparcity of ob-104

servations in the region impairs the evaluation of reanalysis products in the region, par-105

ticularly in relation to the reliability of its trends (Dong et al., 2020; Bracegirdle & Mar-106

shall, 2012). Regarding projected changes, using Coupled Model Intercomparison Project107

Phase 3 (CMIP3) models, Bracegirdle et al. (2008) find that the coastal easterlies are108

projected to weaken over the 21st Century in response to the poleward migration of the109

westerlies.110

The aim of this study is to assess projected changes in CMIP6 models of the cir-111

cumpolar wind belt around the Antarctic margin, commonly known as the polar east-112

erlies, addressing the gap in research regarding future trends for polar surface wind regime.113

We also examine CMIP6 models during the historical period relative to four different114

reanalysis products. Given the importance of the easterlies for setting the Antarctic mar-115

gin’s circulation andh hence global sea level, characterizing projected changes will im-116

prove our understanding and interpretation of the ocean’s response to climate change117

in CMIP6 models.118
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2 Data and Methods119

This study analyses yearly-averaged and seasonal surface winds at 10m elevation120

and sea level pressure (SLP) from CMIP6 archives and four different reanalysis prod-121

ucts over the ocean surrounding the Antarctic continent. We compare CMIP6 model out-122

put with reanalysis data for the historical period and assess future projected changes un-123

til the end of the 21st Century for the moderate and high emission scenarios, namely Shared124

Socio-economic Pathway 245 and 585 respectively (SSP245 and SSP585; (O’Neill et al.,125

2016)).126

The CMIP6 models included in this study are listed in Table S1. We selected the127

first ensemble member for all models and remapped them onto a common 0.25◦ × 0.25◦128

horizontal grid. The CMIP6 multi-model mean (MMM) was calculated by averaging all129

individual CMIP6 models using equal weights for each individual model. The reanaly-130

sis data sets selected for this study are the Climate Forecast System Reanalysis (CFSR,131

Saha et al. (2010)), ECMWF Interim Re-Analysis (ERA-Interim, Dee et al. (2011)), ERA-132

Interim’s successor ERA5 (Hersbach et al., 2020) and the Japanese 55-year Reanalysis133

(JRA-55, Kobayashi et al. (2015)). None of these reanalysis products has been shown134

to be superior to the others in term of their performance in the Antarctic region, hence135

the decision to include them all (Dong et al., 2020; Gossart et al., 2019; Jones et al., 2016;136

Bracegirdle & Marshall, 2012). All reanalysis products were remapped onto the same137

0.25◦ × 0.25◦ grid as CMIP6 models, and in analogy to the CMIP6 MMM, we calcu-138

late a multi-reanalysis mean. We define two analysis periods: the historical period, start-139

ing in 1979 and ending in 2015 and the future projections period starting in 2015 (when140

CMIP6 models constitute a projection) and ending in 2100 under SSP245 and SSP585141

scenarios. For the calculation of trends and their significance, we use the publicly avail-142

able implementation of the Mann-Kendall significance test developed by Moreno and Con-143

stantinou (2021).144

The study region is defined as the oceanic domain from the Antarctic continent un-145

til a northern limit calculated from a combination of the minimum wind speed line and146

the 1000m isobath around the Antarctic Peninsula. The study region is defined in this147

way since the minimum wind speed line divides the wind field into mean westerlies to148

the north and mean easterlies to the south and includes regions of weak zonal winds in149

the Ross and Weddell Seas. However, because this line intersects the Antarctic Penin-150

sula, we switch to using the 1000m isobath as our northern boundary in that region. We151

use the ERA-Interim wind field averaged over 1979 - 2015 to construct this boundary,152

after verifying that there is little variation in its position across both reanalysis prod-153

ucts and models. The study region thus defined is shown in Figure 1.154

3 Results155

3.1 Historical Period156

Surface winds around the Antarctic continent are stronger close to the coastline157

and decrease away from the coast, with regions adjacent to the steepest slopes around158

the continent displaying the strongest coastal winds, e.g. around East Antarctica (Fig-159

ure 1). In the study region, CMIP6 MMM generally displays stronger winds than the160

multi-reanalysis mean, especially close to the coast in the western Ross Sea (Figure 1c).161

