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Abstract

The Southern Ocean (SO) surface wind stress is a major atmospheric forcing for driving
the Antarctic Circumpolar Current and the global overturning circulation. Here the effects of
wind fluctuations at different time scales on SO wind stress in eighteen models from phase 5
of the Coupled Model Intercomparison Project (CMIP5S) are investigated. It is found that
including wind fluctuations, especially on timescales associated with synoptic storms, in the
stress calculation strongly enhances the mean strength, modulates the seasonal cycle, and
significantly amplifies the trends of SO wind stress. In eleven out of the eighteen CMIP5
models, the SO wind stress has strengthened significantly over the period of 1960-2005.
Among them, the strengthening trend of SO wind stress in one CMIP5 model is due to the
increase in the intensity of wind fluctuations, while in all the other ten models the
strengthening trend is due to the increasing strength of the mean westerly wind. These
discrepancies in SO wind stress trend in CMIPS5 models may explain some of the diverging
behaviors in the model-simulated SO circulation. Our results suggest that to reduce the
uncertainty in SO responses to wind stress changes in the coupled models, both the mean

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

The Southern Hemisphere (SH) surface westerly wind stress plays an instrumental role in
driving the Southern Ocean (SO) circulation and the global meridional overturning
circulation (Marshall and Speer 2012; Meredith et al. 2012; Gent 2016), as well as SO
temperature changes and carbon uptake (Le Quéré et al. 2007; Gille, 2008; Wang et al. 2015;
Jones et al. 2016; Wang et al. 2017). Since surface wind stress depends nonlinearly on
surface wind velocity (e.g. Large et al. 1994), high-frequency wind fluctuations contribute to
both the mean strength and low-frequency variability of surface wind stress (Zhai and
Waunsch 2013). For example, when wind fluctuations with time scales less than one month
are included in the stress calculation, the time-mean wind stress is significantly enhanced,
which then leads to an increase in wind power input to the ocean general circulation of over
70% (Zhai et al. 2012; Wu et al. 2016).

Recently, Lin et al. (2018) investigated the contributions of atmospheric wind fluctuations
to the mean, variability and trend of SO wind stress over the last four decades using
reanalysis products. They found that including wind variability at synoptic frequencies (2-8
days) and higher in the stress calculation increases the strength of the mean SO wind stress
by as much as almost 40%. However, large discrepancies exist among reanalysis products
regarding the role of wind fluctuations in determining the strengthening trend of SO wind
stress; the strengthening trend in ERA-Interim is due entirely to the increasing strength of the
mean westerly wind, while between one-third and one-half of the strengthening trend in
NCERP is attributable to the increase in the intensity of wind fluctuations (Lin et al. 2018).
These large discrepancies are worrying and may explain some of the diverging behaviors of
the model-simulated SO circulation and water mass distribution when forced with different
reanalysis products (e.g. Zika et al. 2013a, 2013b; Langlais et al. 2015). As highlighted

recently by Munday and Zhai (2017), the sensitivity of SO circulation to wind stress changes
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depends strongly on how these stress changes are brought about, i.e., whether via changes of
the mean wind or changes of wind variability. In their model experiments, when the increase
in SO wind stress is made by increasing the intensity of wind variability, vertical mixing and
water mass transformation processes are enhanced in the mixed layer, which results in a
much greater sensitivity of the SO meridional overturning circulation to the increased wind
stress. Therefore, to understand how the climate system may respond to the observed and
predicted increase in SO wind stress, it is important to first understand how this increase in
wind stress is brought about.

Models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) are widely
used to simulate historical and predict future changes of the strength and position of the SO
surface westerly winds (Ceppi et al. 2012; Swart and Fyfe 2012; Wilcox et al. 2012; Barnes
and Polvani 2013; Bracegirdle et al. 2013; Lee et al. 2013; Swart et al. 2015; Simpson et al.
2016). However, whether these SO wind stress changes simulated and predicted in CMIP5
models are brought about by changes of the mean westerly winds, changes of wind variability,
or both is unknown. The general role of wind fluctuations in determining the strength of SO
wind stress in CMIPS5 models is also unclear. The answers to these questions may prove
useful for understanding the large spread in the model-simulated SO circulation and water
masses under different scenarios (Wang et al. 2011; Meijers et al. 2012; Downes and Hogg
2013; Sallée et al., 2013a, 2013b; Wang 2013; Meijers 2014; Russell et al. 2018). In this
study, we investigate for the first time the effects of wind fluctuations on the mean, seasonal
cycle and trend of SO wind stress in CMIP5 models and compare them with results from two
reanalysis products.

The paper is organized as follows. The CMIP5 models and reanalysis products chosen for
this study are described in section 2, followed by an explanation of the analysis method used

in section 3. In section 4, results of the effects of wind fluctuations at different time scales on
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the mean, seasonal cycle and trend of the SO wind stresses in CMIP5 models are presented,
discussed and compared with those from the reanalysis products. Finally, conclusions and
discussion of implications of our results are provided in section 5.

2. CMIPS5 models and reanalysis products

The CMIPS5 models used in this study are listed in Table 1 together with model details such
as model resolution and whether stratosphere-resolving. CMIP5 models provide monthly-
mean surface wind stresses and eighteen of them at the time of this study provide 6-hourly
10-m wind velocities. To quantify the contributions from wind fluctuations at different time
scales to the SO wind stress, we recalculate wind stresses with wind fluctuations from these
eighteen models with certain time scales included or excluded by using an approximate
formulation of the dependence on 10-m wind speed. Only model output from historical runs
(1960-2005) is assessed, since for future projection simulations (Representative
Concentration Pathways RCP4.5 and RCPS.5), six-hourly wind velocities are only provided
for two 20-year periods of 2026-2046 and 2081-2100, which are not long enough for
estimating the trend significance.

