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Abstract A robust positive trend in the Southern Annular Mode (SAM) is projected for the end of the 21st
century under the Representative Concentration Pathway 8.5 scenario, which results in rainfall decreases in
the midlatitudes and increases in the high latitudes in the Southern Hemisphere (SH). We find that this
SAM trend also increases rainfall over the SH subtropics in austral summer but not in winter, leading to a
pronounced wintertime poleward expansion of the subtropical dry zone. These dynamically driven rainfall
changes by the SAM appear to oppose the thermodynamically driven projected rainfall changes in the

SH subtropics and midlatitudes, whereas the two components reinforce each other in the high latitudes.
However, we show that most climate models fall short in capturing the observed SAM component driven by
the El Niflo-Southern Oscillation and associated rainfall in the austral warm seasons, which limits our
confidence in quantifying the contribution of the SAM to projected rainfall changes.

1. Introduction

The Southern Annular Mode (SAM) is the leading mode of variability of the Southern Hemisphere (SH) extratro-
pical circulation on weekly to centennial time scales [e.g., Trenberth, 1979; Kidson, 1988; Hartmann and Lo, 1998;
Thompson and Wallace, 2000]. The positive phase of the SAM (positive SAM) is characterized by a poleward shift
of the eddy-driven jet that typically sits at ~50°S, resulting in a poleward shift of the SH storm track with conco-
mitant higher surface pressure in the midlatitudes and lower surface pressure at high latitudes [e.g., Hartmann
and Lo, 1998; Pezza et al., 2008]. Consequently, zonally symmetric anomalies of reduced rainfall/higher tem-
perature in the midlatitudes and enhanced rainfall/lower temperature in the high latitudes are observed with
positive SAM, and vice versa with negative SAM [e.g., Silvestri and Vera, 2003; Reason and Rouault, 2005; Gillett
et al., 2006; Sen Gupta and England, 2006; Hendon et al., 2007; Meneghini et al., 2007]. Furthermore, Kang et al.
[2011], Purich et al. [2013], and Hendon et al. [2014a] noted that positive SAM tends to increase rainfall over the
SH subtropics in austral spring-summer-autumn by inducing anomalous upward motion in the subtropics,
thus acting to shift poleward the descending branch of the Hadley circulation. Hendon et al. [2014a] further
argued that such change in the poleward extent of the Hadley circulation and associated increase of subtro-
pical rainfall during positive SAM are nearly absent in austral winter due to the presence of the strong winter
subtropical jet, which acts as a buffer between variations of the midlatitude to high-latitude circulation and
the Hadley circulation in the SH. As a result, the SH subtropical dry zone shifts poleward during spring-
summer-autumn but expands poleward during winter in association with a positive excursion of the SAM.

The SAM is regarded as primarily a stochastic component of weather variability with a typical decorrelation
time of ~2 weeks [e.g., Lorenz and Hartmann, 2001]. However, its low-frequency variability can be forced by
the El Nifno-Southern Oscillation (ENSO) [e.g., Karoly, 1989], stratospheric polar ozone depletion [e.g.,
Thompson and Solomon, 2002; Fyfe et al., 2012; Arblaster et al., 2014], and increasing greenhouse gases
(GHGs) [e.g., Fyfe et al., 1999, 2012]. In particular, a strong positive trend in the SAM is one of the most robust
projections of the 21st century climate as a result of increasing GHGs [e.g., Arblaster and Meehl, 2006]. Hence,
projected changes in future rainfall in the SH subtropics and extratropics will be sensitive to the future beha-
vior of the SAM that will be subject to the strength of GHG forcing relative to that of stratospheric ozone for-
cing [e.g., Barnes et al., 2014, Zheng et al., 2014; Wang et al., 2014] and also to the response of ENSO to the GHG
forcing [e.g., Yeh et al., 2009; Vecchi and Wittenberg, 2010].

