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ABSTRACT

It has been suggested that changes in the atmospheric circulation caused by anthropogenic forcings are

highly uncertain, owing to the large natural variability intrinsic to the system. Here, to assess the statistical

significance of such changes for the midlatitude, large-scale atmospheric circulation of the Southern

Hemisphere, a new 40-member ensemble of integrations, from 1920 to 2080, of the Community Earth System

Model, version 5, is analyzed together with a companion 1800-yr-long preindustrial control integration of the

same fully coupled model. For simplicity, only the latitudinal position and the strength of the zonal-mean

eddy-driven jet are considered. Given the large year-to-year variability of these jet properties, this paper

focuses on their decadal averages, which reflect the more slowly varying climate state. The analysis herein

reveals that the forced response in such decadal averages easily emerges from the natural variability, with

only a few model integrations typically needed to establish statistical significance. In particular, a forced

summertime poleward shift of the jet in the latter part of the twentieth century and a strengthening of the jet

during the twenty-first century in all seasons of the year are found. Contrasting these with changes in the

southern annular mode, this confirms earlier studies demonstrating that such a mode is unable to distinguish

different structural changes in the midlatitude jet.

1. Introduction

Assessing uncertainties in modeled projections of

climate change is a task of obvious practical importance.

Broadly speaking such uncertainties fall into three cat-

egories (see, e.g., Hawkins and Sutton 2009): those due

to our inability to know the future external forcings,

those related to flaws in the climate models, and those

caused by the intrinsic natural variability of the climate

system itself. In many ways, the third of these is the most

fundamental: even if we knew the forcings exactly and

had perfect models, the predictability of the climate

system could be very limited if natural variability hap-

pened to be sufficiently large—hence the need to

quantify such variability.

That was the goal of the pioneering study of Deser

et al. (2012, hereafter D12), which tried to assess the

emergence of forced signals in the climate system over

the period 2005–60. For that period, using an ensemble

of 40 integrations of the Community Climate System

Model, version 3 (CCSM3), D12 concluded that future

changes in the atmospheric circulation are consider-

ably less robust than changes in surface temperature

(and precipitation). Relatively large uncertainties in

atmospheric circulation changes, when compared with

thermodynamic/radiative changes (especially on regional

scales), were also highlighted by Shepherd (2014) in a

recent review.

Here we take a different approach to assessing the

significance of changes in the atmospheric circulation.

Instead of considering surface pressure alone (as in

D12), we study the gross properties (latitude and

strength) of the eddy-driven jet in the Southern Hemi-

sphere (SH), where zonal averaging yields a meaningful

approximation of the midlatitude circulation. We also

broaden the horizon by considering changes from the

preindustrial period to the present and into the future, as

well as from the present to the future. With this ap-

proach, more focused on large-scale properties of the

midlatitude jet, we find that changes in the strength and

latitude of the SH jet are highly significant in our model,

with only a few runs needed to detect changes across

different periods.
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2. Methods

The data used here consist of monthly-mean, zonal-

mean zonal wind and surface pressure from the new

Community Earth System Model Large Ensemble

Project (CESM-LE), documented by Kay et al. (2015).

We analyze 40 coupled integrations from CESM-LE for

1920–2080, with historical forcings prior to 2005 and

RCP8.5 scenario forcings afterward. The 40 integrations

differ only in their atmospheric initial condition: hence,

the ensemble spread reflects the natural variability of

the climate system.We also analyze a single, 1800-yr-long,

preindustrial (PI) control integration of the same

model (with forcings at the year 1850) to establish both

the state of the preindustrial climate and its natural

variability.

Two key properties of the midlatitude jet are consid-

ered: its latitude L and its strength S, here calculated as

in Barnes and Polvani (2013), using a quadratic fit to the

zonal-mean wind averaged from 700 to 900hPa. In

CESM-LE, the annual-mean values of L and S for the

historical period are251.68 and 14.1m s21, respectively;

these values compare better with MERRA than most

models in phase 5 of the Coupled Model Intercompar-

ison Project (CMIP5; Barnes and Polvani 2013). These

two metrics are compared to the southern annual mode

(SAM), here calculated as the difference between zonal-

mean surface pressure at 408 and 658S (Gong and Wang

1999). We demonstrate that the SAM response reflects

changes in both L and S, making the SAM response

difficult to interpret in terms of structural jet changes.

