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Abstract Precipitation and storm track activity in the Southern Hemisphere feature a remarkable 20 to
30-day periodicity known as baroclinic annular mode. In climate model projections following the
representative concentration pathway 8.5 scenario, this work finds a robust increase of intraseasonal
variability of the precipitation and density-weighted eddy kinetic energy at the 20–30 day frequency range
by 25% and 20%, respectively, in austral summer toward the end of the century, despite small changes in
seasonal-mean quantities at corresponding latitudes. These results suggest that a warming climate can
feature a stronger dynamical organization of the 20–30 day periodicity by the moist baroclinic waves. For
austral winter, the weak 20–30 day periodicity in the current climate becomes a prominent mode of
quasiperiodic variability toward the end of the century in these model projections. This work identifies both
the increase of diabatic heating and the enhancements of the waveguide effects as candidate mechanisms.

Plain Language Summary This work reports a robust increase of the intraseasonal periodic
behavior in the Southern Hemisphere storm track with important implications on midlatitude hydrological
extremes. While it is well-documented that the jet stream will shift poleward in a warming climate, this is the
first contribution that identifies how the intraseasonal variability of the storm tracks would change in
response to global warming in comprehensive climate models (National Center for Atmospheric Research
Large Ensemble project and CMIP5 outputs). Evidence suggests that both the increase of moisture and the
change of a climatological basic state can contribute to the intensification of the intraseasonal variability,
which implies a more predictable baroclinic annular mode in the Southern Hemisphere in a warmer climate.
This finding serves as a stimulus for future studies to unveil the role of changing diabatic heating on the
intraseasonal variability in the midlatitudes.

1. Introduction

A recent series of work have revealed a dominant mode of variability that has a clear periodicity centered at
25 days known as baroclinic annular mode (BAM; Thompson & Barnes, 2014; Thompson & Woodworth, 2014;
Wang & Nakamura, 2015, 2016; Zurita-Gotor, 2017). Similar to the Madden-Julian Oscillation in the tropics,
this 20–30 day periodicity in the midlatitudes might be the single most important oscillatory signal in the
midlatitudes with the potential for advancing subseasonal to seasonal prediction. As discussed in Wang
and Nakamura (2016), the annularity in the Southern Hemisphere (SH) circulation affords the possibility that
winds, after blowing over the entire latitudinal circle, are able to reenter the domain. This provides a wave-
guide effect for synoptic Rossby waves of similar horizontal and vertical structures to constructively and
destructively interfere with each other, creating an overall amplitude modulation of its wave packet on a time
scale of 20–30 day.

Synoptic waves and zonal-mean zonal flow are strongly coupled; hence, a deep understanding of the change
of the 20–30 day periodicity in the wave processes must rely on and should be consistent with the change of
the zonal-mean circulation. The most significant response of the midlatitude zonal-mean circulation to a war-
mer climate is a poleward shift in jet streams (Barnes & Polvani, 2013; Chang et al., 2012; Grise & Polvani, 2014;
Hall et al., 1994; Yin, 2005), and a major part of this change is realized through an enhanced irreversible mix-
ing of potential vorticity (PV) during Rossby waves breaking on the flanks of the jet (Lee & Feldstein, 2013; Lu
et al., 2014; Nie et al., 2015; Wang & Lee, 2016). Therefore, as an agent modulating the jet stream, the transient
eddies play an indispensable role in setting up the midlatitude circulation response. In typical lifecycles,
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eddies initially grow from surface thermal perturbations and subsequently get mutually reinforced with the
upper tropospheric PV perturbations. The issue of the jet shift pertains to the later stage of life cycles when
transient eddies deposit eddy kinetic energy (EKE) to the zonal-mean flow, whereas it remains unclear how
BAM, which is more pertinent to the growth amplitude of the baroclinic eddies, would respond to climate
warming. In particular, how will the midlatitude wave activity, especially its 20–30 day periodicity—the
BAM, respond to increasing greenhouse gas forcing and the corresponding increase of moisture, as well as
a more poleward shifted jet?