The current study is aimed at investigating the contribution of the projected robust changes in the SAM to
the changes of SH precipitation at the end of the 21st century with focus on its seasonality. For this study,
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we use the models submitted to Phase Five of the Coupled Model Intercomparison Project (CMIP5) with the
radiative forcing following the Representative Concentration Pathway 8.5 (RCP8.5) [e.g., Flato et al., 2013]. The
end of the 21st century with the RCP8.5 scenario is considered here because a strong positive trend is
projected for the SAM as a result of the GHGs being a dominant forcing [e.g., Zheng et al., 2014], and there-
fore, a clear influence of the SAM on future rainfall changes can be identified. We will first examine the
capability of the CMIP5 models to simulate the observed relationship between SH rainfall variations and
the SAM in contrasting summer (December-February; DJF) and winter (June-August; JJA) seasons by
comparing relationships in the historical simulations of the CMIP5 to observed behavior for the base period
of 1979-2005. Then, we will diagnose the role of the projected changes in the SAM for the changes in rainfall
for 2071-2100 with the RCP8.5 scenario.

2. Models and Data

We analyze the historical runs for the period 1979-2005, for which high-quality global reanalysis data sets are
available, and the RCP8.5 scenario runs for the period 2006-2100, using 37 models (one simulation per
model) of the CMIP5 [Flato et al.,, 2013] (Table S1 in the supporting information). The model outputs are
interpolated to 1.5° latitude by 1.5° longitude grids.

The SAM index is formed by the difference of normalized 3 month averaged mean sea level pressure (MSLP)
anomalies at 40°S and 65°S, following the definition of Gong and Wang [1999]. The modeled SAM and rainfall
from the historical runs of the CMIP5 are compared to the observed SAM diagnosed using MSLP from the
ERA-Interim reanalyses [Dee et al., 2011] and the monthly GPCP rainfall analyses [Adler et al., 2003], respec-
tively, for the period 1979-2005. The GPCP rainfall data set is chosen for this study because it incorporates
surface rain gauge observations as well as satellite observations, and therefore, it would provide reliable
estimate of rainfall response to the SAM especially over the SH continents [e.g., Hendon et al., 2014a].

A significant proportion of SAM variation is observed to be forced by ENSO in austral warm seasons but not in
austral cold seasons [e.g., Karoly, 1989; L'Heureux and Thompson, 2006; Lim et al., 2013; Wang and Cai, 2013].
Therefore, we examine the CMIP5 models’ ability to simulate the seasonality of this teleconnection by corre-
lating the SAM index with the Nifo 3.4 index defined by the sea surface temperature (SST) anomalies aver-
aged over 5°5-5°N, 120°W-170°W. The observed Nifio 3.4 index is computed, using Hurrell et al's [2008]
SST analyses. Lastly, all anomalies are computed relative to the base period 1979-2005.

3. Observed Relationship of SH Rainfall and the SAM

Based on observations for the period 1979-2005, positive SAM is associated with nearly zonally uniform
increases of rainfall in the SH high latitudes and decreases of rainfall in the SH midlatitudes in all seasons
[e.g., Gillett et al., 2006; Sen Gupta and England, 2006; Hendon et al., 2014a] (Figures 1a and 1b). However,
the rainfall relationship with the SAM (both increase and decrease) over the subtropics (equatorward of
30°S) is stronger in summer than in winter, which appears to be largely due to the covariability of the SAM
and ENSO in austral warm seasons (Figure 1¢) [e.g., Hendon et al., 2014a]. When further removing the influ-
ence of the SAM trend from the ENSO-independent SAM and rainfall relationship (cf. Figures 1e and 1c¢), there
is little change compared to removing ENSO only from the original SAM index (cf. Figures 1c and 1a). Once
the ENSO signal and the trend are regressed out from the SAM index, the overall strength of the relationship
between SAM and rainfall is comparable between summer and winter over the SH subtropics and
extratropics (Figures 1c-1f).