On the other hand, there are minimal differences in wind direction between CMIP6 MMM162

and the multi-reanalysis mean (Figure S2), which is likely because wind direction tends163

to be parallel to the coastline in this region, being subjected to a strong topographic con-164

trol. There is also a significant component of the mean wind field that crosses SLP con-165

tours, highlighting the ageostrophic nature of the wind regime in this region.166

The close agreement in the mean wind field between CMIP6 models and reanal-167

ysis products can also be seen in the averages as a function of longitude (Figure 2a,c).168
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Figure 1. (a) Multi-reanalysis mean and (b) CMIP6 multi-model mean average wind speed

(m/s) with contours of sea level pressure (hPa) for the period 1979 to 2015. (c) Wind speed and

sea level pressure anomalies of CMIP6 multi-model mean with respect to the multi-reanalysis

mean (a) - (b). The black contour in all panels marks the northern boundary of the study region.

For wind vectors see Figure S1.

The zonal component shows the dominance of the easterly winds around the continent,169

except for around the tip of Antarctic Peninsula that extend north far enough to be em-170

bedded in the westerly wind regime, and the southwestern Weddell Sea and the Ross Sea171

where the orientation of the coastline favors a meridional flow. The meridional wind com-172

ponent shows the predominance of southerly winds flowing off the continent, except for173

a narrow band of onshore winds associated to the Amundsen Sea Low. The meridional174

wind component is subject to larger variations as a function of longitude than the zonal175

component, particularly over East Antarctica where changes of about 4m/s in speed oc-176

cur over the span of a few degrees longitude (e.g. Figure 2c between 50◦E and 100◦E).177

This consistency between reanalysis products and models again indicates the strong in-178

fluence of topography in setting the mean wind field direction.179

Wind speed trends during the historical period are characterized by large local vari-180

ations as well as differences in magnitude and sign of the trend between reanalysis prod-181

ucts in both wind components, southerly and easterly (Figure 2b and c). There is lit-182

tle agreement in the pattern of trends shown across reanalysis products, as well as large183

small scale variability. In general, CMIP6 models show trends smaller in magnitude than184

the reanalysis products. One of the salient features of CMIP6 trends is the weakening185

trend in East Antarctica. The spatial patterns of easterly and southerly wind trends dur-186

ing the historical period displayed by CMIP6 MMM do not resemble those of the multi-187

reanalysis mean (Figures 2, S2, S3): CMIP6 MMM shows a clear pattern of weakening188

in our study region, significant around the Antarctic Peninsula and East Antarctica. This189
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Figure 2. Mean (a) easterly and (c) southerly wind components (m/s) averaged as a function

of longitude over the study region for the period 1979 to 2015. (b) Easterly and (d) southerly

wind trends for the same period (m/s decade−1) averaged as a function of longitude over the

study region for the period 1979 to 2015. Included in all panels are CMIP6 multi-model mean

and ±1SD shading as well as the multi-reanalysis mean, ERA-Interim, ERA5, CFSR and JRA55.

is accompanied by a nearly zonally symmetric lowering of SLP around 65◦S that reflects190

an increase in the SAM index that in turns projects onto an intensification and poleward191

migration of the westerly wind belt. This pattern is not apparent in the multi-reanalysis192

mean trends (Figure S3) because the reanalysis time period is strongly dominated by in-193

ternal climate variability (Goyal, Jucker, Sen Gupta, & England, 2021). However, ob-194

served trends in the SAM index have been stronger in the late 20th Century for the sum-195

mer season (December to February), subsequently weakening when entering the 21st Cen-196

tury due to stratospheric ozone recovery (Fogt & Marshall, 2020; Fogt et al., 2009). There-197

fore, we calculate trends for the summer season for the period 1979 to 2000, and corrob-198

orate that in this case, the multi-reanalysis mean does show a pattern related to the trend199

in the SAM index that weakens the easterly winds in some areas of our study region (Fig-200

ure S4). Moreover, during this time period, the multi-reanalysis mean shows a better agree-201

ment with CMIP6 MMM trends (Figure S5). Therefore, we infer that on interannual time202