While the fundamental nature of the 20–30 day periodicity may have its root in dry dynamics, as it can be
identified from idealized dry two-layer quasi-geostrophic models (Wang, 2016), diabatic processes, such as
the latent heating from water vapor condensation, through their significant effect on the evolution of
Rossby waves (Ahmadi-Givi et al., 2004; Hoskins et al., 1985), have the potential to regulate the intensity of
the 20–30 day periodic behavior. In a warming climate, the SH storm track intensifies with an increased mean
available potential energy of the atmosphere (O’Gorman, 2010) and the baroclinic eddies are energized with
enhanced diabatic heating (Tamarin-Brodsky & Kaspi, 2017). With the increasing specific humidity in the
atmosphere in a warming climate, the conversion rate from eddy available potential energy to EKE is increas-
ing in the recent decades (Pan et al., 2017), suggesting that the EKE in the troposphere will be more efficiently
fueled by the diabatic processes. However, it remains unclear how the intraseasonal variability of baroclinic
eddies would change in response to the enhancement of diabatic heating in a warming climate.

The changing intraseasonal variability is essential not only for storm track dynamics but also for the hydrologic
cycle’s response to a warming climate, as intense precipitation events are modulated intrinsically by large-
scale Rossby waves. It has been well recognized in GCM simulations of a warming climate that the change
of seasonal-mean precipitation in the subtropical and higher latitudes follows a “dry-get-dryer” and “wet-
get-wetter” pattern (Held & Soden, 2006), which leaves the region sandwiched in between—the equatorward
side of the midlatitudes where the 20–30 day periodicity primarily occurs—with only a minor change in the
seasonal-mean precipitation. Given the small change in the seasonal-mean precipitation, should we expect
a similarly small change in the intraseasonal variability of the precipitation? In general, the second moment
response (e.g., standard deviation or variance) of internal dynamics is assumed to not change in awarming cli-
mate (Thompson et al., 2015). But extreme precipitation is known to increasemore rapidly than themean pre-
cipitation due to the thermodynamic effect of the Clausius-Clapeyron relation (O’Gorman & Schneider, 2009),
increase of convective available potential energy (Singh et al., 2017), and an increase in the skewness in the
vertical motion (Pendergrass & Gerber, 2016). This motivates us to examine the change of the standard devia-
tion of precipitation on intraseasonal time scales—a secondmoment of precipitation—and its role in the BAM
response to climate warming.

2. Materials and Methods
2.1. AMSR-E

The rain rate in the midlatitudes is strongly tied to the storm track activity. With the ability to penetrate
through the atmospheric column, microwave radiometers measure precipitation with adequate accuracy
and are especially capable of providing almost continuous all-weather observations. We analyze the micro-
wave radiometer-measured precipitation AMSR-E for the period of 2001–2011 (Wentz et al., 2014). After
removing the seasonal cycle, we calculate the power spectra of 120-day chunks for each season in each year,
where austral summer is defined as December–March and austral winter as June–September. We then aver-
age the results among all years.

2.2. Large Ensemble Community Project

We analyze the outputs from the 40-member ensemble of the Community Earth System Model version 1
(CESM1) as part of the Large Ensemble Community Project (LENS; Kay et al., 2015). CESM1 is a fully coupled,
global climate model that provides state-of-the-art computer simulations of Earth’s climate and contains a
Community Atmosphere Model version 5.2 as its atmospheric component with the nominal 1° latitude-
longitude resolution. The historical period is defined as 1976–2005 (denoted as HIST), and the RCP 8.5 period
is defined as 2071–2100 (denoted as RCP 8.5). With 40 ensemble members, the average is sufficiently repre-
sentative. At each latitude, the column-averaged EKE is calculated based on a density weighted vertical
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integral of the zonal-mean EKE (u02 þ v02) from ground up to 20 km normalized by the mass within that layer.
After being computed individually for each year and each ensemble member, the spectra are then averaged
over all available years and ensemble members. Unlike other variables analyzed in this work, the column EKE
is calculated from the available daily data from 1996 to 2005 and 2071 to 2080. Given the relatively linear
change in the RCP 8.5 scenario, the fractional change of density-weighted EKE is scaled with a factor of
95/75 to be consistently compared with other variables, while still making full use of other variables’ 30-year
data in the HIST and RCP 8.5 periods, respectively. The ability for calculating interior EKE intraseasonal varia-
bility from daily resolution and with full 30 vertical levels is a major strength of the LENS data sets over
Coupled Model Inter-comparison Project Phase 5 (CMIP5) data sets, especially valuable for accounting for a
significant change of the vertical structure of the EKE intraseasonal variability (see Figure S1). For a check
of consistency, we qualitatively reproduced our results in the CMIP5 data sets and identified a consistent
change of the intraseasonal variability (see the supporting materials Figures S4–S7).