A close inspection of the rainfall regression to the ENSO-removed detrended SAM (Figures 1e and 1f)
reveals that the zonally symmetric dry zone associated with positive SAM in the midlatitudes starts slightly
more poleward in summer than in winter (Figures 1e and 1f, dashed red lines; also see Figure S1 in the
supporting information). Furthermore, a substantial increase in rainfall is observed over South Africa and
Australia, southern Brazil, and the southern part of the South Pacific Convergence Zone (SPCZ) during posi-
tive SAM in summer, which is not seen in winter except for over eastern Australia and southern Brazil. These
features are found even with an extended analysis period of 1979-2014 and with the use of Marshall's [2003]
SAM index (except for the winter rainfall response over the tropical Pacific region and across inland Australia
being somewhat different with Marshall’'s [2003] SAM index but without statistical significance; not shown).
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Figure 1. Regression of GPCP rainfall to (a and b) the SAM index, (c and d) the ENSO-removed SAM index, and (e and f) the ENSO-removed and detrended SAM index
in December-January-February (DJF; Figures 1a, 1c, and 1e) and June-July-August (JJA; Figures 1b, 1d, and 1f) over 1979-2005. The dashed red line in Figures 1e and
1f indicates the latitude where zonal mean rainfall regression to the SAM changes its sign between the SH subtropics and the SH midlatitudes as shown in Figure S1
(i.e., the latitude where the SAM-driven midlatitude dry zone starts). Hatching indicates statistically significant regression at the 90% confidence level (c.l.) with 25
degrees of freedom, using a two-tailed Student’s t test.

This seasonality of the impact of the SAM on subtropical rainfall is consistent with the findings of Hendon et al.
[2014a]. They argued that the absence of the distinctive subtropical jet in summer leads to a meridionally
narrower subtropical breaking zone of extratropical baroclinic eddies during positive SAM, which sets a
steeper than normal latitudinal gradient of eddy-driven southward flow. The associated stronger divergence
of meridional flow induces stronger upward motion and associated rainfall increase in the SH subtropics in
summer during positive SAM. For the same reason, Hendon et al. [2014a] attributed the equatorward
expanded midlatitude dry conditions and the lack of subtropical rainfall response during positive SAM in
winter to the presence of the strong subtropical jet.

4, The SAM-Rainfall Relationship in the CMIP5 Historical Simulations

At first glance, the observed SAM-rainfall relationship is well reproduced in the CMIP5 historical runs (CMIP5
HIST) (Figures 2 and S1). This includes the shift to wetter subtropics-drier midlatitudes-wetter high latitudes in
summer and the northward expanded drier midlatitudes-wetter high latitudes in winter associated with posi-
tive SAM. However, while the strength of the observed relationship between the SAM and subtropical rainfall
is sensitive to the SAM-ENSO connection in summer, such sensitivity is hardly reproduced in the CMIP5 HIST
(Figures 2a and 2c compared to Figures 1a and 1c). This lack of sensitivity is because most of the models fall
significantly short in simulating the seasonality of the correlation between the SAM and ENSO (Figure 3a).
Only bcc-csm1-1-m and CMCC-CM skilfully simulate the seasonality of the SAM-ENSO connection with max-
imum negative correlations in the warm seasons and minimum correlations in the cold seasons. The SAM
trend in the warm seasons is also significantly underestimated in these historical run as reported in Zheng
et al. [2014] (Figure 3b). The seasonality and magnitude of the observed SAM trend is only captured in five
models (bcc-csm1-1-m, CMCC-CESM, HadGEM2-AO, IPSL-CM5B-LR, and MPI-ESM-MR).

