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Abstract 26 

    The Southern Ocean (SO) surface wind stress is a major atmospheric forcing for driving 27 

the Antarctic Circumpolar Current and the global overturning circulation. Here the effects of 28 

wind fluctuations at different time scales on SO wind stress in eighteen models from phase 5 29 

of the Coupled Model Intercomparison Project (CMIP5) are investigated. It is found that 30 

including wind fluctuations, especially on timescales associated with synoptic storms, in the 31 

stress calculation strongly enhances the mean strength, modulates the seasonal cycle, and 32 

significantly amplifies the trends of SO wind stress. In eleven out of the eighteen CMIP5 33 

models, the SO wind stress has strengthened significantly over the period of 1960-2005. 34 

Among them, the strengthening trend of SO wind stress in one CMIP5 model is due to the 35 

increase in the intensity of wind fluctuations, while in all the other ten models the 36 

strengthening trend is due to the increasing strength of the mean westerly wind. These 37 

discrepancies in SO wind stress trend in CMIP5 models may explain some of the diverging 38 

behaviors in the model-simulated SO circulation. Our results suggest that to reduce the 39 

uncertainty in SO responses to wind stress changes in the coupled models, both the mean 40 

wind and wind fluctuations need to be better simulated. 41 
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1. Introduction 51 

    The Southern Hemisphere (SH) surface westerly wind stress plays an instrumental role in 52 

driving the Southern Ocean (SO) circulation and the global meridional overturning 53 

circulation (Marshall and Speer 2012; Meredith et al. 2012; Gent 2016), as well as SO 54 

temperature changes and carbon uptake (Le Quéré et al. 2007; Gille, 2008; Wang et al. 2015; 55 

Jones et al. 2016; Wang et al. 2017). Since surface wind stress depends nonlinearly on 56 

surface wind velocity (e.g. Large et al. 1994), high-frequency wind fluctuations contribute to 57 

both the mean strength and low-frequency variability of surface wind stress (Zhai and 58 

Wunsch 2013). For example, when wind fluctuations with time scales less than one month 59 

are included in the stress calculation, the time-mean wind stress is significantly enhanced, 60 

which then leads to an increase in wind power input to the ocean general circulation of over 61 

70% (Zhai et al. 2012; Wu et al. 2016).  62 

Recently, Lin et al. (2018) investigated the contributions of atmospheric wind fluctuations 63 

to the mean, variability and trend of SO wind stress over the last four decades using 64 

reanalysis products. They found that including wind variability at synoptic frequencies (2-8 65 

days) and higher in the stress calculation increases the strength of the mean SO wind stress 66 

by as much as almost 40%. However, large discrepancies exist among reanalysis products 67 

regarding the role of wind fluctuations in determining the strengthening trend of SO wind 68 

stress; the strengthening trend in ERA-Interim is due entirely to the increasing strength of the 69 

mean westerly wind, while between one-third and one-half of the strengthening trend in 70 

NCEP is attributable to the increase in the intensity of wind fluctuations (Lin et al. 2018). 71 

These large discrepancies are worrying and may explain some of the diverging behaviors of 72 

the model-simulated SO circulation and water mass distribution when forced with different 73 

reanalysis products (e.g. Zika et al. 2013a, 2013b; Langlais et al. 2015). As highlighted 74 

recently by Munday and Zhai (2017), the sensitivity of SO circulation to wind stress changes 75 
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depends strongly on how these stress changes are brought about, i.e., whether via changes of 76 

the mean wind or changes of wind variability. In their model experiments, when the increase 77 

in SO wind stress is made by increasing the intensity of wind variability, vertical mixing and 78 

water mass transformation processes are enhanced in the mixed layer, which results in a 79 

much greater sensitivity of the SO meridional overturning circulation to the increased wind 80 

stress. Therefore, to understand how the climate system may respond to the observed and 81 

predicted increase in SO wind stress, it is important to first understand how this increase in 82 

wind stress is brought about. 83 

Models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) are widely 84 

used to simulate historical and predict future changes of the strength and position of the SO 85 

surface westerly winds (Ceppi et al. 2012; Swart and Fyfe 2012; Wilcox et al. 2012; Barnes 86 

and Polvani 2013; Bracegirdle et al. 2013; Lee et al. 2013; Swart et al. 2015; Simpson et al. 87 

2016). However, whether these SO wind stress changes simulated and predicted in CMIP5 88 

models are brought about by changes of the mean westerly winds, changes of wind variability, 89 

or both is unknown. The general role of wind fluctuations in determining the strength of SO 90 

wind stress in CMIP5 models is also unclear. The answers to these questions may prove 91 

useful for understanding the large spread in the model-simulated SO circulation and water 92 

masses under different scenarios (Wang et al. 2011; Meijers et al. 2012; Downes and Hogg 93 

2013; Sallée et al., 2013a, 2013b; Wang 2013; Meijers 2014; Russell et al. 2018). In this 94 

study, we investigate for the first time the effects of wind fluctuations on the mean, seasonal 95 

cycle and trend of SO wind stress in CMIP5 models and compare them with results from two 96 

reanalysis products.  97 

     The paper is organized as follows. The CMIP5 models and reanalysis products chosen for 98 

this study are described in section 2, followed by an explanation of the analysis method used 99 

in section 3. In section 4, results of the effects of wind fluctuations at different time scales on 100 
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the mean, seasonal cycle and trend of the SO wind stresses in CMIP5 models are presented, 101 

discussed and compared with those from the reanalysis products. Finally, conclusions and 102 

discussion of implications of our results are provided in section 5. 103 

2.   CMIP5 models and reanalysis products  104 

The CMIP5 models used in this study are listed in Table 1 together with model details such 105 

as model resolution and whether stratosphere-resolving. CMIP5 models provide monthly-106 

mean surface wind stresses and eighteen of them at the time of this study provide 6-hourly 107 

10-m wind velocities. To quantify the contributions from wind fluctuations at different time 108 

scales to the SO wind stress, we recalculate wind stresses with wind fluctuations from these 109 

eighteen models with certain time scales included or excluded by using an approximate 110 

formulation of the dependence on 10-m wind speed. Only model output from historical runs 111 

(1960-2005) is assessed, since for future projection simulations (Representative 112 

Concentration Pathways RCP4.5 and RCP8.5), six-hourly wind velocities are only provided 113 

for two 20-year periods of 2026-2046 and 2081-2100, which are not long enough for 114 

estimating the trend significance.  115 

    Results from the CMIP5 models are compared with two widely-used atmospheric 116 

reanalysis products: Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) and ERA-117 

Interim Reanalysis (ERA-Interim; Dee et al. 2011). The horizontal resolutions of JRA-55 and 118 

ERA-Interim are T319 (~63 km) and T255 (~80 km), respectively. The strength of the SH 119 

westerly jet from reanalysis data suffers large spurious trends prior to 1979 but this situation 120 

is much improved after 1979, thanks to the assimilation of Television Infrared Observation 121 

Satellite (TIROS) Operational Vertical Sounder data into the reanalysis model (Hines et al. 122 