3. Results
3.1. A Seasonality of the 20–30 Day Periodicity in Precipitation in AMSR-E

The 20–30 day periodicity in the SH storm track is a large-scale mode of variability defined as the leading
empirical orthogonal function mode of zonal-mean EKE (Thompson & Woodworth, 2014). Yet a robust
BAM can be identified from raw data without empirical orthogonal function filtering or other statistical
manipulation (Wang & Nakamura, 2016). Therefore, in this work, we examine the strength of the periodicity
based on the latitude-by-latitude raw data.

We start the discussion by showing the power spectra of zonal-mean precipitation in satellite observations. In
Figure 1, AMSR-E rain rate demonstrates a clear peak around 20–30 days around 46°S in the austral summer.
The peak latitude is consistent with that of finite-amplitude wave activity (FAWA) and EKE in reanalysis pro-
ducts (Wang & Nakamura, 2016). Nevertheless, unlike EKE or FAWA, the peak of 20–30 day periodicity in pre-
cipitation spreads over a wide range of latitudes toward subtropical jet. While the amplitude of baroclinic
eddies gradually decay from the peak latitude around 46°S, with an increasing background moisture toward
equator, lower latitudes can still exhibit a robust periodicity in the precipitation. Since precipitation reflects
diabatic heating due to condensation, this suggests diabatic effects co-vary with the large-scale Rossby
waves on the 20–30 day frequency range.

The seasonality of the 20–30 day periodicity in the precipitation is also consistent with that in the EKE or
FAWA (Wang & Nakamura, 2016). In austral winter, the intraseasonal variability of rain rate in the SH storm
track is substantially weaker, and its peak latitudes are mostly confined to the equatorward of 40°S. The lati-
tude 40°S is near the edge of subtropical jet, where breaking Rossby waves transport a significant amount of
moisture into middle-to-high latitudes. This also co-locates with the latitude band of intense atmospheric riv-
ers—long and narrow filaments of large integrated water vapor transport (see the spatial distribution in Guan
& Waliser, 2017). While the definition of atmospheric river depends on the threshold chosen, it is conceivable
that the 20–30 day periodicity of the precipitation may have a modulating effect on atmospheric rivers; thus,
the BAM provides a useful framework for understanding both the internal variation and the future change of
atmospheric rivers and the associated precipitation extremes.

3.2. A Robust Increase of Precipitation Variability in CESM Large Ensemble

In Figures 1b and 1f, the CESM ensemble-mean of the historical period (1976–2005) reproduces the observed
20–30 day periodicity in zonal-mean precipitation reasonably well especially for summer, although it still
underestimates the observed amplitude of the variance. This underestimation is important to note, and we
speculate that it may arise from the coarse model resolution and insufficient representation of the moist pro-
cesses (such as mesoscale convective systems) in the midlatitudes, although a detailed analysis of the cause
of this underestimation is beyond the scope of this study. Further, the details of the spectral shape deviate
substantially from that in AMSR-E. Nevertheless, the qualitative features of the 20–30 periodic behavior
including the spectral peak frequency, peak latitudes, and its seasonality can be captured in a typical climate
model such as the CESM1. Since the CESM1 model can simulate a reasonable BAM including its signatures in
the hydrological cycle, we now evaluate its change in a warming climate.
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Toward the end of the century, the peak latitude of the precipitation periodicity in SH summer not only
shifts poleward by 2° but also strengthens significantly (Figures 1c and 1g). For SH winter, the currently weak
20–30 day periodicity around 34–44°S becomes more prominent at intraseasonal time scale compared with
that of the current climate. Both seasons see a substantial increase of intraseasonal variability. This stands in
stark contrast to the weak change of the seasonal-mean precipitation at the corresponding latitudes
(Figures 1d and 1h).