Results from the CMIP5 models are compared with two widely-used atmospheric
reanalysis products: Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 2015) and ERA-
Interim Reanalysis (ERA-Interim; Dee et al. 2011). The horizontal resolutions of JRA-55 and
ERA-Interim are T319 (~63 km) and T255 (~80 km), respectively. The strength of the SH
westerly jet from reanalysis data suffers large spurious trends prior to 1979 but this situation
is much improved after 1979, thanks to the assimilation of Television Infrared Observation
Satellite (TIROS) Operational Vertical Sounder data into the reanalysis model (Hines et al.
2000; Kistler et al. 2001; Marshall 2003). In addition, the ERA-Interim winds are only
provided from 1979. Therefore, we choose to compare CMIP5 model outputs from historical

runs and the two reanalysis products over their overlapping period of 1979-2005. Note that
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the differences between the mean wind stresses in CMIP5 models over the period of 1979-
2005 and those of 1960-2005 are generally very small (not shown). However, neither the
trends of SO wind stress in CMIP5 models nor those in the two reanalysis products are
significant over the period of 1979-2005. For this reason, the trends of SO wind stress in
CMIP5 models are calculated over the longer period of 1960-2005 and are not compared with
those from reanalysis products whose trends are known to be spurious prior to 1979.
3. Methods

Based on Monin—Obukhov similarity theory (MOST, Garratt 1994), bulk surface flux
parameterizations are used to estimate air-sea fluxes in CMIP5 models (Knutti et al. 2013;
Ma et al. 2015; Simpson et al. 2018) and bulk algorithms used to calculate surface
momentum and heat flux exchanges were provided in Fairall et al. (2003). Following Fairall
et al. (2003), the zonal surface wind stress in our study is calculated based on the bulk
formula T, = p,cq|U;oluyg, Where 1y is the surface zonal wind stress, |U;,| is the 10-m wind
speed and u,, is the 10-m zonal wind velocity, p, is air density at the sea surface (set to a
constant of 1.223 kg/m3), and c4 is the variable drag coefficient. Here cq is set to the drag

/2 _ 1/2 _  x )
= Cin =1 = with

coefficient in neutrally stable conditions from empirical functions Cé
the MOST stability parameter { = 0, where k is von Karman’s constant, z is the height of

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

auZ . 0.11v

+
g

roughness length is set to zy = , where o is the Charnock parameter, u, is the

*

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

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

K |U10|2+u§

o = )

with a gustiness part ug set to zero in neutrally stable conditions (Beljaars

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

six-hourly winds of the eighteen CMIP5 models provide a reasonably close match to those
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averaged from model output monthly-mean stresses. Differences in mean wind stress can be
attributed to neglecting atmosphere stability, waves and surface ocean currents, as well as
different Charnock parameter and gustiness used in our calculation of surface drag coefficient.

The methods used in this study to evaluate the effects of wind fluctuations at different time
scales on the SO wind stress are similar to those in Lin et al. (2018) but with some
modifications. It is worth pointing out that owing to the modulus function in the bulk formula
the contribution of wind fluctuations to the mean stress depends strongly on the presence of
the mean winds (Zhai 2013). For example, if the mean winds are ignored in the stress
calculation, the mean stress, to first-order approximation, vanishes regardless of the strength
of wind fluctuations. Here we follow Zhai (2013) and Lin et al. (2018) and quantify the
effects of including wind fluctuations at different time scales on the mean stress by including
/excluding these wind fluctuations in the stress calculation.

Different from Lin et al. (2018), we apply Lanczos low-pass-filter with 100 weights, rather
than the simple running-mean average, to the time series of 6-hourly CMIP5 and reanalysis
wind velocities at every model grid point to filter out wind fluctuations that last less than 2
days and 8 days. We have also tested the Butterworth filter and results are almost identical to
those using the Lanczos filter. Wind fluctuations on time scales of 2-8 days are calculated by
taking the difference between the 2-day low-pass filtered and 8-day low-pass filtered wind
fields. We then obtain the 2-8-day filtered winds by removing wind fluctuations on time
scales of 2-8 days from the original 6-hourly wind field (Table 2). Finally, we recalculate the

zonal wind stresses Ts,4, T>gd» T<2dg>sd and Tsyr using 2-day filtered, 8-day filtered, 2-8-
day filtered and annual-mean winds, respectively (Table 2), and compare them with the zonal
wind stress Tsgpr calculated from the original 6-hourly winds ( Tsgnr - T>2d > Ts6hr -
T>gds T>6hr-T<2d&>8d> T>6hr-T>yr) t0 quantify the influences of including wind fluctuations

on time scales of less than 2 days, less than 8 days, 2-8 days and less than a year in the stress
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calculation. For example, since wind fluctuations on 6 hours to 2 days are excluded in the
calculation of ts,4, the difference between ts¢p,, and 1,4 can be used to quantify the effect
of including wind fluctuations on 6 hours to 2 days on the mean stress. Threshold time scales
of 2 days and 8 days are chosen because atmospheric variability on time scales of 2-8 days is
generally thought to be associated with synoptic weather systems and baroclinic storm
activities (e.g., Trenberth 1991; Yin 2005).

In addition, we also calculate and compare mean kinetic energy (MKE) and eddy kinetic
energy (EKE) associated with the SO 10-m winds in CMIP5 models and reanalysis products.