Our statistical analysis is based on first computing

decadal averages of the relevant variable. For clarity,

decades are designated by their middle year, so that 2075

stands for the decade 2071–80, and 2000 stands for the

decade 1996–2005. LetX be the decadal average for any

of the three jet variables of interest (L, S, and SAM).

Typically, we need to compare two distributions of X

[e.g., one distribution from the PI control and another

from the large ensemble (LE) at a particular decade].

Each distribution has a mean (XLE and XPI), a standard

deviation (sLE andsPI), and a sample size (NLE 5 40 and

NPI 5 180, since we can construct 180 nonoverlapping

decadal means from the 1800-yr-long PI control run).

The hypothesis being tested is that the two distri-

butions are different, in which case the variable in a

given decade can be said to have significantly changed

from the PI control state. For this, the relevant t sta-

tistic is the quantity
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We have 95% confidence that the two distributions are

different when jTj. 2. Conversely, one can ask:What is

the minimum number of runs Nmin needed to detect a

change from the PI control in a given decade? To find

Nmin one simply sets T 5 2 in the above equation and

solves for NLE. Note that this method requires knowl-

edge of the population standard deviation (i.e., sLE)

which we estimate from the full 40-member ensemble,

but alternatively could have been inferred from the PI

control if such a large ensemble were not available.

Our statistical analysis follows directly from the one

described in Sardeshmukh et al. (2000) and D12. How-

ever, note that D12 did not have a long coupled PI

control run at their disposal, so they simply tested

whether the distributions across their 40 members were

different between the first decade and any subsequent

decade: in that case Eq. (1) yields Nmin 5 8/(dX/s)2, af-

ter one sets s[sLE 5sPI, N[NLE 5NPI, and T 5 2;

the quantity dX is the difference of the ensemble means

of the variable of interest between the first decade and

another decade.

3. Results

We begin by presenting the full seasonal cycles of the

southern annual mode, the jet latitude, and jet strength

in Fig. 1. In each panel, three curves are plotted, rep-

resenting three distinct periods: the PI control, the 2000

decade, and the 2075 decade, shown in black, blue, and

red, respectively. These three periods, referred to as the

past, the present, and the future, were chosen keeping in

mind the evolution of stratospheric ozone and green-

house gases (GHGs), the key forcings1 of the mid-

latitude circulation of the SH. Note how each curve in

Fig. 1 is surrounded by a confidence interval of width

2s/
ffiffiffiffi
N

p
(calculated with the respective standard de-

viation and sample size). When the shaded regions do

not overlap, one can immediately deduce that the curves

are significantly different at the 95% confidence level.

As the SAM is the most popular metric of the SH

midlatitude circulation, we start by discussing the sea-

sonal evolution of the SAM in our model. First, contrast

the black and red lines in Fig. 1a: it is clear that in decade

2075 the SAM has significantly increased from its PI

control value in every month of the year. The largest

seasonal changes occur in December–February (DJF)

1Recall that the formation of the ozone hole has acted in concert

with GHG forcing in the recent past, but the recovery of the ozone

hole in coming decades is projected to cancel much of the DJF

seasonal trend due to greenhouse gases (Shindell and Schmidt

2004; Polvani et al. 2011).
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and June–August (JJA), so we will focus on these two

seasons in subsequent figures. Second, consider the blue

line in Fig. 1a: this line shows the present values. Note

that in DJFmost of the increase in the SAMoccurs prior

to 2000, with little change afterward (blue and red are

close together); in contrast, in JJA there has been little

change prior to 2000 (blue and black are close), but a

large increase will occur in the twenty-first century. The

difference in timing for these two seasonal changes in-

dicates that they are likely driven by different forcings.

Even more importantly, we next show that these two

SAM trends correspond, in fact, to different changes in

the physical properties of the jet.