2000; Kistler et al. 2001; Marshall 2003). In addition, the ERA-Interim winds are only 123 

provided from 1979. Therefore, we choose to compare CMIP5 model outputs from historical 124 

runs and the two reanalysis products over their overlapping period of 1979-2005. Note that 125 
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the differences between the mean wind stresses in CMIP5 models over the period of 1979-126 

2005 and those of 1960-2005 are generally very small (not shown). However, neither the 127 

trends of SO wind stress in CMIP5 models nor those in the two reanalysis products are 128 

significant over the period of 1979-2005. For this reason, the trends of SO wind stress in 129 

CMIP5 models are calculated over the longer period of 1960-2005 and are not compared with 130 

those from reanalysis products whose trends are known to be spurious prior to 1979. 131 

3. Methods 132 

    Based on Monin–Obukhov similarity theory (MOST, Garratt 1994), bulk surface flux 133 

parameterizations are used to estimate air-sea fluxes in CMIP5 models (Knutti et al. 2013; 134 

Ma et al. 2015; Simpson et al. 2018) and bulk algorithms used to calculate surface 135 

momentum and heat flux exchanges were provided in Fairall et al. (2003). Following Fairall 136 

et al. (2003), the zonal surface wind stress in our study is calculated based on the bulk 137 

formula τ" = ρ%c'|U*+|u*+, where τ" is the surface zonal wind stress, |U*+| is the 10-m wind 138 

speed and u*+	is the 10-m zonal wind velocity, ρ% is air density at the sea surface (set to a 139 

constant of 1.223 kg m5)⁄ , and c' is the variable drag coefficient. Here c' is set to the drag 140 

coefficient in neutrally stable conditions from empirical functions c'
*/9 = c':

*/9 = ;
<:	(>/>?)

 with 141 

the MOST stability parameter ζ = 0, where κ is von Karman’s constant, z is the height of 142 

wind measurement, z+ is the roughness length for momentum. Following Smith (1988), the 143 

roughness length is set to z+ =
DE∗G

H
+ +.**J

E∗
, where α is the Charnock parameter, u∗ is the 144 

surface frictional velocity, gravitational acceleration g and kinematic viscosity ν	are constants. 145 

The Charnock parameter α varies with wind velocity and the surface frictional velocity is set 146 

to u∗ =
;M|NO?|GPEQG

<:	(>/>?)
 with a gustiness part uH set to zero in neutrally stable conditions (Beljaars 147 

1995; Fairall et al. 2003). As shown in Figure 1, the time-mean wind stresses calculated from 148 

six-hourly winds of the eighteen CMIP5 models provide a reasonably close match to those 149 
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averaged from model output monthly-mean stresses. Differences in mean wind stress can be 150 

attributed to neglecting atmosphere stability, waves and surface ocean currents, as well as 151 

different Charnock parameter and gustiness used in our calculation of surface drag coefficient.  152 

    The methods used in this study to evaluate the effects of wind fluctuations at different time 153 

scales on the SO wind stress are similar to those in Lin et al. (2018) but with some 154 

modifications. It is worth pointing out that owing to the modulus function in the bulk formula 155 

the contribution of wind fluctuations to the mean stress depends strongly on the presence of 156 

the mean winds (Zhai 2013). For example, if the mean winds are ignored in the stress 157 

calculation, the mean stress, to first-order approximation, vanishes regardless of the strength 158 

of wind fluctuations. Here we follow Zhai (2013) and Lin et al. (2018) and quantify the 159 

effects of including wind fluctuations at different time scales on the mean stress by including 160 

/excluding these wind fluctuations in the stress calculation.  161 

Different from Lin et al. (2018), we apply Lanczos low-pass-filter with 100 weights, rather 162 

than the simple running-mean average, to the time series of 6-hourly CMIP5 and reanalysis 163 

wind velocities at every model grid point to filter out wind fluctuations that last less than 2 164 

days and 8 days. We have also tested the Butterworth filter and results are almost identical to 165 

those using the Lanczos filter. Wind fluctuations on time scales of 2-8 days are calculated by 166 

taking the difference between the 2-day low-pass filtered and 8-day low-pass filtered wind 167 

fields. We then obtain the 2-8-day filtered winds by removing wind fluctuations on time 168 

scales of 2-8 days from the original 6-hourly wind field (Table 2). Finally, we recalculate the 169 

zonal wind stresses τR9', τRS', τT9'&RS' and τRVW using 2-day filtered, 8-day filtered, 2-8-170 

day filtered and annual-mean winds, respectively (Table 2), and compare them with the zonal 171 

wind stress τRXYW  calculated from the original 6-hourly winds ( τRXYW - τR9' , 	τRXYW -172 

τRS',	τRXYW-τT9'&RS',	τRXYW-τRVW) to quantify the influences of including wind fluctuations 173 

on time scales of less than 2 days, less than 8 days, 2-8 days and less than a year in the stress 174 
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calculation. For example, since wind fluctuations on 6 hours to 2 days are excluded in the 175 

calculation of τR9', the difference between τRXYW and τR9' can be used to quantify the effect 176 

of including wind fluctuations on 6 hours to 2 days on the mean stress. Threshold time scales 177 

of 2 days and 8 days are chosen because atmospheric variability on time scales of 2-8 days is 178 

generally thought to be associated with synoptic weather systems and baroclinic storm 179 

activities (e.g., Trenberth 1991; Yin 2005). 180 

In addition, we also calculate and compare mean kinetic energy (MKE) and eddy kinetic 181 

energy (EKE) associated with the SO 10-m winds in CMIP5 models and reanalysis products. 182 

MKE in each year (MKETVW) at every grid point is calculated from the annual-mean wind 183 

field, and EKE at every grid point is calculated from wind fluctuations on time scales of 6 184 

hours to 2 days (EKET9'), 2 to 8 days (EKE9]S'), 6 hours to 8 days (EKETS'), and 6 hours to 185 

1 year (EKETVW), respectively (see Table 2 for the formulas). For example, EKET9'  is 186 

calculated using the difference between the 6-hourly and 2-day low-pass filtered wind fields. 187 

As such, EKET9' represents kinetic energy associated with wind fluctuations on time scales 188 

of 6 hours to 2 days alone and does not include the nonlinear cross term between fluctuations 189 

on 6 hours to 2 days and those on 2 days to 1 year.  190 

4.   Results 191 

4.1 Mean state 192 

4.1.1 Mean wind and stress  193 

Figure 2 shows the 1979-2005 time-mean and zonal-mean zonal wind velocities (dashed 194 

lines) and zonal wind stresses (solid lines) in the SO from the eighteen CMIP5 models and 195 

two reanalysis data. There are considerable differences among them. The peak zonal wind 196 

velocities vary from 5.3 m s-1 in GISS-E2-H to 7.3 m s-1 in MIROC4h and peak values of 197 

τRXYW (red lines) vary from less than 0.11 N m-2 in GISS-E2-H to over 0.19 N m-2 in 198 

MIROC4h (see also red dots in Fig. 3a). The multi-model mean (MMM) zonal wind velocity 199 
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and wind stress are smaller than those from two reanalysis products (Figs. 2s-u and Fig. 3a). 200 