MKE in each year (MKE.y,) at every grid point is calculated from the annual-mean wind
field, and EKE at every grid point is calculated from wind fluctuations on time scales of 6
hours to 2 days (EKE_,q), 2 to 8 days (EKE,_gq4), 6 hours to 8 days (EKE_gq), and 6 hours to
1 year (EKE.y,), respectively (see Table 2 for the formulas). For example, EKE ;4 is

calculated using the difference between the 6-hourly and 2-day low-pass filtered wind fields.
As such, EKE_,4 represents kinetic energy associated with wind fluctuations on time scales
of 6 hours to 2 days alone and does not include the nonlinear cross term between fluctuations
on 6 hours to 2 days and those on 2 days to 1 year.
4. Results
4.1 Mean state
4.1.1 Mean wind and stress

Figure 2 shows the 1979-2005 time-mean and zonal-mean zonal wind velocities (dashed
lines) and zonal wind stresses (solid lines) in the SO from the eighteen CMIP5 models and
two reanalysis data. There are considerable differences among them. The peak zonal wind
velocities vary from 5.3 m s in GISS-E2-H to 7.3 m s™! in MIROC4h and peak values of
Tsgnr (ted lines) vary from less than 0.11 N m™2 in GISS-E2-H to over 0.19 N m? in

MIROC4h (see also red dots in Fig. 3a). The multi-model mean (MMM) zonal wind velocity
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and wind stress are smaller than those from two reanalysis products (Figs. 2s-u and Fig. 3a).
A large spread is shown in the latitudes of peak zonal wind velocities and peak zonal wind
stresses, ranging from ~45°S to ~55°S in CMIP5 models. On the other hand, the latitudes of
peak zonal wind stress and peak zonal wind velocity in the same model are close to each
other, except in MRI-CGCM3 and MRI-ESM1. These results are consistent with the findings
of previous studies (e.g. Bracegirdle et al. 2013; Lee et al. 2013).

There is also an equatorward bias of about 2° in the latitudes of maximum MMM zonal
wind velocity and t-¢p,, compared to those in JRA-55 and ERA-Interim (Figs. 2s-u). This
equatorward bias in the position of climatological zonal-mean SO winds exists in most
CMIP5 models (Swart and Fyfe 2012; Wilcox et al. 2012; Bracegirdle et al. 2013; Russell et
al. 2018). Ceppi et al. (2012) have argued that this equatorward bias is due to surface
temperature gradient anomalies induced by mid-latitude shortwave cloud forcing bias. High-
top models with model tops at or above lhpa are marked in bold in Table 1. On average the
mean positions of peak zonal winds in high-top models and low-top models are 49°S and
51°S, respectively. The larger equatorward bias found in high-top models can be related to the
different upper meridional temperature gradients in high-top and low-top models (Wilcox et
al. 2012; Bracegirdle et al. 2013).

4.1.2 Contributions from wind fluctuations to mean stress

In all eighteen CMIP5 models (Fig. 2a-r), the magnitude of Ts¢p, (red lines) is
significantly greater than that of T, (yellow-green lines), confirming that wind
fluctuations are a large contribution to the mean zonal wind stress in the SO (Zhai 2013).
This is to be expected given the large wind variability in this storm track region and the non-
linear dependence of surface wind stress on surface wind velocity. The effect of including
wind fluctuations on 6 hours to 8 days (red vs purple lines) in the stress calculation is found

to be comparable to that of including fluctuations on 8 days to 1 year (purple vs yellow-
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green lines) in all 18 models. This result implies that wind fluctuations on a relatively
narrow time scale range of 6 hours to 8 days make a disproportionately large contribution to
the magnitude of the mean stress. Furthermore, the effect of including wind fluctuations on 2
to 8 days on the mean stress (cyan to red lines) is greater than that from including wind
fluctuations on 6 hours to 2 days (green to red lines in Fig. 2). These conclusions from the
CMIP5 models are consistent with those from the reanalysis data (Fig. 2s-u).

Figure 3a shows a quantitative comparison of the peak values of the 1979-2005 time-mean
and zonal-mean Tsgp,(red), Tszq (green), Tezqg>sd (€yan), Tsgq (purple) and Ty, (vellow-
green) from the eighteen CMIP5 models and two reanalysis products. Although the spread
among the CMIP5 models is large for wind stresses calculated from six-hourly and four
filtered 10-m wind fields, the overall effect of including wind fluctuations at different time
scales on the peak mean wind stress is qualitatively similar. Focusing on the comparison
between the MMM and reanalysis products, the peak values of Ty, (yellow-green) are 0.066
N/m?, 0.071 N/m? and 0.073 N/m? for the MMM (dashed line), JRA-55 and ERA-Interim,
respectively, and those of Tsgp(red) are 0.158 N/m?, 0.176 N/m? and 0.170 N/m?. The peak

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

winds in CMIP5 models (Figs. 2s-u), while the smaller peak value of MMM T}, is due to
both weaker mean winds and weaker wind fluctuations (Fig. 3¢). Stronger wind fluctuations
in JRA-55 lead to a greater strengthening effect on the mean stress via the nonlinear stress
law (see derivation in Zhai, 2013), which leads to a larger Ts¢p, in JRA-55 than in ERA-
interim (Fig. 3a and c).

Including wind fluctuations on time scales less than one year in the stress calculation is
found to increase the magnitude of peak zonal-mean zonal wind stress in the MMM, JRA-55
and ERA-Interim by about 145%, 148% and 135%, respectively (yellow-green line and dots

in Fig. 3b), with over 54% of the increase in the MMM and both reanalysis products being

10



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

contributed by wind fluctuations on time scales of 6 hours to 8 days (purple line and dots).
Including wind fluctuations on time scales of 6 hours to 2 days and 2 to 8 days in the stress
calculation act to increase the peak zonal-mean and time-mean wind stress in both MMM and
two reanalysis products by around 15% and 35%, respectively (green and cyan lines and dots
in Fig. 3b). Further dividing the CMIP5 models into different groups according to model
resolution and whether stratosphere-resolving reveals no relationship between the effects of
wind fluctuations on the mean stress and these model parameters/configurations (not shown).
4.1.3 Kinetic energy