scales during the full historical period, 1979 to 2015, internal climate variability is dom-203

inating the multi-reanalysis mean trends, whereas the larger number of models included204

in the CMIP6 MMM effectively averages out any internal variability, thus highlighting205

the forced signal in that model ensemble set.206

3.2 Future projections207

Projected trends for the SSP585 scenario during the period 2015 to 2100 indicate208

a circumpolar weakening of the easterly wind component (Figure 3a). Scenario SSP245209
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shows similar patterns albeit with weaker trends (Figure S6). Similar to the historical210

period, the weakening trend within our study region is accompanied by a zonally sym-211

metric lowering of sea level pressure indicative of a trend towards the high-index polar-212

ity of the SAM and the poleward migration of the westerlies. The poleward migration213

of the westerlies also inhibits the meridional wind component in the Antarctic Penin-214

sula (Figure 3b), and more generally around East Antarctica. The trend towards a pos-215

itive SAM index is also linked to a deepening of the Amundsen Sea Low (Clem et al.,216

2017, 2016), which drives a strengthening of the offshore winds in the Ross Sea and an217

adjacent weakening in the Amundsen-Bellinghausen Seas (Figure 3b).218

Figure 3. CMIP6 multi-model mean trends for a) easterly and b) southerly wind for emis-

sion scenario SSP585 during the period 2015 to 2100, with statistically significant trends with

p < 0.05 hatched only for the study region. Pink contours show the difference in SLP of the

last ten years (2090 to 2099) relative to the first ten years (2015 to 2025) and the black contour

marks the northern limit of our study region.

We next perform an average over the entire study region to quantify the large scale219

changes in the polar winds (Figure 4). This circumpolar average allows us to study broad220

scale changes without focusing on the local variations observed in individual models and221

reanalyses. During the historical period, peaks and troughs for both components of the222

wind are in phase among reanalysis products, indicating all products capture the over-223

all year-to-year variations in circumpolar-averaged winds. In contrast in the CMIP6 mod-224

els, the averaging of different models has a smoothing effect on the time series. None of225

the reanalysis product trends for the easterly wind component are significant at the 5%226

level, whereas for the southerly wind component CFSR, JRA55 and the multi-reanalysis227

mean display significant weakening trends (Figure 4, Table S2). Trends for the CMIP6228

MMM are significant during the historical period, and future projections under both sce-229

narios considered.230

For the easterly wind component, CMIP6 MMM displays a significant weakening231

trend during the historical period of 0.41m/s century−1 (p < 0.05) (Figure 4b). How-232

ever, due to the large intermodel spread, while 50% of the models display trends toward233

weakening easterlies, there are some models that display a strengthening trend. For the234

southerly component, CMIP6 MMM shows slight, significant weakening trend of 0.08m/s235

century−1, but there is a larger number of models that display strengthening trend. No236

models display trends as large as those present in CFSR and JRA55. Future projections237

show that the weakening in both wind components extends until the end of the 21st Cen-238
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Figure 4. (a) Easterly and (c) southerly wind speed averaged over the study region for

CMIP6 multi-model mean and ±1SD shading, the multi-reanalysis mean, ERA-Interim, ERA5,

CFSR and JRA55. Boxplot of (b) easterly and (d) southerly wind trends (m/s century−1) for

CMIP6 models for the historical period, SSP245 and SSP585. Dots mark trends in CMIP6 multi-

model mean, multi-reanalysis mean, ERA-Interim, ERA5, CFSR and JRA55.

tury. Under the SSP245 scenario the trends are weaker compared with the historical pe-239

riod, while for the SSP585 scenario the CMIP6 MMM average trend increases to 0.56m/s240

century−1. In both scenarios the intermodel range is reduced, and for SSP585 all mod-241

els agree on a weakening trend. A similar behaviour is observed for the southerly com-242

ponent: namely for the SSP245 scenario, the trend is slightly lower than during the his-243

torical period, while the trend increases in SSP585. However for the southerly compo-244

nent, some models display trends of opposite sign towards strengthening of the souther-245

lies in both scenarios. Given that trends in the position of the westerly wind belt in CMIP6246

models have been found to be seasonally dependent (Goyal, Sen Gupta, et al., 2021), we247

repeat the above analysis separately for the summer (December to February) and win-248

ter (June to August) seasons (Figure S9, S9). We find that the largest weakening trends249

occur during the summer season, consistent with seasonal trends in westerly winds, with250

no significant changes during the winter season (for details see Tables S3, S4).251