A large spread is shown in the latitudes of peak zonal wind velocities and peak zonal wind 201 

stresses, ranging from ~45oS to ~55oS in CMIP5 models. On the other hand, the latitudes of 202 

peak zonal wind stress and peak zonal wind velocity in the same model are close to each 203 

other, except in MRI-CGCM3 and MRI-ESM1. These results are consistent with the findings 204 

of previous studies (e.g. Bracegirdle et al. 2013; Lee et al. 2013).  205 

There is also an equatorward bias of about 2o in the latitudes of maximum MMM zonal 206 

wind velocity and τRXYW, compared to those in JRA-55 and ERA-Interim (Figs. 2s-u). This 207 

equatorward bias in the position of climatological zonal-mean SO winds exists in most 208 

CMIP5 models (Swart and Fyfe 2012; Wilcox et al. 2012; Bracegirdle et al. 2013; Russell et 209 

al. 2018). Ceppi et al. (2012) have argued that this equatorward bias is due to surface 210 

temperature gradient anomalies induced by mid-latitude shortwave cloud forcing bias. High-211 

top models with model tops at or above 1hpa are marked in bold in Table 1. On average the 212 

mean positions of peak zonal winds in high-top models and low-top models are 49oS and 213 

51oS, respectively. The larger equatorward bias found in high-top models can be related to the 214 

different upper meridional temperature gradients in high-top and low-top models (Wilcox et 215 

al. 2012; Bracegirdle et al. 2013).  216 

4.1.2  Contributions from wind fluctuations to mean stress 217 

In all eighteen CMIP5 models (Fig. 2a-r), the magnitude of τRXYW	 (red lines) is 218 

significantly greater than that of τRVW 	(yellow-green	 lines), confirming that wind 219 

fluctuations are a large contribution to the mean zonal wind stress in the SO (Zhai 2013). 220 

This is to be expected given the large wind variability in this storm track region and the non-221 

linear dependence of surface wind stress on surface wind velocity. The effect of including 222 

wind fluctuations on 6 hours to 8 days (red vs purple	lines) in the stress calculation is found 223 

to be comparable to that of including fluctuations on 8 days to 1 year (purple vs yellow-224 
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green	 lines) in all 18 models. This result implies that wind fluctuations on a relatively 225 

narrow time scale range of 6 hours to 8 days make a disproportionately large contribution to 226 

the magnitude of the mean stress. Furthermore, the effect of including wind fluctuations on 2 227 

to 8 days on the mean stress (cyan to red lines) is greater than that from including wind 228 

fluctuations on 6 hours to 2 days (green to red lines in Fig. 2). These conclusions from the 229 

CMIP5 models are consistent with those from the reanalysis data (Fig. 2s-u).  230 

Figure 3a shows a quantitative comparison of the peak values of the 1979-2005 time-mean 231 

and zonal-mean τRXYW (red), τR9'	 (green), τT9'&RS' (cyan), τRS' (purple) and τRVW (yellow-232 

green) from the eighteen CMIP5 models and two reanalysis products. Although the spread 233 

among the CMIP5 models is large for wind stresses calculated from six-hourly and four 234 

filtered 10-m wind fields, the overall effect of including wind fluctuations at different time 235 

scales on the peak mean wind stress is qualitatively similar. Focusing on the comparison 236 

between the MMM and reanalysis products, the peak values of τRVW (yellow-green) are 0.066 237 

N/m2, 0.071 N/m2 and 0.073 N/m2 for the MMM (dashed line), JRA-55 and ERA-Interim, 238 

respectively, and those of τRXYW(red) are 0.158 N/m2, 0.176 N/m2 and 0.170 N/m2. The peak 239 

value of MMM τRVW is less than those in the two reanalysis products due to weaker mean 240 

winds in CMIP5 models (Figs. 2s-u), while the smaller peak value of MMM τRXYW is due to 241 

both weaker mean winds and weaker wind fluctuations (Fig. 3c). Stronger wind fluctuations 242 

in JRA-55 lead to a greater strengthening effect on the mean stress via the nonlinear stress 243 

law (see derivation in Zhai, 2013), which leads to a larger τRXYW in JRA-55 than in ERA-244 

interim (Fig. 3a and c). 245 

Including wind fluctuations on time scales less than one year in the stress calculation is 246 

found to increase the magnitude of peak zonal-mean zonal wind stress in the MMM, JRA-55 247 

and ERA-Interim by about 145%, 148% and 135%, respectively (yellow-green line and dots 248 

in Fig. 3b), with over 54% of the increase in the MMM and both reanalysis products being 249 
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contributed by wind fluctuations on time scales of 6 hours to 8 days (purple line and dots). 250 

Including wind fluctuations on time scales of 6 hours to 2 days and 2 to 8 days in the stress 251 

calculation act to increase the peak zonal-mean and time-mean wind stress in both MMM and 252 

two reanalysis products by around 15% and 35%, respectively (green and cyan lines and dots 253 

in Fig. 3b). Further dividing the CMIP5 models into different groups according to model 254 

resolution and whether stratosphere-resolving reveals no relationship between the effects of 255 

wind fluctuations on the mean stress and these model parameters/configurations (not shown). 256 

4.1.3 Kinetic energy 257 

The MKE and EKE are related to the large-scale mean wind field and wind fluctuations on 258 

much smaller scales, respectively. It is instructive to examine MKE and EKE in the CMIP5 259 

models to understand the effect of mean wind and wind fluctuations at different time scales 260 

on the mean wind stress. Figure 4 shows the 1979-2005 time-mean and zonal-mean MKE and 261 

EKE, which are obtained by applying time average and zonal average to MKE and EKE 262 

calculated at every grid point. A few common features, consistent with results from the 263 

reanalysis products, emerge in all eighteen CMIP5 models. First, the zonal-mean EKETVW is 264 

greater than the zonal-mean MKETVW over the entire SO latitude range (35oS-65oS). Second, 265 

the meridional distribution of the zonal-mean EKET9' , EKE9]S' , EKETS'  and EKETVW  is 266 

much broader and more uniform compared to MKETVW. The zonal-mean EKETVW typically 267 

increases gradually southward to roughly 55oS-60oS before it drops more sharply poleward of 268 

that latitude band, except for MRI-CGCM3 and MRI-ESM1 where the zonal-mean EKETVW 269 

increases monotonically southward and reaches values as high as 80 m2 s-2 (yellow-green 270 

lines in Figs. 4q-r). As a consequence of this monotonic increase of EKETVW with latitude, the 271 

distribution of τRXYW in these two models is skewed heavily southward (red lines in Figs. 2q-272 

r). Further analysis shows that excluding results from MRI-CGCM3 and MRI-ESM1 leads to 273 

a noticeable decrease in the magnitude of the MMM EKETVW, particularly south of 55oS (grey 274 
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vs yellow-green in Fig. 4s). However, it is worth pointing out that the time and zonal 275 

averages of model output monthly mean wind stress from MRI-CGCM3 and MRI-ESM1 276 

show no such large southward skewness (Figs. 1q and r). Third, EKE9]S' is larger than 277 