The MKE and EKE are related to the large-scale mean wind field and wind fluctuations on
much smaller scales, respectively. It is instructive to examine MKE and EKE in the CMIP5
models to understand the effect of mean wind and wind fluctuations at different time scales
on the mean wind stress. Figure 4 shows the 1979-2005 time-mean and zonal-mean MKE and
EKE, which are obtained by applying time average and zonal average to MKE and EKE
calculated at every grid point. A few common features, consistent with results from the

reanalysis products, emerge in all eighteen CMIP5S models. First, the zonal-mean EKE_; is
greater than the zonal-mean MKE_,, over the entire SO latitude range (35°S-65°S). Second,
the meridional distribution of the zonal-mean EKE.,q, EKE;_gq, EKE.gq and EKE_y, is
much broader and more uniform compared to MKE.y,. The zonal-mean EKE_y, typically

increases gradually southward to roughly 55°S-60°S before it drops more sharply poleward of

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

increases monotonically southward and reaches values as high as 80 m? s (yellow-green

lines in Figs. 4q-1). As a consequence of this monotonic increase of EKE.y, with latitude, the

distribution of T, in these two models is skewed heavily southward (red lines in Figs. 2q-
r). Further analysis shows that excluding results from MRI-CGCM3 and MRI-ESM1 leads to

a noticeable decrease in the magnitude of the MMM EKE_y,, particularly south of 55°S (grey

11
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vs yellow-green in Fig. 4s). However, it is worth pointing out that the time and zonal
averages of model output monthly mean wind stress from MRI-CGCM3 and MRI-ESM1
show no such large southward skewness (Figs. 1q and r). Third, EKE,_g4 is larger than
EKE_,4 in the SO (cyan vs green lines in Fig. 4), which explains why the effect of including
wind fluctuations on time scales of 2 to 8 days on the mean stress is greater than that of
including wind fluctuations on 6 hours to 2 days.

The peak values of the MMM EKE_,4, EKE,_gq, EKE g4 and EKE_y, are close to values
from ERA-Interim although slightly smaller than those from JRA-55 (Fig. 3c). This is
consistent with the results shown in Harvey et al. (2012), who demonstrated that the MMM
storm tracks in CMIP5 models resemble the large-scale features of the storm tracks in the
reanalysis data. Quantitatively, the MMM EKE_,4, EKE,_gq, and EKE_g4 are found to
account for about 17%, 40% and 57% of the MMM EKE_,, respectively, and these
percentage contributions are similar to those in ERA-Interim and JRA-55 (Fig. 3d). The large
percentage of EKE.y, accounted by EKE_gq explains why wind fluctuations on a relatively
narrow time scale range of 6 hours to 8 days, when combined with the climatological mean
wind, make a disproportionately large contribution to the strength of the mean stress via the
nonlinear stress law (Fig. 3b).

4.2 Seasonal cycle

In this section we examine the effect of wind fluctuations on the seasonal cycle of SO wind
stress in CMIP5 models. Despite considerable differences among the CMIPS5 models in their
simulated seasonal variations of zonal-mean winds and wind stresses, there are, again, a few
common features (Fig. 5). In almost all eighteen CMIP5 models, the maximum zonal-mean
zonal wind shifts to its most equatorward position in austral summer (dashed red), while the
zonal-mean zonal wind becomes weaker and broader in austral winter (dashed black). This

behavior is consistent with the northward expansion of the SH westerly wind belt and
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decreased wind intensity in austral winter found by Lamy et al. (2010) and O’Kane et al.
(2017). In austral winter, the enhanced SO meridional temperature gradients increase the
available potential energy stored in the westerly winds (Gill 1982). This subsequently leads to
stronger atmospheric eddy activity and eddy-induced meridional momentum transport, which
modulates the strength and position of surface SO winds (Trenberth 1987; Lamy et al. 2010).
Larger EKE associated with enhanced eddy activities in austral winter can be found in Fig. 6.

In most models, the peak zonal-mean zonal wind stresses in austral spring and autumn are
much larger than those in summer and winter (Fig. 5). These features are also clearly seen in
the MMM plot (Fig. 5s) and are consistent with results from both reanalysis products (Figs.
5t-u). Interestingly, although the magnitude of the peak MMM zonal-mean wind in austral
summer is significantly greater than that in austral winter (by ~21%; red vs black dashed in
Fig. 5s), the peak MMM zonal-mean wind stress in austral summer is almost of the same
strength as that in austral winter (red vs black solid). In the two reanalysis products, the
magnitude of the peak zonal-mean wind in austral summer is greater than that in austral
winter, while the peak zonal-mean wind stress in austral summer is smaller than that in
austral winter (Fig. 5t-u; see also Lin et al. 2018). This paradox can be explained by the
pronounced seasonal cycle of the intensity of wind fluctuations in the SO. In all eighteen
CMIP5 models and both reanalysis products, the magnitude of wind fluctuations is the largest
in austral winter and smallest in austral summer (black and red dashed in Fig. 6), and EKE is
much greater than MKE in austral winter at all latitudes in the SO (black dashed vs solid).
Therefore, stronger wind variability in austral winter significantly enhances the winter-mean
zonal wind stress via the nonlinear stress law, which brings its peak strength to the same level
as that in austral summer, even though the peak zonal-mean wind in austral winter is
considerably weaker than that in austral summer.