The observed spatial patterns of trends in the region occur in conjunction with a252

lowering of SLP, almost zonally symmetric in character, at around 65◦S (Figure 3, S2,253

S3). This reduction in SLP projects onto a increasingly positive SAM index, as well as254

onto a reduced meridional SLP gradient between the pole and 65◦S. Both of these changes255

have a weakening effect on the near-Antarctic wind regime: in particular, the positive256

trend in the SAM index implies a poleward migration of the westerlies that extends suf-257

ficiently far southwards to impact our study region, and the reduced pole-to-coast merid-258

ional pressure gradient weakens the easterly wind component via a geostrophic adjust-259

ment. This relationship is apparent in the correlations between the SAM index (calcu-260

lated following Gong and Wang (1999) as the pressure difference between 45◦S and 65◦S)261

and the time series in Figure 4; as well as in the correlations with a katabatic wind in-262

dex (calculated following Hazel and Stewart (2019) as the pressure difference between263

85◦S and 65◦S: Figure S7). For the CMIP6 MMM, under the SSP585 scenario, the cor-264
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relations of the easterly wind component with the SAM and katabatic wind indices are265

as high as -0.93 and 0.93 respectively.266

4 Summary and Discussion267

The Southern Ocean’s circulation close to the Antarctic margin is a key compo-268

nent of the Earth’s climate system, regulating heat, atmospheric CO2 concentration, ice269

melt and sea level (Frölicher et al., 2015; Golledge et al., 2015; Mikaloff Fletcher et al.,270

2006). There is thus a growing interest in constraining projected changes in the atmo-271

spheric circulation in this region. Despite their relevance for the Antarctic margin ocean272

circulation, the polar wind belt remains one of the most understudied features of the re-273

gion, with few studies documenting current and future changes (Hazel & Stewart, 2019;274

Bracegirdle et al., 2008). Our study examines the near-Antarctic wind field and its pro-275

jected changes in CMIP6 models, comparing the historical period against four different276

reanalysis products: ERA-Interim, ERA5, CFSR and JRA55. We find a good agreement277

between the mean wind and sea level pressure fields of CMIP6 models and reanalysis prod-278

ucts during the historical period, suggesting that CMIP6 models are capable of simu-279

lating the broad features apparent in reanalyses (Figures 2a, c, S1). We attribute this280

consistency to the strong topographic steering of winds by the Antarctic continent and281

orography (e.g. as noted by Goyal, Jucker, Sen Gupta, and England (2021) for the Amund-282

sen Sea Low). However this agreement in mean wind fields does not translate to an agree-283

ment in the spatial pattern of wind speed trends. The trends for the easterly and southerly284

wind components display significant small scale variability as well as large differences across285

reanalysis products and models (Figure 2). However, it should be noted that reanaly-286

sis products are poorly constrained in the study region and some studies have reported287

spurious trends at small spatial scales in the Antarctic region (Dong et al., 2020; Huai288

et al., 2019; Bracegirdle & Marshall, 2012; Wang et al., 2012). Furthermore, there are289

significant patterns of atmospheric variability in the Southern Ocean that act over time290

scales ranging from months to decades, such as the SAM (D. W. Thompson et al., 2011;291

D. W. Thompson & Solomon, 2002), ENSO (Meehl et al., 2019; Fogt & Bromwich, 2006;292

Turner, 2004), IPO (Purich et al., 2016; Meehl et al., 2013) and zonal wavenumber 3 (Goyal,293