EKET9' in the SO (cyan vs green lines in Fig. 4), which explains why the effect of including 278 

wind fluctuations on time scales of 2 to 8 days on the mean stress is greater than that of 279 

including wind fluctuations on 6 hours to 2 days. 280 

The peak values of the MMM EKET9', EKE9]S', EKETS' and EKETVW are close to values 281 

from ERA-Interim although slightly smaller than those from JRA-55 (Fig. 3c). This is 282 

consistent with the results shown in Harvey et al. (2012), who demonstrated that the MMM 283 

storm tracks in CMIP5 models resemble the large-scale features of the storm tracks in the 284 

reanalysis data. Quantitatively, the MMM EKET9' , EKE9]S' , and EKETS'  are found to 285 

account for about 17%, 40% and 57% of the MMM EKETVW  respectively, and these 286 

percentage contributions are similar to those in ERA-Interim and JRA-55 (Fig. 3d). The large 287 

percentage of EKETVW accounted by EKETS' explains why wind fluctuations on a relatively 288 

narrow time scale range of 6 hours to 8 days, when combined with the climatological mean 289 

wind, make a disproportionately large contribution to the strength of the mean stress via the 290 

nonlinear stress law (Fig. 3b).  291 

4.2 Seasonal cycle  292 

In this section we examine the effect of wind fluctuations on the seasonal cycle of SO wind 293 

stress in CMIP5 models. Despite considerable differences among the CMIP5 models in their 294 

simulated seasonal variations of zonal-mean winds and wind stresses, there are, again, a few 295 

common features (Fig. 5). In almost all eighteen CMIP5 models, the maximum zonal-mean 296 

zonal wind shifts to its most equatorward position in austral summer (dashed red), while the 297 

zonal-mean zonal wind becomes weaker and broader in austral winter (dashed black). This 298 

behavior is consistent with the northward expansion of the SH westerly wind belt and 299 
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decreased wind intensity in austral winter found by Lamy et al. (2010) and O’Kane et al. 300 

(2017). In austral winter, the enhanced SO meridional temperature gradients increase the 301 

available potential energy stored in the westerly winds (Gill 1982). This subsequently leads to 302 

stronger atmospheric eddy activity and eddy-induced meridional momentum transport, which 303 

modulates the strength and position of surface SO winds (Trenberth 1987; Lamy et al. 2010). 304 

Larger EKE associated with enhanced eddy activities in austral winter can be found in Fig. 6.  305 

In most models, the peak zonal-mean zonal wind stresses in austral spring and autumn are 306 

much larger than those in summer and winter (Fig. 5). These features are also clearly seen in 307 

the MMM plot (Fig. 5s) and are consistent with results from both reanalysis products (Figs. 308 

5t-u). Interestingly, although the magnitude of the peak MMM zonal-mean wind in austral 309 

summer is significantly greater than that in austral winter (by ~21%; red vs black dashed in 310 

Fig. 5s), the peak MMM zonal-mean wind stress in austral summer is almost of the same 311 

strength as that in austral winter (red vs black solid). In the two reanalysis products, the 312 

magnitude of the peak zonal-mean wind in austral summer is greater than that in austral 313 

winter, while the peak zonal-mean wind stress in austral summer is smaller than that in 314 

austral winter (Fig. 5t-u; see also Lin et al. 2018). This paradox can be explained by the 315 

pronounced seasonal cycle of the intensity of wind fluctuations in the SO. In all eighteen 316 

CMIP5 models and both reanalysis products, the magnitude of wind fluctuations is the largest 317 

in austral winter and smallest in austral summer (black and red dashed in Fig. 6), and EKE is 318 

much greater than MKE in austral winter at all latitudes in the SO (black dashed vs solid). 319 

Therefore, stronger wind variability in austral winter significantly enhances the winter-mean 320 

zonal wind stress via the nonlinear stress law, which brings its peak strength to the same level 321 

as that in austral summer, even though the peak zonal-mean wind in austral winter is 322 

considerably weaker than that in austral summer. 323 

Seasonal variability of the peak values of 1979-2005 monthly-mean and zonal-mean τRXYW 324 
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in the SO is dominated by a semiannual cycle in all eighteen CMIP5 models, despite the large 325 

inter-model spread (Fig. 7a). The pattern of MMM wind stress (black solid), similar to those 326 

from JRA-55 (blue solid) and ERA-Interim (red solid), is characterized by maximum values 327 

in austral autumn (April) and spring (October) and minimum values in austral winter 328 

(June/July) and summer (December). However, the magnitude of MMM wind stress is 329 

somewhat smaller than those from JRA-55 and ERA-Interim. To understand where this 330 

semiannual cycle of peak zonal-mean τRXYW comes from, we examined seasonal variability of 331 

the peak values of monthly-mean and zonal-mean MKE and EKE at the latitude of peak 332 

monthly-mean and zonal-mean τRXYW (Figs. 7b-c). It becomes clear that the semiannual cycle 333 

of peak zonal-mean τRXYW in the SO is associated with the semiannual cycle of the strength of 334 

the mean wind. This semiannual oscillation of SO zonal-mean winds is a well-known 335 

phenomenon and is caused by the variability of temperature gradients in the middle 336 

troposphere (van Loon 1967). In contrast, the peak zonal-mean EKE in seventeen out of 337 

eighteen CMIP5 models as well as in both reanalysis products shows a pronounced annual 338 

cycle with its maximum in austral winter and minimum in austral summer (Fig. 7c). Figure 7 339 

also shows the extremely large zonal-mean wind stress and EKE in MRI-CGCM3 and MRI-340 

ESM1 in months from July to October. The unrealistically large EKE in MRI-CGCM3 and 341 

MRI-ESM1 in austral winter and spring (see also in Fig. 6q and r) contributes to the large and 342 

heavily southward skewed wind stress in these two seasons (see also in Fig. 5q and r). 343 

4.3 Trend 344 

   Wind stresses and kinetic energy at the position of peak annual-mean and zonal-mean τRXYW 345 

are used for trend calculation. Only eleven out of the eighteen CMIP5 models show 346 

significant wind stress (τRXYW) trends at <5% level by two-sided t test over the period of 347 

1960-2005 (Table 3). The trends calculated from wind stresses (tauu) directly output by 348 

CMIP5 models are also only significant in the same eleven models. Peak annual-mean and 349 
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zonal-mean SO wind stresses τRXYW (black), τRVW (grey) and kinetic energy MKETVW (yellow-350 

green), EKETVW (green) from 1960 to 2005 in these eleven CMIP5 models are shown in Fig. 8 351 

and their trends are given in Table 3. Not all these eleven models have significant trends in 352 

τRVW over this period; the trend of τRVW is not significant in GFDL-ESM2M. In the ten models 353 

where both the trends of τRXYW and τRVW are significant, the trends of τRXYW are, on average, 354 

over 50% greater than those of τRVW , demonstrating the amplification effect of wind 355 

fluctuations on the calculated wind stress trend (Table 3). Furthermore, this amplification 356 

effect exists regardless of whether there is trend in the intensity of wind fluctuations. Due to 357 

the nonlinearity in the stress calculation, differences in the mean winds influence the effects 358 

that wind fluctuations have on the mean stress and its trend. In seven CMIP5 models, the 359 

peak annual-mean and zonal-mean SO wind stress (τRXYW) exhibits a significant poleward 360 

shift of about 1 to 2 degrees over the period of 1960-2005 (not shown). 361 

Consistent with the significant trends of τRVW, the trends of MKETVW are also significant in 362 

the same ten CMIP5 models, while the trend of EKETVW is not significant in any of these ten 363 

models (Table 3). Therefore, the wind stress trends in these ten models are due to the 364 

strengthening of the mean winds, not the increase in storm activities. This is similar to the 365 

result derived from ERA-Interim reanalysis data over 1979-2016, that is, the strengthening 366 