3.3. A Robust Increase of Storm Track Activity in CESM Large Ensemble

As shown in Wang and Nakamura (2015), the 850-hPa eddy heat flux is the major driver of the density-
weighted FAWA and thus is an integral component of the 20–30 day periodicity. This is confirmed in
Figures 2a and 2b. The strength of the 20–30 day periodicity increases robustly in austral summer.
Interestingly, the peak latitude of the 20–30 day periodicity in eddy heat flux does not show a discernible
poleward shift, suggesting that the cyclone genesis of midlatitude cyclones does not move poleward with
the zonal mean wind. In winter, a similar strengthening of midlatitude maximum of variance at intraseasonal
time scale can be identified as well, although the BAM maximum itself is less dominant than the high eddy

Figure 1. The robust increase of the precipitation intraseasonal variability in the Community Earth System Model (CESM) Large Ensemble simulations. (a and e) The
power spectrum of satellite observed rain rate AMSR-E, (b and f) 40-member ensemble-mean rain rate from CESM Large Ensemble historical simulations (1975–2005),
and (c and g) corresponding rain rate in the RCP 8.5 scenario (2070–2100). Note the different color bar range for the AMSR-E results and CESM results. (d and h)
Ensemble-mean seasonal-mean zonal-mean rain rate from CESM Large Ensemble historical period (dashed) and RCP 8.5 period (solid). The upper panels show the
austral summer (December–March), and the lower panels show austral winter (June–September). The power spectrum of rain rate has a unit of 10�16 m2, and the
rain rate has a unit of ms�1.
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heat flux at higher latitudes (i.e., 65 S), which is strongly affected by Antarctica’s thermal contrast in winter.
The relative small change in the low-level cyclone genesis is consistent with the notion that baroclinic
eddies propagate longer distance poleward in a warming climate revealed by the Lagrangian tracking by
Tamarin-Brodsky and Kaspi (2017). Thus, the poleward shift of EKE may be attributed to the more
poleward propagation of baroclinic eddies instead of the change in cyclone genesis.

We next turn our attention to the storm track activity measured by the column-averaged EKE with the density
weighting to avoid the influence due to the well-documented upward expansion of jet stream and transient
eddies in a warming climate (Kushner et al., 2001; Lorenz & DeWeaver, 2007). In SH summer, we find that the
variability of column-averaged EKE becomes much stronger, while the seasonal-mean EKE is primarily char-
acterized by a poleward shift. Similar to the change in precipitation, in SH winter, the variability of EKE in the
present climate will increase significantly between 34°S and 44°S. This pattern of the EKE variability change is
consistent with that of the precipitation, except that the EKE variability change is extended further poleward.
In short, in a warming climate, both summer and winter will feature a more robust 20–30 day periodicity of
EKE respectively peaking at different latitudes.

While in summer the zonal-mean subtropical jet and eddy-driven jet merge at around 45°S, in winter the two
jets tend to be separated meridionally. For both seasons, the peak latitudes of 20–30 day periodicity follow
the location of the zonally coherent jets (in winter it is the subtropical jet and in summer it is the merged
jet), as the latter provides favorable waveguides for Rossby wave interference and thus critical for the
20–30 day amplitude modulation (Wang & Nakamura, 2016). On top of that, the abundant water vapor

Figure 2. The robust increase of low-level eddy sensible heat flux and vertically averaged eddy kinetic energy (EKE) variability in the Community Earth SystemModel
Large Ensemble simulations. Power spectra of the 850-hPa eddy heat flux in the (a and e) historical period and in the (b and f) RCP 8.5 period. Power spectrum of the
density-weighted vertically averaged EKE in the (c and g) historical period and in the (d and h) RCP 8.5 period. The upper panels show the austral summer
(December–March), and the lower panels show austral winter (June–September). The unit for eddy heat flux power spectrum is m2K2, and the unit for EKE power
spectrum is m4 s�2.
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around subtropical jets can release adequate diabatic heating, which may further fuel the propagating
Rossby waves and the strength of the 20–30 day periodicity.