Although the majority of the models fail to simulate these two key forced components of SAM variation, the
models skillfully reproduce the relationship between the internally driven SAM and the rainfall in both sum-
mer and winter (Figures 2e and 2f). The poleward shift of the northern boundary of the rainfall decrease and
the increase of the subtropical rainfall over South Africa, Australia, and the southern part of SPCZ during
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Figure 2. The same as Figure 1 but the mean of the rainfall regressions to the SAM of the 37 models in the CMIP5 HIST. Stippling indicates where three quarters or
more of the models agree with the mean of the regressions (i.e., the multimodel mean) between the rainfall and the SAM. The dashed red line in Figures 2e and 2f
indicates the latitude where the mean of individual model zonal mean rainfall regression to the SAM changes its sign between the SH subtropics and the SH
midlatitudes (Figure S1).

positive SAM in summer as compared to winter are correctly simulated. The good match between the
observed and the mean of the models for the rainfall relationship with the internally driven SAM in both
seasons is confirmed in the regression pattern of the zonal mean rainfall onto the SAM, as shown in Figure
S1.In contrast, the sign of the SAM-driven rainfall change in the models is opposite to that in the observation
over the subtropical central Pacific and northern Chile in summer, and the models significantly overestimate
the SAM-driven dry conditions over the southern parts of Chile and Argentina in winter (Figure 2).

Notwithstanding the relatively poor simulation of the ENSO-SAM relationship and SAM trend and the misre-
presentation of some local relations of the SAM-rainfall, the models skilfully capture the overall pattern and
strength of the SH rainfall relation to the internally driven SAM and its seasonality. Hence, we will explore the
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Figure 3. (a) Correlation of the SAM and Nifi03.4 SST indices and (b) the trend of the SAM index over the 1979-2005 for the
observation (black solid curve) and the CMIP5 HIST (thin dotted curves for individual models and red solid curve for the
mean of individual model correlations and regressions (i.e., the multimodel mean)). Correlation coefficients greater than
0.33 are statistically significant at the 90% c.l. with 27 independent samples, using a two-tailed Student’s t test in Figure 3a,
and the 90% confidence interval for the observed trend is shown with the grey shading in Figure 3b.
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Figure 4. Rainfall changes (a, b) 2071-2100 from the CMIP5 RCP8.5 compared to 1979-2005 from the CMIP HIST; (¢, d) as in Figures 4a and 4b but congruent with the
SAM change; and (g, f) the difference between Figures 4a and 4b and 4c and 4d. Stippling indicates where three quarters or more of the models agree with the

multimodel mean changes.

proportion of the projected rainfall change in the last 30 years of the 21st century resulting from the upward
trend in the SAM.

5. Projected Changes in SH Rainfall by the End of the 21st Century

Projected rainfall changes obtained from the last 30 years (2071-2100) of the CMIP5 RCP8.5 compared to the
27 years (1979-2005) of the CMIP5 HIST demonstrate strong increases of rainfall in the tropics and the SH
mid-high latitudes and decreases in the SH subtropics (Figures 4a and 4b) [see also, e.g., Collins et al.,
2013]. It is interesting to note that the wet-dry-wet pattern of the change from the tropics to the SH extratro-
pics is much more pronounced in winter than in summer, with projected significant drying over South Africa,
southern Madagascar, eastern and western Australia, and central Chile.

We now address how much of these projected rainfall changes stems from the projected trend in the SAM.
We base the analysis on the SAM index that is linearly independent of ENSO (hereafter, SAM|enso). Because the
weak relation of the SAM and ENSO shown in the mean of the CMIP5 HIST simulations stays unchanged
throughout the 21st century in the CMIP5 RCP8.5 (not shown), the removal of the ENSO from the SAM index
does not make a significant difference in the results presented in the rest of the paper. An upward trend in
the SAMjenso is robustly projected to result from increasing GHGs [e.g., Kushner et al., 2001; Cai et al., 2003;
Miller et al., 2006; Gillett and Fyfe, 2013; Purich et al., 2013; Zheng et al., 2014] (Figure S2). Using the RCP8.5 sce-
nario, a positive trend in the SAM|eno is found in all seasons with the largest trend (~2 standard deviation (o)
increase over 1979-2100) in autumn from April to June and the smallest trend (~1.3¢) in summer from
November to February (Figure S3). The smallest positive trend in the SAM in summer is likely to result from
the competing effects between the recovery of the Antarctic stratospheric ozone and the increasing GHGs
in the first half of the 21st century as suggested by Barnes et al. [2014] and Wang et al. [2014].