SO wind stress in ERA-Interim is caused by the increasing strength of the mean westerly 367 

wind (Lin et al. 2018). In contrast, the trend of EKETVW over the period of 1960-2005 is 368 

significant only in GFDL-ESM2M. However, the trends of τRVW  and MKETVW  are not 369 

significant in this model (Table 3). Therefore, the significant trend of τRXYW  in GFDL-370 

ESM2M is caused by increased wind fluctuations, especially those on time scales less than 371 

eight days (significant trend of EKETS' in Table 3), rather than the strengthening of the mean 372 

wind. The positive trends of EKETS',	EKET9' and EKE9]S' are significant in five, six and 373 

four models, respectively.  374 
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Based on the idealized model results of Munday and Zhai (2017), we expect the different 375 

contributions of wind fluctuations to wind stress trends in GFDL-ESM2M and other models 376 

to lead to considerable differences in the model-simulated SO overturning circulation and 377 

water mass formation in response to forcing changes. For example, Downes and Hogg (2013) 378 

found different strengths and changes of SO meridional overturning circulation in 379 

ACCESS1.0, ACCESS1.3 and GFDL-ESM2M, all three of which share the same ocean 380 

model but have different atmosphere, land, and sea ice components. Although the eddy-381 

induced overturning circulation in GFDL-ESM2M is weaker during the historical period 382 

compared to ACCESS1.0 and ACCESS1.3, the increase in the strength of the eddy-driven 383 

overturning in response to the RCP8.5 forcing is larger in GFDL-ESM2M (Figs. 8, 9 in 384 

Downes and Hogg, 2013). 385 

It is instructive to further examine the stress trends in different seasons in the eleven 386 

models with significant wind stress trends over the period of 1960-2005 to distinguish the 387 

contributions from different seasons. Note that the other seven CMIP5 models with no 388 

significant trend over this period show either no significant trend in any season or only a 389 

weak trend in DJF. Table 4 shows that no CMIP5 models have significant trends in τRXYW in 390 

all four seasons over this period. The wind stress trends are found to be significant in austral 391 

summer (DJF) in nine out of these eleven CMIP5 models, while in other seasons they are 392 

significant only in a few models. Lin et al. (2018) also found that during 1979-2016 the trend 393 

of SO wind stress in ERA-Interim is significant only in austral summer and autumn. The 394 

strengthening trends are largest in austral summer in both reanalysis data and CMIP5 models 395 

over the period of 1979-2010 have also been reported by Swart and Fyfe (2012). Previous 396 

radiosonde and modeling studies show that the particularly large positive trend of SH 397 

circumpolar westerly wind during austral summer is driven primarily by the large 398 
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tropospheric response to stratospheric ozone depletion in this season (e.g. Thompson and 399 

Solomon 2002; Arblaster and Meehl 2006; Son et al. 2010; Thompson et al. 2011).  400 

5.  Conclusion and Discussion 401 

The SH surface westerly wind stress, a major driver for SO circulation and water mass 402 

transformation, is predicted to increase in the future. The recent modeling study by Munday 403 

and Zhai (2017) shows that the sensitivity of SO circulation to wind stress changes depends 404 

strongly on how these stress changes are brought about, i.e. by changes of the mean wind or 405 

wind variability. Although the enhancement of wind stress due to the inclusion of wind 406 

fluctuations is consistent across reanalysis products, the diagnosis of trends is not consistent 407 

(Lin et al. 2018), which may have important implications not only for SO circulation but also 408 

global ocean heat and carbon uptake. CMIP5 models are widely used to simulate historical 409 

and predict future changes of the SH westerly winds, SO circulation and water mass 410 

properties. However, the role of wind fluctuations in determining the strength of SO wind 411 

stress in CMIP5 models has not been quantified before. In this study we have investigated the 412 

effects of wind fluctuations on the mean, seasonal cycle and trend of SO wind stress in 413 

eighteen CMIP5 models and compared them with results from two reanalysis products. 414 

Despite considerable inter-model spread, a few conclusions appear to be robust and are 415 

applicable to most, if not all, of the eighteen CMIP5 models: 416 

l Wind fluctuations strongly enhance the strength of the mean wind stress in the SO. This 417 

is expected given the large wind variability in this storm track region and the non-linear 418 

dependence of surface wind stress on surface wind velocity. Including wind fluctuations 419 

in the stress calculation is found to increase the magnitude of the peak MMM zonal-420 

mean wind stress by about 145%, with over 54% of the increase being contributed by 421 

wind fluctuations on time scales of 6 hours to 8 days.  422 
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l There is a pronounced seasonal cycle in the intensity of wind fluctuations in the SO, 423 

being lowest in austral summer and highest in austral winter. Stronger wind fluctuations 424 

bring the peak strength of the zonal-mean wind stress in austral winter to the same level 425 

as that in austral summer, even though the magnitude of the zonal-mean wind in austral 426 

winter is considerably smaller than that in austral summer. The seasonal variability of 427 

the peak zonal-mean zonal wind and zonal wind stress is dominated by a semiannual 428 

cycle, characterized by maxima in austral autumn and spring and minima in austral 429 

winter and summer.  430 

l The trends of SO τRXYW over the period of 1960-2005 are significant in eleven out of the 431 

eighteen CMIP5 models. Among the eleven models, the trend of atmospheric EKE is 432 

significant in GFDL-ESM2M but not in the other ten models, while the trend of τRVW is 433 

significant in the other ten models but not in GFDL-ESM2M. The significant stress 434 

trend in GFDL-ESM2M is due to the significant increase in the intensity of wind 435 

fluctuations, while the trends in the other ten models are due to the significant 436 

strengthening of the mean westerly wind. Due to the amplification effect of wind 437 

fluctuations, the trend of τRXYW is, on average, over 50% larger than the trend of τRVW. 438 

Furthermore, the trends of τRXYW are found to be significant in austral summer in nine 439 

CMIP5 models, while in other seasons they are significant in much fewer models.   440 

Perhaps not surprisingly, we have found a large spread in the simulated trends of SO wind 441 

and wind stress among the 18 CMIP5 models: 11 models with significant trends in wind 442 

stress, 10 with significant trends in mean wind and 1 with significant trend in wind 443 

fluctuations. These large trend discrepancies may have contributed to the differences seen in 444 

the simulated historical changes of SO circulation and property distributions in CMIP5 445 

models (e.g. Wang et al. 2011; Meijers et al. 2012; Downes and Hogg 2013; Sallée et al., 446 