Seasonal variability of the peak values of 1979-2005 monthly-mean and zonal-mean T g,
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in the SO is dominated by a semiannual cycle in all eighteen CMIP5 models, despite the large
inter-model spread (Fig. 7a). The pattern of MMM wind stress (black solid), similar to those
from JRA-55 (blue solid) and ERA-Interim (red solid), is characterized by maximum values
in austral autumn (April) and spring (October) and minimum values in austral winter
(June/July) and summer (December). However, the magnitude of MMM wind stress is
somewhat smaller than those from JRA-55 and ERA-Interim. To understand where this
semiannual cycle of peak zonal-mean T~ ¢}, comes from, we examined seasonal variability of
the peak values of monthly-mean and zonal-mean MKE and EKE at the latitude of peak
monthly-mean and zonal-mean Ty, (Figs. 7b-c). It becomes clear that the semiannual cycle
of peak zonal-mean T, in the SO is associated with the semiannual cycle of the strength of
the mean wind. This semiannual oscillation of SO zonal-mean winds is a well-known
phenomenon and is caused by the variability of temperature gradients in the middle
troposphere (van Loon 1967). In contrast, the peak zonal-mean EKE in seventeen out of
eighteen CMIP5 models as well as in both reanalysis products shows a pronounced annual
cycle with its maximum in austral winter and minimum in austral summer (Fig. 7c). Figure 7
also shows the extremely large zonal-mean wind stress and EKE in MRI-CGCM3 and MRI-
ESMI in months from July to October. The unrealistically large EKE in MRI-CGCM3 and
MRI-ESM1 in austral winter and spring (see also in Fig. 6q and r) contributes to the large and
heavily southward skewed wind stress in these two seasons (see also in Fig. 5q and r).
4.3 Trend

Wind stresses and kinetic energy at the position of peak annual-mean and zonal-mean T g,
are used for trend calculation. Only eleven out of the eighteen CMIP5 models show
significant wind stress (Tsgpr) trends at <5% level by two-sided ¢ test over the period of
1960-2005 (Table 3). The trends calculated from wind stresses (tauu) directly output by

CMIP5 models are also only significant in the same eleven models. Peak annual-mean and
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zonal-mean SO wind stresses Tsgpr (black), Tsy, (grey) and kinetic energy MKE_ . (yellow-
green), EKE_y. (green) from 1960 to 2005 in these eleven CMIP5 models are shown in Fig. 8

and their trends are given in Table 3. Not all these eleven models have significant trends in
Tsyr Over this period; the trend of Ty, is not significant in GFDL-ESM2M. In the ten models
where both the trends of T, ¢, and Ty, are significant, the trends of T5¢p, are, on average,
over 50% greater than those of Ty, demonstrating the amplification effect of wind
fluctuations on the calculated wind stress trend (Table 3). Furthermore, this amplification
effect exists regardless of whether there is trend in the intensity of wind fluctuations. Due to
the nonlinearity in the stress calculation, differences in the mean winds influence the effects
that wind fluctuations have on the mean stress and its trend. In seven CMIP5 models, the
peak annual-mean and zonal-mean SO wind stress (Tsgpr) €xhibits a significant poleward
shift of about 1 to 2 degrees over the period of 1960-2005 (not shown).

Consistent with the significant trends of Ty, the trends of MKE_y, are also significant in
the same ten CMIPS models, while the trend of EKE.y, is not significant in any of these ten
models (Table 3). Therefore, the wind stress trends in these ten models are due to the
strengthening of the mean winds, not the increase in storm activities. This is similar to the
result derived from ERA-Interim reanalysis data over 1979-2016, that is, the strengthening
SO wind stress in ERA-Interim is caused by the increasing strength of the mean westerly
wind (Lin et al. 2018). In contrast, the trend of EKE.y, over the period of 1960-2005 is
significant only in GFDL-ESM2M. However, the trends of Ty, and MKE.y,. are not

significant in this model (Table 3). Therefore, the significant trend of ts¢p, in GFDL-
ESM2M is caused by increased wind fluctuations, especially those on time scales less than
eight days (significant trend of EKE_gq4 in Table 3), rather than the strengthening of the mean
wind. The positive trends of EKE_g4, EKE_,4 and EKE,_g4 are significant in five, six and

four models, respectively.
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Based on the idealized model results of Munday and Zhai (2017), we expect the different
contributions of wind fluctuations to wind stress trends in GFDL-ESM2M and other models
to lead to considerable differences in the model-simulated SO overturning circulation and
water mass formation in response to forcing changes. For example, Downes and Hogg (2013)
found different strengths and changes of SO meridional overturning circulation in
ACCESS1.0, ACCESS1.3 and GFDL-ESM2M, all three of which share the same ocean
model but have different atmosphere, land, and sea ice components. Although the eddy-
induced overturning circulation in GFDL-ESM2M is weaker during the historical period
compared to ACCESS1.0 and ACCESS1.3, the increase in the strength of the eddy-driven
overturning in response to the RCP8.5 forcing is larger in GFDL-ESM2M (Figs. 8, 9 in
Downes and Hogg, 2013).

It is instructive to further examine the stress trends in different seasons in the eleven
models with significant wind stress trends over the period of 1960-2005 to distinguish the
contributions from different seasons. Note that the other seven CMIP5 models with no
significant trend over this period show either no significant trend in any season or only a
weak trend in DJF. Table 4 shows that no CMIP5 models have significant trends in Ts¢p, in
all four seasons over this period. The wind stress trends are found to be significant in austral
summer (DJF) in nine out of these eleven CMIP5 models, while in other seasons they are
significant only in a few models. Lin et al. (2018) also found that during 1979-2016 the trend
of SO wind stress in ERA-Interim is significant only in austral summer and autumn. The
strengthening trends are largest in austral summer in both reanalysis data and CMIP5 models
over the period of 1979-2010 have also been reported by Swart and Fyfe (2012). Previous
radiosonde and modeling studies show that the particularly large positive trend of SH