Jucker, Sen Gupta, Hendon, & England, 2021; Raphael, 2007). These intrinsic modes294

can have a large impact on atmospheric circulation, confounding a comparison between295

observations and models. For example, prior to the year 2000, there have been strong296

observed trends towards a positive SAM index during the summer months (Fogt & Mar-297

shall, 2020; Fogt et al., 2009; D. W. Thompson & Solomon, 2002) which are apparent298

in the multi-reanalysis mean trends (Figure S4). However, trends of the yearly-averaged299

data during the entire historical period in the multi-reanalysis period are dominated by300

internal variability, which is, in contrast, averaged out in the CMIP6 MMM where the301

forced signal related to SAM changes is clearly visible (Figure S2).302

On average, CMIP6 MMM shows that the easterly wind component is projected303

to weaken over the next century by 6% for SSP245 and 23% for SSP585 relative to the304

2005-2015 mean. Most of this weakening occurs during the summer months (7% and 34%305

reduction for SSP245 and SSP585 scenarios respectively), with no significant changes dur-306

ing the winter season, meaning that there is an increase in the amplitude of the seasonal307

cycle (Figure S8, S9). As wind stress scales with wind speed squared, these large reduc-308

tions will have significant impacts on the oceanic circulation in the region. For exam-309

ple, shoreward Ekman transport would be reduced substantially, leading to a decrease310

in coastal sea level that weakens coastal currents, increases in heat transport towards311

the continental shelf and potentially leads to substancial ice sheet melt. Projected changes312

of the southerly wind component are not as consistent as those of the easterly compo-313

nent, in that some CMIP6 individual models display trends of opposite sign (Figure 4d).314

Nonetheless, CMIP6 MMM shows a significant weakening trend for the southerlies of 2%315

and 7% in wind speed at the end of the 21st Century with respect to the 2005 - 2015316
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average. The southerly (offshore) component of the surface winds at the Antarctic mar-317

gin plays an important role in Dense Shelf Water production via the opening of coastal318

polynyas, where strong air-sea interactions trigger large surface water mass transforma-319

tion (Huot et al., 2021; Mathiot et al., 2010; R. Massom et al., 1998). Therefore, this sig-320

nificant projected reduction in the southerlies strength is likely to impact the rates of321

formation of Dense Shelf Waters around Antarctica.322

There are important caveats to note regarding the data sets used in this study, mostly323

related to the reliability of trends depicted in reanalysis products and CMIP6 models.324

Lack of sufficient observations limits the evaluation of these trends, especially their spa-325

tial distributions, and their attribution to internal or forced variability. However, there326

is a robust relationship between meridional sea level pressure gradients and easterly wind327

speed averages over the study region. For most reanalysis products and CMIP6 individ-328

ual models, there is a significant correlation between the strength of the easterlies and329

the SAM index, defined following Marshall (2003), as well as the pole-to-coast (katabatic)330

index, defined following the methodology of Hazel and Stewart (2019) (Figure S7). The331

relationships that can be inferred from these correlations are consistent with the notion332

that the poleward migration of the westerly wind belt inhibits the polar easterlies, and333

that a reduced pole-to-coast pressure gradient weakens the katabatic regime, which in334

turn translates into weaker easterlies. All but two CMIP6 individual models display sig-335

nificant high correlations between both components of the surface winds with the sea level336

pressure indices described above, indicating a robust large-scale pattern of change that337

continues until the end of the century.338

Understanding current and projected changes in the Antarctic margin wind regime339

in CMIP6 models is vital for the interpretation and attribution of changes in the high-340

latitude ocean circulation. This study identifies the emergence of a large scale, signif-341

icant weakening of this wind regime that can be attributed to the poleward migration342

and intensification of the subpolar westerlies, as well as a reduction in the pole-to-coast343

meridional sea level pressure gradient.344
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Figure S1. Sea level pressure and mean wind vectors for the historical period (1979 to 2015)

of (a) the multi-reanalysis mean and (b) CMIP6 MMM. The black contour marks the northern

limit of the study region.
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Figure S2. CMIP6 multimodel mean trends for (a) easterly and (b) southerly wind components

for the historical period (1979 to 2015) with statistically significant trends (p < 0.05) hatched

within the study region, south of the black contour. White contours show the sea level pressure

difference of last ten years (2005 - 2015) with respect to the first ten years (1979 - 1989).