3.4. Fractional Change of the 20–30 Day Periodicity and the Seasonal-Mean Quantities

We next investigate whether the increased power spectrum is unique for the 20–30 day frequency range
or it is ubiquitous for all other frequencies. The CESM LENS outputs have adequate spatial and temporal
resolutions, which allow us to calculate the EKE at all vertical levels on daily resolution for all 40
ensemble members.

We calculate the fractional change between RCP 8.5 and historical simulations in the square root of the
power spectrum within the BAM latitudes, that is, 46°S–56°S for austral summer and 34°S–44°S for austral
winter according to the latitudinal extent of the 20–30 day periodicity in EKE. The square root of the power
spectrum is adopted in order to be consistent with the dimension of the original quantity. Choosing a wider
midlatitude average (30°S–60°S) yields similar results (see Figure S3 in the supporting information). For all
variables, the fractional change represents the change over a time span of 95 years between 1976–2005
and 2071–2100.

In austral summer, a greater enhancement in the variability of rain rates, eddy heat fluxes, and EKE can be
identified within the 20–30 day range in Figures 3a and 3b. Since the specific humidity scales with the tem-
perature change via the Clausius-Clapeyron relation and both the mean temperature warming and the
increase in the standard deviation of temperature contribute to the increase of moisture variability, we
expect large enhancement in the eddy moisture flux. This indeed is evidenced by the 40% increase of the
850-hPa moisture flux (cyan) in the 20–30 day frequency range in Figure 3a. Among the 40%, only ~5% is
from the enhancement of eddy meridional velocity at the 850 hPa given the approximate 10% enhancement
of the EKE (Figure 3b). In addition, the percentage increase of eddy moisture flux is significantly higher than
that of eddy sensible heat flux for both summer and winter (Figures 3a and 3b).

The rain rate has a marked enhancement of over 25% at the 20–30 day frequency range, stronger than the
19% enhancement in other frequency range. The column-averaged EKE is enhanced by about 20% at the
20–30 day frequency range, and no significant increase can be found in other higher frequency range. The
consistent change unique to the 20–30 day frequency range suggests a plausible dynamical coupling
between low-level moisture and tropospheric wave activity. While the detailed mechanism of this dynamical
coupling will be left for future investigation, the basic idea is sketched below.

To the first order, the standard deviation of precipitation P scales with zonal-mean moisture content q and
vertical eddy velocity w

0
:

P e q

ffiffiffiffiffiffiffiffi
w02

q
(1)

Assuming the aspect ratio of the circulation does not change in the midlatitudes, the dynamical contribution
from changing vertical velocity w

0
can be inferred from the change of 850-hPa meridional eddy velocity stan-

dard deviation in Figure 3b, which is about 5%, leaving 20% to the increase of the moisture which scales well
with the roughly 3 K near-surface temperature warming in these simulation (not shown).

In contrast to the 10% fractional change of 850-hPa meridional eddy velocity standard deviation, standard
deviation in the column-averaged EKE sports a higher fractional change of 20%, which is primarily
contributed by the upper troposphere where climatology EKE is stronger. This enhanced fractional change
of column-averaged EKE suggests an enhanced dynamical coupling between lower and upper troposphere
in the 20–30 day frequency range. In other frequencies in austral summer, the standard deviation of 850-hPa
meridional eddy velocity (and presumably vertical velocity) is not significantly changed; therefore, the change
of standard deviation of precipitation is predominantly due to the increased moisture content q, whereas the
20–30 day precipitation standard deviation is further enhanced by the increasing vertical velocity.