circumpolar westerly wind during austral summer is driven primarily by the large
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tropospheric response to stratospheric ozone depletion in this season (e.g. Thompson and
Solomon 2002; Arblaster and Meehl 2006; Son et al. 2010; Thompson et al. 2011).
5. Conclusion and Discussion
The SH surface westerly wind stress, a major driver for SO circulation and water mass
transformation, is predicted to increase in the future. The recent modeling study by Munday
and Zhai (2017) shows that the sensitivity of SO circulation to wind stress changes depends
strongly on how these stress changes are brought about, i.e. by changes of the mean wind or
wind variability. Although the enhancement of wind stress due to the inclusion of wind
fluctuations is consistent across reanalysis products, the diagnosis of trends is not consistent
(Lin et al. 2018), which may have important implications not only for SO circulation but also
global ocean heat and carbon uptake. CMIPS5 models are widely used to simulate historical
and predict future changes of the SH westerly winds, SO circulation and water mass
properties. However, the role of wind fluctuations in determining the strength of SO wind
stress in CMIP5 models has not been quantified before. In this study we have investigated the
effects of wind fluctuations on the mean, seasonal cycle and trend of SO wind stress in
eighteen CMIP5 models and compared them with results from two reanalysis products.
Despite considerable inter-model spread, a few conclusions appear to be robust and are
applicable to most, if not all, of the eighteen CMIP5 models:
® Wind fluctuations strongly enhance the strength of the mean wind stress in the SO. This
is expected given the large wind variability in this storm track region and the non-linear
dependence of surface wind stress on surface wind velocity. Including wind fluctuations
in the stress calculation is found to increase the magnitude of the peak MMM zonal-
mean wind stress by about 145%, with over 54% of the increase being contributed by

wind fluctuations on time scales of 6 hours to 8 days.
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® There is a pronounced seasonal cycle in the intensity of wind fluctuations in the SO,
being lowest in austral summer and highest in austral winter. Stronger wind fluctuations
bring the peak strength of the zonal-mean wind stress in austral winter to the same level
as that in austral summer, even though the magnitude of the zonal-mean wind in austral
winter is considerably smaller than that in austral summer. The seasonal variability of
the peak zonal-mean zonal wind and zonal wind stress is dominated by a semiannual
cycle, characterized by maxima in austral autumn and spring and minima in austral
winter and summer.

® The trends of SO t-¢p,, over the period of 1960-2005 are significant in eleven out of the
eighteen CMIP5 models. Among the eleven models, the trend of atmospheric EKE is
significant in GFDL-ESM2M but not in the other ten models, while the trend of T, is
significant in the other ten models but not in GFDL-ESM2M. The significant stress
trend in GFDL-ESM2M is due to the significant increase in the intensity of wind
fluctuations, while the trends in the other ten models are due to the significant
strengthening of the mean westerly wind. Due to the amplification effect of wind

fluctuations, the trend of Tsgp, i, On average, over 50% larger than the trend of Ty,

Furthermore, the trends of T4}, are found to be significant in austral summer in nine
CMIP5 models, while in other seasons they are significant in much fewer models.
Perhaps not surprisingly, we have found a large spread in the simulated trends of SO wind
and wind stress among the 18 CMIP5 models: 11 models with significant trends in wind
stress, 10 with significant trends in mean wind and 1 with significant trend in wind
fluctuations. These large trend discrepancies may have contributed to the differences seen in
the simulated historical changes of SO circulation and property distributions in CMIP5
models (e.g. Wang et al. 2011; Meijers et al. 2012; Downes and Hogg 2013; Sallée et al.,

2013a, 2013b; Wang 2013; Meijers 2014; Russell et al. 2018).
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Two dynamical concepts (‘eddy saturation’ and ‘eddy compensation’) have been proposed
in studies investigating the response of SO circulation to wind stress changes using eddy-
resolving or eddy-permitting models in recent decades. Eddy saturation and eddy
compensation refer to reduced sensitivity of Antarctic Circumpolar Current (ACC) transport
and SO meridional overturning circulation to wind stress changes, respectively (Straub 1993;
Viebahn and Eden 2010). In the eddy-saturation limit, the ACC transport is insensitive to the
strengthened wind stress (Straub 1993; Hallberg and Gnanadesikan 2006; Munday et al.
2013). Differences in wind stress trends in CMIP5 models may not be crucial for modeled
ACC transport as no significant relationship has been found between modeled ACC transport
and the strength or position of SO wind stress (Wang et al. 2011; Meijers et al. 2012; Downes
and Hogg 2013). Differences in the contributions of wind fluctuations to the stress trends
among CMIP5 models, on the other hand, may lead to considerable differences in the
simulated response of eddy-driven meridional overturning circulation as shown in Munday
and Zhai (2017), thereby affecting the level of eddy compensation in the SO. The significant
wind stress trend in GFDL-ESM2M is due to the increase in the intensity of wind fluctuations,
while in ACCESS1.0 and ACCESSI1.3 wind stress trends are due to the strengthening of the
mean winds (Table 3). The increased storminess in GFDL-ESM2M could potentially enhance
diabatic processes in the upper ocean and lead to a greater sensitivity of SO residual
overturning circulation to wind stress changes in this model (Downes and Hogg 2013).
Results from this study suggest that both the mean wind and wind fluctuations need to be
better simulated in CMIP5 models in order to reduce the uncertainty in model-predicted SO

response to forcing changes in the future.
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List of Tables

1.

Details of CMIP5 models selected in this study. Models resolving the stratosphere well
with model tops at or above lhpa are defined as high-top models (in bold).

List of variables and formulas used in this study. The variables are defined in the similar
way as in Lin et al. (2018), so the following text is derived from there with some minor
changes. The Lanczos low-pass-filter is applied to the time series of 6-hourly wind
velocities. Overbars “—Yr”, «—2d» «_8d» anq «_2-8d» represent annual mean, 2-day
low-pass filtered, 8-day low-pass filtered, and 2-8-day filtered winds, respectively, and
superscript “6hr” indicates 6-hourly winds. Wind fluctuations on time scales of 2-8 days

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

—2-8d _ _ghr ,—2d ——8d —2-8d _ _ghr ,~—2d —8d .
Uqg =ujy — (U —Uye ) and vy =vio —(Vio© —Vio ), respectively.