2013a, 2013b; Wang 2013; Meijers 2014; Russell et al. 2018). 447 
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Two dynamical concepts (‘eddy saturation’ and ‘eddy compensation’) have been proposed 448 

in studies investigating the response of SO circulation to wind stress changes using eddy-449 

resolving or eddy-permitting models in recent decades. Eddy saturation and eddy 450 

compensation refer to reduced sensitivity of Antarctic Circumpolar Current (ACC) transport 451 

and SO meridional overturning circulation to wind stress changes, respectively (Straub 1993; 452 

Viebahn and Eden 2010). In the eddy-saturation limit, the ACC transport is insensitive to the 453 

strengthened wind stress (Straub 1993; Hallberg and Gnanadesikan 2006; Munday et al. 454 

2013). Differences in wind stress trends in CMIP5 models may not be crucial for modeled 455 

ACC transport as no significant relationship has been found between modeled ACC transport 456 

and the strength or position of SO wind stress (Wang et al. 2011; Meijers et al. 2012; Downes 457 

and Hogg 2013). Differences in the contributions of wind fluctuations to the stress trends 458 

among CMIP5 models, on the other hand, may lead to considerable differences in the 459 

simulated response of eddy-driven meridional overturning circulation as shown in Munday 460 

and Zhai (2017), thereby affecting the level of eddy compensation in the SO. The significant 461 

wind stress trend in GFDL-ESM2M is due to the increase in the intensity of wind fluctuations, 462 

while in ACCESS1.0 and ACCESS1.3 wind stress trends are due to the strengthening of the 463 

mean winds (Table 3). The increased storminess in GFDL-ESM2M could potentially enhance 464 

diabatic processes in the upper ocean and lead to a greater sensitivity of SO residual 465 

overturning circulation to wind stress changes in this model (Downes and Hogg 2013). 466 

Results from this study suggest that both the mean wind and wind fluctuations need to be 467 

better simulated in CMIP5 models in order to reduce the uncertainty in model-predicted SO 468 

response to forcing changes in the future. 469 
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List of Tables  648 

1. Details of CMIP5 models selected in this study. Models resolving the stratosphere well 649 

with model tops at or above 1hpa are defined as high-top models (in bold).  650 

2. List of variables and formulas used in this study. The variables are defined in the similar 651 

way as in Lin et al. (2018), so the following text is derived from there with some minor 652 

changes. The Lanczos low-pass-filter is applied to the time series of 6-hourly wind 653 

velocities. Overbars “−VW”, “−9'”, “−S'” and “−9]S'” represent annual mean, 2-day 654 

low-pass filtered, 8-day low-pass filtered, and 2-8-day filtered winds, respectively, and 655 

superscript “6hr” indicates 6-hourly winds. Wind fluctuations on time scales of 2-8 days 656 

are removed from the 6-hourly wind fields to obtain the 2-8-day filtered winds, i.e., 657 

u*+
9]S' = u*+XYW − (u*+

9' − u*+
S')  and v*+

9]S' = v*+XYW − (v*+
9' − v*+

S') , respectively. 658 

The 2-8-day filtered wind speed is then calculated from jU*+
9]S'

j =659 

M(u*+
9]S')9 + (v*+

9]S')9. 660 

3. Significant trends of SO wind stresses (10-4 N m-2 yr-1) in eleven CMIP5 models over the 661 

period of 1960-2005 calculated from model output wind stress (tauu) and τRXYW, as well 662 

as trends of τRVW (10-4 N m-2 yr-1) and kinetic energy (10-2 m2 s-2 yr-1) in these eleven 663 

models. Trends not significant at <5% level by two-sided t test are marked with “/”.  664 

4. Seasonal trends of SO wind stress (10-4 N m-2 yr-1) over the period of 1960-2005 from 665 

eleven CMIP5 models in Table 3. Trends not significant at <5% level by two-sided t test 666 

are marked with “/”. “DJF”, “MAM”, “JJA” and “SON” represent austral summer, 667 

autumn, winter and spring, respectively. 668 
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    Table 1. Details of CMIP5 models selected in this study. Models resolving the stratosphere 672 

well with model tops at or above 1hpa are defined as high-top models (in bold).  673 

Model Name Institute 

Horizontal Resolution 

(Degree Longitude* 

Degree Latitude) 

Vertical 

Levels 
Model Top 

1. ACCESS 1.0 
CSIRO-BOM 

(Australia) 
1.875 * 1.25 38 4 hPa 

2. ACCESS 1.3 
CSIRO-BOM 

(Australia) 
1.875 * 1.25 38 4 hPa 

3. CMCC-CM CMCC (Italy) 0.75 * 0.75 31 10 hPa 

4. CNRM-CM5 
CNRM-CERFACS 

(France) 
1.41 * 1.41 31 10 hPa 

5. GFDL-CM3 NOAA GFDL (USA) 2.5 * 2.0 48 0.01 hPa 

6. GFDL-ESM2G NOAA GFDL (USA) 2.5 * 2.0 24 3 hPa 

7. GFDL-ESM2M NOAA GFDL (USA) 2.5 * 2.0 24 3 hPa 

8. GISS-E2-H NASA GISS (USA) 2.5 * 2.0 40 0.1 hPa 

9. GISS-E2-R NASA GISS (USA) 2.5 * 2.0 40 0.1 hPa 

10. HadGEM2-ES Met office (UK) 1.875 * 1.25 38 4 hPa 

11. IPSL-CM5A-LR IPSL (France) 3.75 * 1.875 39 0.04 hPa 

12. IPSL-CM5A-MR IPSL (France) 2.5 * 1.26 39 0.04 hPa 

13. MIROC-ESM MIROC (Japan) 2.8 * 2.8 80 0.0036 hPa 

14. MIROC-ESM-CHEM MIROC (Japan) 2.8 * 2.8 80 0.0036 hPa 

15. MIROC4h MIROC (Japan) 0.56 * 0.56 56 2.3 hPa 

16. MIROC5 MIROC (Japan) 1.41 * 1.41 40 3 hPa 

17. MRI-CGCM3 MRI (Japan) 1.125 * 1.125 48 0.01 hPa 

18. MRI-ESM1 MRI (Japan) 1.125 * 1.125 48 0.01 hPa 
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 675 
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Table 2. List of variables and formulas used in this study. The variables are defined in the 678 

similar way as in Lin et al. (2018), so the following text is derived from there with some 679 

minor changes. The Lanczos low-pass-filter is applied to the time series of 6-hourly wind 680 

velocities. Overbars “−VW”, “−9'”, “−S'” and “−9]S'” represent annual mean, 2-day low-681 

pass filtered, 8-day low-pass filtered, and 2-8-day filtered winds, respectively, and superscript 682 

“6hr” indicates 6-hourly winds. Wind fluctuations on time scales of 2-8 days are removed 683 

from the 6-hourly wind fields to obtain the 2-8-day filtered winds, i.e., u*+
9]S' = u*+XYW −684 

(u*+
9' − u*+

S') and v*+
9]S' = v*+XYW − (v*+

9' − v*+
S'), respectively. The 2-8-day filtered 685 

wind speed is then calculated from jU*+
9]S'

j = M(u*+
9]S')9 + (v*+

9]S')9.  686 

Variable Definition Formula
 

𝛕R𝟔𝐡𝐫 Zonal wind stress calculated 

from 6-hourly winds 

ρ%c'oU*+XYWou*+XYW
VW

 