The fractional change of variability in winter is different from that in summer. No clear enhancement
unique at the 20–30 day frequency range can be identified. Instead, for both moisture flux and rain rate,
the increase is rather homogeneous across different frequencies. The 850-hPa meridional eddy standard
deviation and density-weighted EKE also increase similarly at all frequencies, which may be due to a
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Figure 3. Fractional change of 850-hPa sensible and moist eddy fluxes, rain rate, meridional eddy velocity standard deviation, and density-weighted vertical average
of eddy kinetic energy (EKE) in the Community Earth System Model Large Ensemble simulations. The upper two rows show the fractional change of the intraseasonal
variability of the above quantities over the baroclinic annular mode latitudes (46°S–56°S in austral summer and 34°S–44°S in austral winter), while the lower two
rows show the fractional change of the seasonal-mean quantities. In all panels, the probability density function (PDF) distribution of the fractional change is obtained
using a kernel fitting for all 40 ensemble members. The curves are the maximum PDF, and the shading denotes the 95% confidence interval. (a and c) Fractional
changes of the square root of the variance of 850-hPa eddymoisture flux (cyan) and eddy sensible flux (red), rain rate (blue). (b and d) Fractional change of the square root
of the variance of 850-hPa meridional eddy velocity (red) and density-weighted EKE (black). In (a)–(d), all values are averaged between the 20–30 day periodicity
latitudes defined in the text, and the 20–30 day frequency range is denoted by a yellow band. (e–h) The 20–30 day periodicity region defined in the text is denoted
by a yellow band. The first and third rows show the austral summer (December–March), and the second and fourth rows show austral winter (June–September).
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lack of dynamical organization from the strong waveguide effects as in the austral summer. Nevertheless,
in terms of absolute change, in light of the elevated standard deviation at the 20–30 day frequency in the
current climate, the standard deviation at the frequency range of 20–30 day will increase more than other
frequencies. As a result, the 20–30 day variability will be more impactful for regulating large-amplitude
wave events.

In Figures 3e–3h, we find that the fractional change of seasonal-mean quantities within the latitudinal band
of the 20–30 day periodicity is substantially smaller than the change of the standard deviations, except for the
eddy moisture flux, which again shows the strongest increase (albeit still slightly smaller than its fractional
change in the intraseasonal variability). The seasonal-mean 850-hPameridional eddy velocity standard devia-
tion is reduced at all latitudes for both seasons, suggesting an overall reduced low-level kinematics in the
storm tracks. With the increased moisture, eddies can transport moist static energy more efficiently and
eddies are more organized around the 20–30 day frequency range as shown in Figures 3a and 3b. For eddy
sensible heat fluxes, the seasonal-mean increases no more than 5% even at the peak latitude; it decreases for
most of the latitudes (Figures 3e–3h). For seasonal-mean precipitation, the latitude of BAM sits right at the
nodal point of the poleward shift, thus features the smallest fractional change in the mean precipitation com-
pared with that in subtropics and higher latitudes. Interestingly, while the change of the intraseasonal varia-
bility of column EKE is characterized by an intensification by 20% at the latitudes of the 20–30 day periodicity,
the seasonal-mean density-weighted EKE primarily exhibits a meridional dipole structure following the pole-
ward shift of the jet, with little seasonal-mean change near the peak latitudes of BAM.

Regarding the horizontal structure of the fractional change, the column EKE variability increases preferen-
tially at BAM latitudes for both seasons (see Figure S1). The vertical structure of the fractional change of
the EKE variability demonstrates a vertical dipole structure: While EKE variability will decrease slightly in
the lower troposphere, EKE variability will increase significantly near tropopause (~100 hPa). The reduction
of the low-level EKE variability can be understood as baroclinic moist eddies becoming more efficient on
transporting moist static energy poleward, thus requiring an overall smaller wave amplitude. Interestingly,
for both SH summer and winter, the 20–30 day frequency range features a vertically coherent increase of
EKE variability throughout the troposphere.

According to the definition of the predictability based on the information theory (e.g., DelSole & Tippett,
2007), it is the sharpness, not the location, of the spectral peak of a damped oscillator like BAM that evinces
the predictability. The more prominent peaks at the 20–30 day frequency range of BAM seen in the future
warming scenario imply that BAM will become even more predictable as climate warms.