March 28, 2022, 11:22pm



: X - 5

Figure S3. Multi-reanalysis mean trends for (a) easterly and (b) southerly wind components

for the historical period (2015 to 2100) with statistically significant trends (p < 0.05) hatched

within the study region, south of the black contour. White contours show the sea level pressure

difference of last ten years (2005 - 2015) with respect to the first ten years (1979 - 1989).
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Figure S4. Multi-reanalysis summer (DJF) trends for (a) easterly and (b) southerly wind

components for the period 1979 to 2000 with statistically significant trends (p < 0.05) hatched.
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Figure S5. CMIP6 MMM summer (DJF) trends for (a) easterly and (b) southerly wind

components for the period 1979 to 2000 with statistically significant trends (p < 0.05) hatched.
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Figure S6. CMIP6 multi-model mean trends for a) easterly and b) southerly wind for emission

scenario SSP245 during the period 2015 to 2100, with statistically significant trends with p < 0.05

hatched only for the study region. Pink contours show the difference in SLP of the last ten years

(2090 to 2099) relative to the first ten years (2015 to 2025) and the black contour marks the

northern limit of our study region.
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Table S2. Easterly and southerly wind component trends (m/s century−1) for individual

reanalysis products, multi-reanalysis mean and CMIP6 MMM during the historical period and

future projections under the SSP245 and SSP585 scenarios. Significant trends at 5% confident

levels are highlighted in bold.

Easterly wind trend Southerly wind trend
Era-Interim 0.34 -0.03

ERA5 0.64 -0.004
CFSR -0.06 -0.84
JRA55 -0.45 -1.01

Multi-reanalysis mean 0.11 -0.47
CMIP6 MMM Historical -0.41 -0.08

CMIP6 MMM SSP245 -0.17 -0.04
CMIP6 MMM SSP585 -0.56 -0.15
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Table S3. Easterly and southerly wind component trends (m/s century−1) for the summer

season (DJF) for individual reanalysis products, multi-reanalysis mean and CMIP6 MMM during

the historical period and future projections under the SSP245 and SSP585 scenarios. Significant

trends at 5% confident levels are highlighted in bold.

Easterly wind trend Southerly wind trend
Era-Interim -1.17 -0.34

ERA5 0.74 -0.36
CFSR -1.92 -1.10
JRA55 -1.04 -0.83

Multi-reanalysis mean -1.22 -0.65
CMIP6 MMM Historical -1.08 -0.27

CMIP6 MMM SSP245 -0.24 -0.08
CMIP6 MMM SSP585 -0.84 -0.28

Table S4. Easterly and southerly wind component trends (m/s century−1) for the summer

season (JJA) for individual reanalysis products, multi-reanalysis mean and CMIP6 MMM during

the historical period and future projections under the SSP245 and SSP585 scenarios. Significant

trends at 5% confident levels are highlighted in bold.

Easterly wind trend Southerly wind trend
Era-Interim 0.64 0.22

ERA5 0.94 0.27
CFSR 0.72 0.70
JRA55 -0.60 -1.07

Multi-reanalysis mean 0.43 -0.32
CMIP6 MMM Historical 0.32 0.08

CMIP6 MMM SSP245 -0.13 0.02
CMIP6 MMM SSP585 -0.38 -0.006
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Figure S7. Correlations between the circumpolar average of the easterly and southerly wind

components within the study region (time series in Figure 4) and the SAM and katabatic wind

(KAT) indices for the (a) easterly and (b) southerly wind components during the historical period

and future projections under SSP245 and SSP585 scenerios. Statistically significant correlations

(p < 0.05) are hatched.
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Figure S8. Summer time (December to February) (a) Easterly and (c) southerly wind

speed averaged over the study region for CMIP6 multi-model mean and ±1SD shading, the

multi-reanalysis mean, ERA-Interim, ERA5, CFSR and JRA55. Boxplot of (b) easterly and (d)

southerly wind trends (m/s decade−1) for CMIP6 models for the historical period, SSP245 and

SSP585. Dots mark trends in CMIP6 multi-model mean, multi-reanalysis mean, ERA-Interim,

ERA5, CFSR and JRA55.
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Figure S9. As in Figure S8 only shown for winter time (June to August).
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