𝛕R𝟐𝐝 Zonal wind stress calculated 

from 2-day filtered winds  
ρ%c' jU*+

9'
j u*+

9'
VW

 

𝛕R𝟖𝐝 Zonal wind stress calculated 

from 8-day filtered winds 
ρ%c' jU*+

S'
j u*+

S'
VW

 

𝛕T𝟐𝐝&R𝟖𝐝 Zonal wind stress calculated 

from 2-8-day filtered winds  
ρ%c' jU*+

9]S'
j u*+

9]S'
VW

 

𝛕R𝐲𝐫 Zonal wind stress calculated 

from annual-mean winds 
ρ%c' jU*+

VW
j u*+

VW
VW

 

𝐌𝐊𝐄T𝐲𝐫 Kinetic energy calculated from 

annual-mean winds  

(u*+
VW)9 + (v*+

VW)9
VW

2  

𝐄𝐊𝐄T𝐲𝐫 
Kinetic energy calculated from 

wind fluctuations on time scales 

(u*+XYW − u*+
VW)9 + (v*+XYW − v*+

VW)9
VW

2  
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of 6 hours to 1 year 

𝐄𝐊𝐄T𝟐𝐝 Kinetic energy calculated from 

wind fluctuations on time scales 

of 6 hours to 2 days alone  

(u*+XYW − u*+
9')9 + (v*+XYW − v*+

9')9
VW

2  

𝐄𝐊𝐄T𝟖𝐝 Kinetic energy calculated from 

wind fluctuations on time scales 

of 6 hours to 8 days alone  

(u*+XYW − u*+
S')9 + (v*+XYW − v*+

S')9
VW

2  

𝐄𝐊𝐄𝟐]𝟖𝐝 Kinetic energy calculated from 

wind fluctuations on time scales 

of 2 to 8 days alone 

(u*+
9' − u*+

S')9 + (v*+
9' − v*+

S')9
VW

2  
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    Table 3. Significant trends of SO wind stresses (10-4 N m-2 yr-1) in eleven CMIP5 models 702 

over the period of 1960-2005 calculated from model output wind stress (tauu) and τRXYW, as 703 

well as trends of τRVW (10-4 N m-2 yr-1) and kinetic energy (10-2 m2 s-2 yr-1) in these eleven 704 

models. Trends not significant at <5% level by two-sided t test are marked with “/”.  705 

Model Name tauu τRXYW τRVW MKETVW EKETVW EKETS' EKET9' EKE9]S' 

ACCESS 1.0 3.2 3.1  2.1  6.5  / 1.6 1.2 / 

ACCESS 1.3 2.9 2.8  2.1  6.9 / / 0.8 / 

CMCC-CM 3.7 3.9  2.2  6.9  / 1.8 / 1.2 

GFDL-CM3      2.9     3.8 2.6 8.3 / / / / 

GFDL-ESM2G 3.3 3.8 2.2 7.2 / 1.9 / 1.3 

GFDL-ESM2M 2.4 2.8 / / 2.8 2.1 1.0 1.1 

GISS-E2-H 2.7 3.2  1.9 6.5  ／ / 1.0 / 

GISS-E2-R 3.4 2.9  1.7  5.8 / 1.9 0.9 1.0 

IPSL-CM5A-LR 3.7 2.9 2.1 7.2 / / 0.6 / 

MIROC-ESM-CHEM 2.3 2.4  1.8 5.7  / / / / 

MRI-ESM1 3.1 4.6 2.1 7.1 / / / / 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 
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    Table 4. Seasonal trends of SO wind stress (10-4 N m-2 yr-1) over the period of 1960-2005 715 

from eleven CMIP5 models in Table 3. Trends not significant at <5% level by two-sided t test 716 

are marked with “/”. “DJF”, “MAM”, “JJA” and “SON” represent austral summer, autumn, 717 

winter and spring, respectively. 718 

Model Name DJF MAM JJA SON 

ACCESS 1.0 5.0  / / / 

ACCESS 1.3 / / / 3.5 

CMCC-CM / / 8.0 7.0  

GFDL-CM3 5.6 3.5 / 5.7 

GFDL-ESM2G 4.9 5.5 / / 

GFDL-ESM2M 4.4 / / / 

GISS-E2-H 5.2 / / / 

GISS-E2-R 2.6 5.0  / / 

IPSL-CM5A-LR 3.0  3.4 / / 

MIROC-ESM-CHEM 3.1 / / / 

MRI-ESM1 7.8 / / / 

 719 

 720 

 721 

 722 
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 724 

 725 

 726 

 727 
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List of Figures  728 

1. The 1979-2005 time-mean and zonal-mean zonal wind stresses from (a)-(r) the eighteen 729 

CMIP5 models (N m-2) (blue: calculated using monthly mean wind stress data from the 730 

model output; red: calculated using τRXYW that is derived from the bulk formula and six-731 

hourly winds). 732 

2. The 1979-2005 time-mean and zonal-mean zonal wind velocities (dashed; m s-1) and 733 

zonal wind stresses (solid; N m-2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-734 

model mean, (t) JRA-55 and (u) ERA-Interim. Mean τRXYW, τR9', τT9'&RS', τRS' and 735 

τRVW are calculated from the 6-hourly, 2-day filtered, 8-day filtered, 2-8-day filtered, and 736 

annual-mean winds, respectively (see Table 2). 737 

3. The peak values of 1979-2005 time-mean and zonal-mean (a) τRXYW(red), τR9'	(green), 738 

τT9'&RS'(cyan), τRS'(purple) and τRVW (yellow-green) shown in Fig. 2 over the Southern 739 

Ocean (35o-65oS) from eighteen CMIP5 models and two reanalysis products; (b) 740 

Percentage increases in the peak value of the zonal-mean and time-mean wind stress 741 

when including in the stress calculation wind fluctuations on time scales less than a year 742 

((τRXYW-τRVW)/	τRVW; yellow-green), and contributions from wind fluctuations on 6 hours 743 

to 2 days ((τRXYW-τR9')/	(τRXYW-τRVW); green), 2 to 8 days ((τRXYW-τT9'&RS')/	(τRXYW-744 

τRVW); cyan) and 6 hours to 8 days ((τRXYW-τRS')/	(τRXYW-τRVW); purple); (c) Same as (a) 745 

but for MKETVW (black), EKET9' (green), EKE9]S' (cyan), EKETS'	 (purple) and 746 

EKETVW	 (yellow-green); (d) The ratios of EKET9' /EKETVW  (green), EKE9]S' /EKETVW 747 

(cyan) and EKETS'/EKETVW	(purple). The dash-dotted lines mark the corresponding 748 

multi-model mean values. 749 

4. The 1979-2005 time-mean and zonal-mean mean kinetic energy (m2 s-2) and eddy kinetic 750 

energy (m2 s-2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-model mean, (t) 751 
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JRA-55 and (u) ERA-Interim. Mean kinetic energy MKETVW (black) at every grid point is 752 

calculated from the annual-mean winds in each year, and eddy kinetic energy 753 

EKET9'(green), EKE9]S'(cyan), EKETS'	(purple) and EKETVW	(yellow-green) at every grid 754 

point are calculated from wind fluctuations on time scales of 6 hours to 2 days, 2 to 8 days, 755 