To estimate the change in rainfall that is congruent with the change of the SAM¢nso, We scale the regression
coefficients, which were obtained by regressing the rainfall anomalies onto the detrended SAMenso index
using the CMIP5 HIST for the 1979-2005 period (Figures 2e and 2f), by the difference of the SAMenso index
from 1979-2005 to 2071-2100. We can justify the use of this method as the relationship between rainfall
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anomalies and the detrended SAMen o remains relatively unchanged in the 21st century simulations (Figure
S4). The regression coefficients and the SAM|enso index are calculated in each of 37 models, and the multimo-
del mean of the individual scaled regressions is shown in Figures 4c and 4d. The multimodel mean change of
the SAM|enso between the two periods is 1.0¢ in summer and 1.4¢ in winter. As expected from the SAM-
rainfall association simulated in the CMIP5 HIST, the projected positive trend of the SAM s, appears to result
in significant increases of the rainfall over the SH subtropics including South Africa and Australia; significant
decreases of the rainfall over the SH midlatitudes including Tasmania of Australia, New Zealand, and the
southern tips of Chile and Argentina; and significant increases of the rainfall over the Antarctic circumpolar
trough region in summer (Figure 4c).

Overall, a similar pattern of rainfall change associated with the SAMen is found in winter (Figure 4d). However, in
winter the northern boundary of the midlatitude drying signal associated with the SAM|ens, is extended equator-
ward reaching the southern ends of the Australian continent, and the SAM|enso-congruentincrease of the subtro-
pical rainfallis not as strong as in summer. These two winter features of the SAM|enso-rainfall relationship together
explain how the positive trend of the SAM would contribute to the poleward expansion of the SH subtropical dry
zone in the future climate with increasing GHGs [e.g., Previdi and Liepert, 2007]. A significant rainfall reduction
associated with the positive trend of the SAMjen, is seen over the southern tip of South America in winter, but
there is a large uncertainty in this winter change due to the low skill of the models to reproduce the observed
South American rainfall-SAM relationship in the CMIP5 HIST as shown in Figures 2b, 2d, and 2f.

A comparison of the total projected rainfall changes to those congruent with the SAMenso change reveals
that the projected rainfall changes tend to be offset by the rainfall changes driven by the enhanced positive
SAMenso in the SH subtropics (equatorward of ~30°S) and midlatitudes (~30°-50°S) in summer and in the SH
midlatitudes (~40°-50°S) in winter (Figures 4c-4f). In other words, the positive trend of the SAMenso appears
to play a mitigating role for the drying of the SH subtropics and the wettening of the SH midlatitudes
projected in the end of the 21st century. Previous studies [e.g., Emori and Brown, 2005; Held and Soden,
2006; Seager et al.,, 2010] have shown that an increase of the atmospheric moisture content in a warmer
world, following the Clausius-Clapeyron relation (namely, the wet get wetter-dry get drier/thermodynamic
processes), is a dominant contributor to the drying of the poleward side of the SH subtropics and the moist-
ening of the SH extratropics. Our investigation with a subset of CMIP5 models (27 models) shows an offset
between the SAM-driven and the thermodynamically driven rainfall changes in the SH subtropics and
midlatitudes (Figure S5). On the other hand, the strong positive trend in the SAMjenso appears to exacerbate
the drying of the southern ends of Australia in winter (i.e., a poleward expansion of the subtropical dry zone)
and enhance the significant wettening of the SH polar region in both summer and winter [e.g., Watterson,
1998; Seager et al., 2010].