—2-8d
The 2-8-day filtered wind speed is then calculated from U102 8|

\/ u_102_8d)2 n V_102_8d)2-

Significant trends of SO wind stresses (104N m2yr!) in eleven CMIP5 models over the
period of 1960-2005 calculated from model output wind stress (tauu) and T, as well
as trends of Ty, (10* N m? yr') and kinetic energy (102 m*s? yr') in these eleven
models. Trends not significant at <5% level by two-sided ¢ test are marked with /.
Seasonal trends of SO wind stress (10* N m yr'!') over the period of 1960-2005 from
eleven CMIP5 models in Table 3. Trends not significant at <5% level by two-sided ¢ test
are marked with “/”. “DJF”, “MAM”, “JJA” and “SON” represent austral summer,

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

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

Horizontal Resolution

) ) Vertical
Model Name Institute (Degree Longitude* Model Top
' Levels
Degree Latitude)
CSIRO-BOM
1. ACCESS 1.0 ' 1.875 * 1.25 38 4 hPa
(Australia)
CSIRO-BOM
2. ACCESS 1.3 ' 1.875 * 1.25 38 4 hPa
(Australia)
3. CMCC-CM CMCC (Italy) 0.75 * 0.75 31 10 hPa
CNRM-CERFACS
4. CNRM-CM5 1.41 * 1.41 31 10 hPa
(France)
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. MIROCS 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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Table 2. List of variables and formulas used in this study. The variables are defined in the
similar way as in Lin et al. (2018), so the following text is derived from there with some
minor changes. The Lanczos low-pass-filter is applied to the time series of 6-hourly wind

wyr» «_2d» «_8d» gnd «_2-8d» represent annual mean, 2-day low-

velocities. Overbars
pass filtered, 8-day low-pass filtered, and 2-8-day filtered winds, respectively, and superscript

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

from the 6-hourly wind fields to obtain the 2-8-day filtered winds, i.e., u_loz_Sd = u$hr —
(u_lozc1 - u_108d) and V_loz_Sd = vohr — (V_lozc1 - V_108d), respectively. The 2-8-day filtered
—2-8d _ —
wind speed is then calculated from |U10 | = \/ 2 8d) + 2 8d) .
Variable Definition Formula
' yr
T-6hr Zonal wind stress calculated pacdluehrluehr
from 6-hourly winds
To2d Zonal wind stress calculated g
PaCd [Uio | U1o
from 2-day filtered winds
Togd Zonal wind stress calculated —8d| _gq
PaCd [Uio | U1o
from 8-day filtered winds
Tozqe>sd  Zonal wind stress calculated —28d|__,8d
PaCd [Uso Ujo
from 2-8-day filtered winds
Toyr Zonal wind stress calculated yr r
PaCd [Uo |U1o
from annual-mean winds
. . yr
MKE.,, Kinetic energy calculated from @) + (Vg )?
annual-mean winds 2
. . yr
EKE_.,, Kinetic energy calculated from U — "2 + (VO — vp7 )2
2

wind fluctuations on time scales
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of 6 hours to 1 year

r

EKE_,4 Kinetic energy calculated from hr —2d e —2d
< (uSg" — Uy )%+ (v —Vig )2

wind fluctuations on time scales 2

of 6 hours to 2 days alone

r

EKE_gq Kinetic energy calculated from hr  —8d T —8dw,
< (ufs" — Uy )*+ (v  —Vio )?

wind fluctuations on time scales 2

of 6 hours to 8 days alone

EKE,_gq Kinetic energy calculated from — 5d _—_sd — 2d  —sd’
(U0 — U )2+ (Voo —Vio )?

wind fluctuations on time scales 2

of 2 to 8 days alone
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Table 3. Significant trends of SO wind stresses (104N m2yr!) in eleven CMIP5 models

over the period of 1960-2005 calculated from model output wind stress (tauu) and Ts¢py, as

well as trends of T,y (10* N m™ yr') and kinetic energy (102 m*s? yr') in these eleven

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

Model Name taul Ty,  Tsyr MKEoy, EKEy, EKE.gq EKE,q EKE; gq
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 / / / /
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Table 4. Seasonal trends of SO wind stress (10*N m?2yr!) over the period of 1960-2005

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

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

winter and spring, respectively.

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 / / /
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List of Figures

1.

The 1979-2005 time-mean and zonal-mean zonal wind stresses from (a)-(r) the eighteen
CMIP5 models (N m) (blue: calculated using monthly mean wind stress data from the
model output; red: calculated using ¢y, that is derived from the bulk formula and six-
hourly winds).

The 1979-2005 time-mean and zonal-mean zonal wind velocities (dashed; m s!') and
zonal wind stresses (solid; N m2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-
model mean, (t) JRA-55 and (u) ERA-Interim. Mean Tsgpr, T>2d, T<2d&>8d»> T>gd and
Tsyr are calculated from the 6-hourly, 2-day filtered, 8-day filtered, 2-8-day filtered, and
annual-mean winds, respectively (see Table 2).

The peak values of 1979-2005 time-mean and zonal-mean (a) Tsgpr(red), Ts,q (green),
T<2dg>8d(Cyan), Tsgq(purple) and Ty, (yellow-green) shown in Fig. 2 over the Southern
Ocean (35°-65°S) from eighteen CMIP5 models and two reanalysis products; (b)
Percentage increases in the peak value of the zonal-mean and time-mean wind stress
when including in the stress calculation wind fluctuations on time scales less than a year

((T>6hr-Tsyr)/ Tsyr; yellow-green), and contributions from wind fluctuations on 6 hours
to 2 days ((T>enr-T>2d)/ (T>6nr-T>yr); green), 2 to 8 days ((T>enr-T<zda>8d)/ (T>ehr-
Tsyr); ¢yan) and 6 hours to 8 days ((Tsenr-T>gd)/ (T>ehr-T>yr); purple); (¢) Same as (a)
but for MKE.,, (black), EKE.,q (green), EKE,_gq (cyan), EKE.gq (purple) and
EKEy, (yellow-green); (d) The ratios of EKE.,q/EKE.y, (green), EKE;_gq/EKE g,
(cyan) and EKE.gq/EKEy, (purple). The dash-dotted lines mark the corresponding

multi-model mean values.