3.5. A Consistent Increase of Intraseasonal Variability in the CMIP5

To verify the robustness of the increase of the BAM variability detected from the CESM LENS, we further show
that qualitatively similar behavior can be found in other climate models in the CMIP5 (Taylor et al., 2012; see
Figures S4–S7). Daily precipitation, daily meridional wind and air temperature at 850 hPa, and EKE at all 8
available levels from 20 selected models of the CMIP5 are used to compute the power spectra of precipita-
tion, eddy heat flux, and EKE. The selection is to eliminate models with unreasonable biases in the climatolo-
gical mean jet and mean eddy heat flux (see Text S1 in the supporting information). The same historical and
RCP8.5 periods as the CESM LENS are used for the purpose of consistency. As different climate models feature
different zonal-mean basic states, we calculate the fractional change in the spectral space based on the
domain average between 30°S and 60°S.

We primarily focus on three variables—rain rates, 850-hPa eddy heat flux, and EKE. In Figures S4–S7, the frac-
tional changes of the three variables prove to be in general consistent with what has been seen in CESM
LENS, although, given that CMIP5 models with different basic states would place the 20–30 day power peak
at different latitudes, the uncertainty range is substantially larger compared to CESM LENS.

Several salient features can be nevertheless identified from the CMIP5 analysis, which are consistent with the
CESM LENS outputs: First, the intraseasonal variability of precipitation increases muchmore than the change of
seasonal-mean change. Second, the 20–30 day standard deviation of 850-hPa eddy sensible flux gets preferen-
tially increased in SH summer. Third, the standard deviation of 100-hPa EKE (and to a lesser extent the column-
averaged EKE, which was calculated only based on the available 8 levels) gets enhanced at the intraseasonal
time scales. Third, SH winter has a more uniform enhancement at all frequencies for precipitation and EKE.
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4. Conclusions

This work examines the change of the intraseasonal variability in the SH storm track. The main results include
the following:

1. We find a preferential intensification of the EKE and precipitation variability at intraseasonal time scale
in the SH storm track in the RCP 8.5 scenario, compared to their corresponding seasonal-mean
changes.

2. We highlight the fractional change is further enhanced in the 20–30 day frequency range, especially for
SH summer, implicative of a more predictable BAM in a warmer climate.

While the fundamental dynamics of the 20–30 day periodicity are still under investigation, we have demon-
strated that in climate model projections, the 20–30 day periodicity becomes an even more robust feature in
a warming climate in both seasons. Toward the end of the century, the BAM not only shifts poleward by 2° as
the jet shifts, but more importantly, the intensity of BAM increases significantly by 20% and 25% respectively
for EKE and precipitation.

Our understanding of the origin of the 20–30 day periodicity of BAM is the constructive and destructive inter-
ference of Rossby waves within the waveguide of the zonally symmetric jet structure during austral summer
(Wang & Nakamura, 2016). In a warming climate, a well-recognized feature is the narrowing and strengthen-
ing of the zonal jet, hence a stronger waveguide. This feature can be further evidenced by a robust enhance-
ment of the low-level temperature gradient at BAM latitudes (see Figure S2) and linked to the robust
enhancement of the SST gradient near the latitudes of storm track (e.g., Bengtsson et al., 2006; Marshall
et al., 2015). This morphological change in the zonal wind and the associated waveguide effect may provide
a dry-dynamics basis for the enhancement of the 20–30 day variability.

More importantly, a distinct attribute of the BAM from the annular mode is that it can be directly driven by a
diabatic wave source (Wang & Nakamura, 2016), while annular mode is only directly driven by eddy momen-
tum flux convergence and damped indirectly by the diabatic processes (Xia & Chang, 2014). The BAM occurs
primarily near the subtropical jet in winter and more in alignment with the merged jet in summer, both of
which featuring abundance of moisture for diabatic heating. Thus, an increased diabatic heating in a warm-
ing climate can cast impact directly on the 20–30 day periodicity by providing additional diabatic PV sources
to energize Rossby waves.

In recognition of the involvement of both the dry and moist processes in the BAM variability, we specu-
late that the enhanced waveguide effect provides a favorable environment for wave packet interference
and the increasing moisture supports a stronger diabatic feedback for the intraseasonal variability of the
BAM. Further mechanistic inquiries using a hierarchy of models and purposely designed experiments are
needed to unravel the root cause for the enhancement of the intraseasonal variability under
climate warming.
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