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ABSTRACT

Rainfall in southeastern Australia (SEA) decreased substantially in the austral autumn (MarchÐMay) of
the 1990s and 2000s. The observed autumn rainfall reduction has been linked to the climate changeÐinduced
poleward shift of the subtropical dry zone across SEA and natural multidecadal variations. However,
the underlying physical processes responsible for the SEA drought are still not fully understood. This
study highlights the role of sea surface temperature (SST) warming in the subtropical South PaciÞc (SSP)
in the autumn rainfall reduction in SEA since the early 1990s. The warmer SSP SST enhances rainfall to
the northwest in the southern South PaciÞc convergence zone (SPCZ); the latter triggers a divergent over-
turning circulation with the subsidence branch over the eastern coast of Australia. As such, the subsidence
increases the surface pressure over Australia, intensiÞes the subtropical ridge, and reduces the rainfall in
SEA. This mechanism is further conÞrmed by the result of a sensitivity experiment using an atmospheric
general circulation model. Moreover, this study further indicates that global warming and natural multi-
decadal variability contribute approximately 44% and 56%, respectively, of the SST warming in the SSP since
the early 1990s.

1. Introduction

Rainfall in southeastern Australia (SEA) in the aus-
tral autumn season [MarchÐMay (MAM)] plays an im-
portant role in generating annual inßow across the river
systems of the region. The autumn rainfall wets the
catchments after the dry summer season, and therefore
rainfall in the following winter and spring can be efÞ-
ciently converted to runoff and catchment inßows (Cai
and Cowan 2008; Murphy and Timbal 2008). The annual

inßow into the southern part (south of 338S) of the
longest Australian river system, the MurrayÐDarling
basin (MDB), is mainly derived from rainfall in SEA
(Gallant et al. 2012). As the most important agricultural
region, the MDB produces one-third of the Australian
food supply and supports over a third of the total gross
value of agricultural production. Annual inßow into
catchments within the MDB, especially in the southern
part, is highly sensitive to autumn rainfall variations (Cai
and Cowan 2013). During the two decades in the 1990s
and 2000s, the autumn rainfall amounts in SEA de-
creased remarkably (Fig. 1a). The decadal reduction inCorresponding author: Zhongda Lin, zdlin@mail.iap.ac.cn
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autumn rainfall caused a severe drought during 1997Ð
2006 over SEA (Murphy and Timbal 2008) and led to
the shortage of surface water resource for irrigation and
domestic purposes (Leblanc et al. 2009). Thus, under-
standing the decadal drought has attracted signiÞcant
interest and attention, particularly in terms of possible
causes and policy options in response to the decrease.

Previous studies have identiÞed a range of factors as
potential contributors to the rainfall reduction over
SEA. For the sea surface temperature (SST) drivers,Cai
et al. (2011) proposed that the positive Indian Ocean
dipole (IOD) can trigger an equivalent-barotropic
Rossby wave train emanating from the Indian Ocean
and induce an anticyclone anomaly across southern
Australia, which reduces rainfall over SEA. As such,
the increased frequency of positive IOD events during

recent years (Cai et al. 2009) may explain a signiÞcant
portion of the observed rainfall decline across SEA in
the late austral winter and spring. However, the stron-
gest rainfall reduction over SEA occurred in the austral
autumn when the rainfallÐIOD relationship is weak, so
that the recent MAM rainfall decline over SEA was not
likely induced by a trend in IOD events ( Timbal and
Hendon 2011).

Another important factor is El Ni ñoÐSouthern
Oscillation (ENSO). However, ENSO cannot explain
the recent autumn rainfall decline over SEA due to two
facts: 1) the ENSO affects SEA rainfall through the
tropical Indian Ocean via the equivalent-barotropic
Rossby wave train, a response that is triggered by
anomalous divergence associated with the IOD-induced
convection anomalies (Cai et al. 2011), and 2) the impact
of the ENSO on SEA rainfall is typically most signiÞcant
in the austral spring because of the signiÞcant correla-
tion between the ENSO and the IOD in this season
(Ummenhofer et al. 2009; Cai et al. 2011). In addition,
Taschetto and England (2009)revealed that the El Ni ño
Modoki events, with a distinct warm SST anomaly cen-
tered in the central PaciÞc and two weaker cold anom-
alies in the west and east of the PaciÞc basin (Ashok
et al. 2007), may lead to a decrease in SEA rainfall
in autumn on an interannual time scale. But these
events cannot explain the SEA rainfall decline in au-
tumn, since they show no signiÞcant trend (Nicholls
2010). Finally, the SST around northern Australia is
strongly correlated with SEA autumn rainfall ( Cai and
Cowan 2008; Nicholls 2010; Watterson 2010). However,
the recent warming of the ocean around northern
Australia should actually have led to increased rainfall
rather than the observed autumnÐwinter rainfall decline
in SEA ( Nicholls 2010).