6 hours to 8 days, and 6 hours to 1 year, respectively (see Table 2). The maximum values 756 

of vertical axis in MRI-CGCM3 (q) and MRI-ESM1 (r) are adjusted to 80m2 s-2. The grey 757 

line in (s) is the multi-model mean without MRI-CGCM3 and MRI-ESM1. 758 

5. The 1979-2005 seasonal-mean and zonal-mean zonal wind velocities (dashed; m s-1) and 759 

zonal wind stresses (solid; N m-2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-760 

model mean, (t) JRA-55 and (u) ERA-Interim. 761 

6. The 1979-2005 seasonal-mean and zonal-mean mean kinetic energy (solid; m2 s-2) and 762 

eddy kinetic energy (dashed; m2 s-2) from (a)-(r) the eighteen CMIP5 models, (s) their 763 

multi-model mean, (t) JRA-55 and (u) ERA-Interim. 764 

7. Seasonal variability of (a) the peak values of 1979-2005 monthly-mean and zonal-mean 765 

zonal wind stress τRXYW (N m-2), (b) mean kinetic energy (m2 s-2) and (c) eddy kinetic 766 

energy (m2 s-2) over the SO (35o-65oS) from the eighteen CMIP5 models (dashed), their 767 

multi-model mean (solid black), JRA-55 (solid blue) and ERA-Interim (solid red). 768 

8. Peak annual-mean and zonal-mean SO wind stresses τRXYW (black), τRVW (grey, N m-2) and 769 

kinetic energy MKETVW (yellow-green), EKETVW (green, m2 s-2) at the position of peak 770 

annual-mean and zonal-mean τRXYW from 1960 to 2005 in the eleven CMIP5 models. The 771 

dash-dotted lines represent corresponding trends. Trends of τRXYW are significant in all 772 

eleven models, trends of τRVW and MKETVW are significant in all eleven models except for 773 

GFDL-ESM2M, and the trend of EKETVW is only significant in GFDL-ESM2M (see Table 774 

3). 775 

 776 
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            777 

FIG. 1. The 1979-2005 time-mean and zonal-mean zonal wind stresses from (a)-(r) the 778 

eighteen CMIP5 models (N m-2) (blue: calculated using monthly mean wind stress data from 779 

the model output; red: calculated using τRXYW that is derived from the bulk formula and six-780 

hourly winds). 781 
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FIG. 2. The 1979-2005 time-mean and zonal-mean zonal wind velocities (dashed; m s-1) and 783 

zonal wind stresses (solid; N m-2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-784 

model mean, (t) JRA-55 and (u) ERA-Interim. Mean τRXYW, τR9', τT9'&RS', τRS' and τRVW 785 

are calculated from the 6-hourly, 2-day filtered, 8-day filtered, 2-8-day filtered, and annual-786 

mean winds, respectively (see Table 2). 787 

         788 

       789 

FIG. 3. The peak values of 1979-2005 time-mean and zonal-mean (a) τRXYW (red), 790 

τR9'	(green), τT9'&RS'(cyan), τRS'(purple) and τRVW (yellow-green) shown in Fig. 2 over the 791 

Southern Ocean (35o-65oS) from eighteen CMIP5 models and two reanalysis products; (b) 792 

Percentage increases in the peak value of the zonal-mean and time-mean wind stress when 793 

including in the stress calculation wind fluctuations on time scales less than a year ((τRXYW-794 
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τRVW)/	τRVW; yellow-green), and contributions from wind fluctuations on 6 hours to 2 days 795 

((τRXYW-τR9')/	(τRXYW-τRVW); green), 2 to 8 days ((τRXYW-τT9'&RS')/	(τRXYW-τRVW); cyan) and 796 

6 hours to 8 days ( (τRXYW - τRS') / 	(τRXYW - τRVW) ; purple); (c) Same as (a) but for 797 

MKETVW (black), EKET9' (green), EKE9]S' (cyan), EKETS'	 (purple) and EKETVW	 (yellow-798 

green); (d) The ratios of EKET9' /EKETVW  (green), EKE9]S' /EKETVW  (cyan) and EKETS'/799 

EKETVW	(purple). The dash-dotted lines mark the corresponding multi-model mean values. 800 
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FIG. 4. The 1979-2005 time-mean and zonal-mean mean kinetic energy (m2 s-2) and eddy 802 

kinetic energy (m2 s-2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-model mean, (t) 803 

JRA-55 and (u) ERA-Interim. Mean kinetic energy MKETVW (black) at every grid point is 804 

calculated from the annual-mean winds in each year, and eddy kinetic energy EKET9'(green), 805 

EKE9]S' (cyan), EKETS'	 (purple) and EKETVW (yellow-green) at every grid point are 806 

calculated from wind fluctuations on time scales of 6 hours to 2 days, 2 to 8 days, 6 hours to 807 

8 days, and 6 hours to 1 year, respectively (see Table 2). The maximum values of vertical axis 808 

in MRI-CGCM3 (q) and MRI-ESM1 (r) are adjusted to 80m2 s-2. The grey line in (s) is the 809 

multi-model mean without MRI-CGCM3 and MRI-ESM1. 810 
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                         811 

FIG. 5. The 1979-2005 seasonal-mean and zonal-mean zonal wind velocities (dashed; m s-1) 812 

and zonal wind stresses (solid; N m-2) from (a)-(r) the eighteen CMIP5 models, (s) their 813 

multi-model mean, (t) JRA-55 and (u) ERA-Interim. 814 
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                       815 

FIG. 6. The 1979-2005 seasonal-mean and zonal-mean mean kinetic energy (solid; m2 s-2) 816 

and eddy kinetic energy (dashed; m2 s-2) from (a)-(r) the eighteen CMIP5 models, (s) their 817 

multi-model mean, (t) JRA-55 and (u) ERA-Interim. 818 
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 819 

FIG. 7. Seasonal variability of (a) the peak values of 1979-2005 monthly-mean and zonal-820 

mean zonal wind stress τRXYW (N m-2), (b) mean kinetic energy (m2 s-2) and (c) eddy kinetic 821 

energy (m2 s-2) over the SO (35o-65oS) from the eighteen CMIP5 models (dashed), their 822 

multi-model mean (solid black), JRA-55 (solid blue) and ERA-Interim (solid red).   823 
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 824 

FIG. 8. Peak annual-mean and zonal-mean SO wind stresses τRXYW (black), τRVW (grey, N m-2) 825 

and kinetic energy MKETVW (yellow-green), EKETVW (green, m2 s-2) at the position of peak 826 

annual-mean and zonal-mean τRXYW from 1960 to 2005 in the eleven CMIP5 models. The 827 

dash-dotted lines represent corresponding trends. Trends of τRXYW are significant in all eleven 828 

models, trends of τRVW and MKETVW are significant in all eleven models except for GFDL-829 

ESM2M, and the trend of EKETVW is only significant in GFDL-ESM2M (see Table 3). 830 