4. The 1979-2005 time-mean and zonal-mean mean Kinetic energy (m? s2) and eddy kinetic

energy (m? s2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-model mean, (t)
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JRA-55 and (u) ERA-Interim. Mean kinetic energy MKE_,. (black) at every grid point is
calculated from the annual-mean winds in each year, and eddy kinetic energy
EKE.,q(green), EKE;_gq(cyan), EKEgq (purple) and EKE_, (yellow-green) at every grid
point are calculated from wind fluctuations on time scales of 6 hours to 2 days, 2 to 8 days,
6 hours to 8 days, and 6 hours to 1 year, respectively (see Table 2). The maximum values
of vertical axis in MRI-CGCM3 (q) and MRI-ESMI (r) are adjusted to 80m? s. The grey

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

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

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

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

6. The 1979-2005 seasonal-mean and zonal-mean mean kinetic energy (solid; m? s2) and

eddy kinetic energy (dashed; m?s?) from (a)-(r) the eighteen CMIP5 models, (s) their

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

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

zonal wind stress Tsgnr (N m?2), (b) mean kinetic energy (m?s?) and (c) eddy kinetic
energy (m?s?) over the SO (35°-65°S) from the eighteen CMIP5 models (dashed), their

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

. Peak annual-mean and zonal-mean SO wind stresses Tsgpr (black), T5yr (grey, N m=?) and

kinetic energy MKEy, (yellow-green), EKE_y, (green, m? s?) at the position of peak
annual-mean and zonal-mean Ts¢p, from 1960 to 2005 in the eleven CMIP5 models. The
dash-dotted lines represent corresponding trends. Trends of Tsg, are significant in all

eleven models, trends of T, and MKE_y, are significant in all eleven models except for
GFDL-ESM2M, and the trend of EKE_, is only significant in GFDL-ESM2M (see Table

3).
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FIG. 1. The 1979-2005 time-mean and zonal-mean zonal wind stresses from (a)-(r) the
eighteen CMIP5 models (N m2) (blue: calculated using monthly mean wind stress data from
the model output; red: calculated using Ts¢p, that is derived from the bulk formula and six-

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

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

model mean, (t) JRA-55 and (u) ERA-Interim. Mean Tsghy, T>2d> T<2d&>8d> T>sd and Tsyr

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

mean winds, respectively (see Table 2).
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FIG. 3. The peak values of 1979-2005 time-mean and zonal-mean (a) Tsgp, (red),

T4 (green), Teoqg>gd(Cyan), Tsgq(purple) and Ty, (yellow-green) shown in Fig. 2 over the

Southern Ocean (35°-65°S) from eighteen CMIP5 models and two reanalysis products; (b)

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

including in the stress calculation wind fluctuations on time scales less than a year ((Tsgpr-
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Tsyr)/ Tsyr; yellow-green), and contributions from wind fluctuations on 6 hours to 2 days
((T>6hr~T>2d)/ (T>6hr=T>yr); green), 2 to 8 days ((T>ehr-T<zdg>8d)/ (T>6hr-T>yr); Cyan) and
6 hours to 8 days ((Tsenr-T>gd)/ (T>ehr-Tsyr); purple); (c) Same as (a) but for
MKE_y; (black), EKE.,q4 (green), EKE;_gq (cyan), EKE.gq (purple) and EKE_y, (yellow-
green); (d) The ratios of EKE.,q/EKE.y, (green), EKE,_gq/EKE.y; (cyan) and EKE_ g4/

EKE.y, (purple). The dash-dotted lines mark the corresponding multi-model mean values.
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FIG. 4. The 1979-2005 time-mean and zonal-mean mean kinetic energy (m? s2) and eddy
kinetic energy (m? s2) from (a)-(r) the eighteen CMIP5 models, (s) their multi-model mean, (t)
JRA-55 and (u) ERA-Interim. Mean kinetic energy MKE_,, (black) at every grid point is
calculated from the annual-mean winds in each year, and eddy kinetic energy EKE_,4(green),
EKE;_gq (cyan), EKE.gq (purple) and EKE.y. (yellow-green) at every grid point are
calculated from wind fluctuations on time scales of 6 hours to 2 days, 2 to 8 days, 6 hours to
8 days, and 6 hours to 1 year, respectively (see Table 2). The maximum values of vertical axis
in MRI-CGCM3 (q) and MRI-ESMI1 (r) are adjusted to 80m? s. The grey line in (s) is the

multi-model mean without MRI-CGCM3 and MRI-ESM1.
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816 FIG. 6. The 1979-2005 seasonal-mean and zonal-mean mean kinetic energy (solid; m? s?2)
817 and eddy kinetic energy (dashed; m?s?) from (a)-(r) the eighteen CMIP5 models, (s) their

818 multi-model mean, (t) JRA-55 and (u) ERA-Interim.
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FIG. 7. Seasonal variability of (a) the peak values of 1979-2005 monthly-mean and zonal-

mean zonal wind stress Tsgp (N m2), (b) mean kinetic energy (m?s?) and (c) eddy kinetic

energy (m?s?) over the SO (35°-65°S) from the eighteen CMIP5 models (dashed), their

multi-model mean (solid black), JRA-55 (solid blue) and ERA-Interim (solid red).
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FIG. 8. Peak annual-mean and zonal-mean SO wind stresses Tsgp, (black), Tsy (grey, N m?)
and kinetic energy MKE_y, (yellow-green), EKE_, (green, m* s) at the position of peak
annual-mean and zonal-mean Ts¢p,, from 1960 to 2005 in the eleven CMIP5 models. The
dash-dotted lines represent corresponding trends. Trends of Ts¢,, are significant in all eleven
models, trends of Ty, and MKE_,, are significant in all eleven models except for GFDL-

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