6. Concluding Remarks

The SAM is the leading mode of variability of the SH extratropical circulation on various time scales beyond
1 week, and therefore, it significantly impacts the weather and climate of the SH. Given a strong consensus in
the climate models that the SAM will trend toward its positive phase in the climate under a scenario of high
emissions of GHGs [e.g., Christensen et al., 2013; Zheng et al., 2014], we have attempted to understand the
impact of such change in the SAM on future rainfall by assessing the CMIP5 historical simulations and pro-
jected simulations with the RCP8.5 forcing.

Using 37 models from the CMIP5 archive, our analyses show that the historical runs skilfully simulate the
observed relationship between the SAM and the SH rainfall in austral summer and winter seasons, although
they fall short in capturing the SAM component forced by ENSO and the upward trend in the SAM due to
stratospheric SH polar ozone depletion and increasing GHGs. In the last 30 years of the 21st century under
the RCP8.5 scenario, the SAM component that is independent of ENSO is projected to be more positive by
1.00 and 1.40 than that of the last 27 years of the twentieth century in summer and winter, respectively.
These changes of the SAM lead to decreased rainfall in the SH midlatitudes and increased rainfall in the SH
high latitudes in both summer and winter. On the other hand, the impact of the future changes of the
SAM on SH subtropical rainfall shows strong seasonality with increasing rainfall in summer but not in winter,
resulting in a poleward expansion of the subtropical dry zone in the winter season. In comparison, SH rainfall
without the contribution of the SAM is projected to decrease in the subtropics and increase in the mid-high

LIM ET AL.

THE SAM'S IMPACT ON FUTURE SH RAINFALL 7165



@AG U Geophysical Research Letters

10.1002/2016GL069453

Acknowledgments

This study is supported by the Victorian
Climate Initiative. Julie Arblaster is
partially supported by the Australian
Climate Change Science Program and
the Regional and Global Climate
Modeling Program (RGCM) of the U.S.
Department of Energy’s Office of
Biological and Environmental Research
(BER) Cooperative Agreement DE-FC02-
97ER62402. We are grateful to Christine
Chung and Scott Power at the Bureau of
Meteorology for providing valuable
comments on earlier versions of the
manuscript. The NCAR Command
Language (NCL; NCL 2014) was used for
data analysis and visualization of the
results. We acknowledge the World
Climate Research Programme’s Working
Group on Coupled Modelling, which is
responsible for CMIP, and we thank the
climate modeling groups (listed in Table
S1 in the supporting information of this
paper) for producing and making
available their model output. We also
acknowledge NCAR/UCAR, ECMWF, and
NOAA for producing and providing
Hurrell et al. [2008] SST analysis,
ERA-Interim reanalysis, and GPCP
precipitation data.

latitudes, a significant portion of which is accounted for by the Clausius-Clapeyron effect. Consequently,
projected changes in the SAM appear to mitigate the wettening of the midlatitudes and to enhance the
wettening of the Antarctic circumpolar trough region in both summer and winter seasons, while mitigating
the drying of the SH subtropics in summer but expanding it poleward in winter.

The teleconnection between the SAM and SH rainfall is observed to be substantially strengthened by the rela-
tionship of the SAM with ENSO in the austral warm seasons, which is not captured in the historical runs by
most models. The inability of the CMIP5 models to capture the covariability of the SAM and ENSO and asso-
ciated rainfall substantially limits the confidence in their future rainfall projections, especially regarding the
future projections of extreme seasonal rainfall, since it can result from the concurrence of SAM and ENSO
events [e.g., Hendon et al., 2014b; Lim and Hendon, 2015; Lim et al., 2016]. Therefore, future research should
be prioritized to diagnose the causes of the model bias in simulating this tropical-extratropical interaction
and to reduce the bias.
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