In terms of the jet latitude, Fig. 1b shows that the jet

has shifted poleward significantly during the twentieth

century, by nearly 28 in DJF but with basically no shift in

JJA. As for the jet strength, Fig. 1c reveals only small

changes at present (in all months), but also shows a large

and significant increase in JJA in the future (separation

of red and blue). These considerations make it clear that

SAM changes in JJA are mostly related to changes in S,

whereas in DJF they are related to changes in L. The

SAMmetric, in other words, is confounding different jet

properties.

To more fully appreciate the emergence of forced

trends in the SHmidlatitude circulation in our CESM-LE

runs, we now examine histograms and time series of

SAM, L, and S, starting with DJF. For each of these

metrics, in Fig. 2 (left) we have plotted histograms of the

PDFs for three periods: the past (PI control) in gray, the

present (2000) in blue, and the future (2075) in red.

Figure 2 (right) shows the time series for eachmetric: the

ensemble mean (in thick black) reveals the forced re-

sponse, together with 40 individual members of the en-

semble (in thin gray). On these panels we superimpose,

in green, the values of Nmin as defined in Eq. (1).

Figure 2 (top) shows that in DJF the SAM increases

by 4hPa between the past and the future, so that by 2075

SAM changes cannot be explained by natural variability

(see how the PDF of the SAM at 2075 does not overlap

the PDF of the control). More interesting is the fact that

forced SAM changes with respect to the past emerge

very early: Nmin dips below 3 by 1980, and after 2000 a

single member is enough to establish a clear forced re-

sponse [contrast the blue and gray PDFs in Fig. 2 (top

left)]. This may appear surprising, but recall that the

quantities we are considering are decadal (not annual)

means: the SAMhas a huge year-to-year variability, so it

makes little sense to use individual years to detect cli-

mate changes.

Comparing Figs. 2 (top) and (middle), one can see

that the time series of L in DJF closely mirrors that of

FIG. 1. Monthly-mean values of (top) SAM (hPa), (middle) jet latitude (i.e., L; 8), and (bottom) jet strength (i.e.,

S; m s21) are plotted for the PI control (black) as well as the ensemblemeans for decades 2000 (blue) and 2075 (red).

The shaded regions surrounding each curve provide the 95% confidence interval for a two-sided t test, given by

2s/
ffiffiffiffi
N

p
calculated with the respective standard deviations and sample sizes.
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the SAM, with a major poleward jet shift just as SAM

increases rapidly from 1970 to 2000, and with small

change afterward. The absence of a comparably large

poleward shift in JJA over the same period [see Fig. 3

(middle left)] clearly points to the formation of the

ozone hole as the cause for that dramatic shift of the jet

in the late twentieth century in our model. In JJA, we

find only a weak, but continuous, poleward jet shift,

presumably accompanying GHG increases; however,

that small JJA shift does not emerge until 2075.

FIG. 2. (left) Histograms of (top) SAM, (middle) L, and (bottom) S constructed from the 180 independent

decades of the PI control (gray) and 40 ensemblemembers for decades 2000 (blue) and 2075 (red). The bin sizes for

SAM,L, and S are 0.5 hPa, 0.28, and 0.1m s21, respectively. (right) Time series of DJF decadal-mean values of each

variable (running 10-yr average), with the ensemble mean (thick black) and 40 individual ensemble members (thin

gray). The thick green curve shows Nmin calculated from Eq. (1) for changes from the PI control. The thin green

curve shows the approximate valueNmin ’ 8/(dX/s)2 used in D12. The purple curves are values ofNmin calculated

for changes from the decade 2000 (thick and thin defined just as the green curves). The overlaid blue and red circles

show the ensemble member values included in the corresponding histograms.
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As for jet strength, Fig. 2 (bottom) also clearly shows

significant forced changes. However, unlike jet latitude,

the largest changes in S will happen in the future, as was

already noted from Fig. 1. Interestingly, significant DJF

jet strengthening actually emerges before 2000 in our

model (with Nmin , 2 after 2010). Note also that, unlike

the jet shift, the future strengthening of the jet is even

more apparent in JJA (see Fig. 3), clearly pointing to

GHG as the underlying forcing agent.

Our analysis up to this point has been limited to zonally

averaged quantities: this leaves open the possibility that

important regional changes may be poorly represented

by the zonal-mean fields. To address that, we conclude

by examining maps of surface pressure ps and zonal

wind U changes, shown in Fig. 4; changes are in color,

and the PI climatology in black contours. Figures 4a

and 4b show that significant large-scale changes have

emerged by 2000 in DJF, and consist of an increase of

the pressure gradient (and thus the SAM) associated

with a poleward shift of the jet at all longitudes.

Comparing Figs. 4a and 4e, one sees that the changes

in DJF will further increase over the course of this

FIG. 3. As in Fig. 2, but for JJA.
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century, becoming significant at nearly every location

by 2075.

In contrast, for JJA (Figs. 4d,h) one sees little change

by 2000 (Fig. 4d), but significant forced changes by 2075

(Fig. 4h) at most longitudes. The 2075–PI changes in U

(Fig. 4h) are mostly positive, exceeding 1ms21 across a

broad region, which corresponds to increase in zonal-

mean jet strength (Fig. 3, bottom); however, these future

changes are far from zonally symmetric. Finally, observe

how future ps changes in DJF and JJA (Figs. 4e,g) both

have a north–south dipolar structure, and therefore both

result in SAM increases. It is important to note, how-

ever, that the associated changes inU do not look similar

(cf. Figs. 4f,h). This demonstrates that changes in the

SAM must not be simplistically equated with a lat-

itudinal shift of the jet [as noted, e.g., in Barnes and

Hartmann (2010)].

4. Summary and discussion

Using the CESM Large Ensemble Project, we have

demonstrated that decadal-mean responses of the SH

circulation far exceed the natural variability, and are

significant with very few members. In DJF a forced

poleward shift of the jet has emerged during the twen-

tieth century, and a strengthening of the jet is projected

in the twenty-first century (in all months, but with the

largest change in JJA). Table 1 summarizes our findings,

giving values of Nmin for DJF and JJA over several pe-

riods: the key point is that all significant changes need

only a small number of model runs.

Our results might appear at odds with those of D12,

who stressed that thermodynamic changes can be detected

with many fewer ensemble members than changes in at-

mospheric circulation. We can think of several reasons

FIG. 4. Changes in ps (hPa) andU (m s21) between the PI control and the decades (left) 2000 and (right) 2075 during (a),(b),(e),(f) DJF

and (c),(d),(g),(h) JJA. Changes are shown in color only where they are statistically significant at the 95% confidence level. The PI control

climatology is overlaid in black contours, with contour intervals of 5 hPa and 5m s21, respectively.

3468 JOURNAL OF CL IMATE VOLUME 29



for the discrepancy. First, we have here focused on the

gross properties of the jet, including its latitude and

strength, rather than focusing on ps as the primary

metric for the circulation. Second, we have explored

longer and different2 time periods than D12, spanning

the eras of ozone depletion as well as recovery. Third,

we have taken advantage of a long, coupled PI control,

which was not available to D12. This reduces Nmin by

up to a factor of 2 compared with the estimate in D12,

as seen by comparing the thin and thick colored time

series in Figs. 2 and 3. Finally, our study has focused on

PDFs of decadal averages of the key metrics, not

PDFs of trends of those same metrics across specific

decades.

Beyond the D12 study, our main findings are sup-

ported by a number of recent papers, who have ex-

amined modeled trends and natural variability in the

SH atmospheric circulation: Swart and Fyfe (2012),

Barnes and Polvani (2013), Bracegirdle et al. (2013),

and Vallis et al. (2015) have reported a significant

poleward shift and strengthening of the Southern

Hemisphere jet in the models participating in CMIP5.

However, examining the same CMIP5 models for the

period 1979–2005 while taking into account the natural

variability of each model (computed from corre-

sponding century-long PI control integrations),

Thomas et al. (2015) concluded that the modeled

trends over that recent period cannot be distinguished

from natural variability in the models. That conclusion

is based specifically on 25-yr linear trends for that one

period, whereas our conclusions are based upon the

distribution of decadal means, so the two results do not

contradict one another, but rather underscore the

challenge of establishing the significance of trends

over relatively short periods. Finally, our analysis

confirms the recent finding of Swart et al. (2015), who

have also noted how structural changes of the eddy-

driven midlatitude jet are difficult to infer from SAM

changes alone.
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