In addition to the SSTs, the southern annular mode
(SAM) is also an important factor that affects SEA
rainfall ( Hendon et al. 2007; Meneghini et al. 2007;
Nicholls 2010; Gallant et al. 2012; Verdon-Kidd et al.
2014). Nicholls (2010) suggested that the strong trend in
the SAM is able to explain over 70% of the observed
autumnÐwinter (from March to August) drying trend
during 1958Ð2007. However, the impact of the SAM
may only exist in the austral winter (JuneÐAugust)
because a signiÞcant inverse relationship between the
SAM and SEA rainfall exists in winter but not in autumn
(Meneghini et al. 2007; Cai and Cowan 2013). Hendon
et al. (2007) suggested that the SAM contributed to
much of the observed positive trend of rainfall in SEA
during the austral summer season for the period of 1979Ð
2005, and its effect on other seasons was small. Based on
model outputs from phase 5 of the Coupled Model
Intercomparison Project (CMIP5), Purich et al. (2013)

FIG . 1. (a) Time series of MarchÐMay (MAM) mean land rainfall
total (mm) in SEA south of 33 8S and east of 1358E (solid line) from
1900 to 2018 and its interdecadal component (dashed line). (b) The
sliding value of the Lepage statistics of the SEARI before and after
9 years. The years 1991 and 2010 (vertical solid red lines) are
identiÞed as two changepoint years, with the maximum statistical
values exceeding the critical value of 5.99 (horizontal dashed line),
indicating that both changepoint years are signiÞcant at the 0.05
level. (c) The wavelet analysis of the SEARI, with negative values
shaded.
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projected a strong positive trend in the austral autumn
SAM but little change in rainfall across SEA. Cai and
Cowan (2013)also demonstrated that the mean sea level
pressure pattern associated with MAM rainfall vari-
ability across SEA does not exhibit a SAM-like struc-
ture (Fig. 2b in Cai and Cowan 2013) in the period of
1979Ð2008; in other words, there is no signiÞcant cor-
relation between the SAM and rainfall over SEA in
the austral autumn. On the other hand, several studies
have suggested that interactions between the SAM and
other processes can cause the SEA rainfall reduction
(Verdon-Kidd and Kiem 2009a; Gallant et al. 2012).
However, there is still no deÞnite answer of the signiÞ-
cance or quantitative impact of the SAM on the recent
SEA autumn rainfall reduction.

Cai et al. (2012) found that the reduction of SEA
autumn rainfall coincides with a poleward expansion of
the tropical belt and subtropical dry zone by approxi-
mately 28Ð38 in the same season. The poleward shift
of the tropical belt is associated with the southward
shift of Hadley circulation in the Southern Hemisphere
under global warming (Kushner et al. 2001; Lu et al.
2007), which may enhance the subtropical ridge (STR)
over SEA ( Murphy and Timbal 2008) and then cause
the decline of the SEA rainfall in MAM ( Larsen and
Nicholls 2009). Timbal and Drosdowsky (2013) indi-
cated that approximately two-thirds of the observed
rainfall decline for the period of 1997Ð2009 can be ac-
counted for by the strengthening of the ridge. In addi-
tion, the poleward shift of the westerlies under global
warming also leads to the poleward movement of
the midlatitude storm track so that the storm activity
largely misses SEA (Frederiksen et al. 2011; Frederiksen
et al. 2013). In summary, the observed change over
the past few decades is consistent with a poleward
shift of the ocean and atmosphere circulation (Cai and
Cowan 2013).

As reviewed above, the SEA rainfall decline in recent
decades has mostly been treated as a drying trend. On
the other hand, the SEA rainfall decline may also be
attributable to multidecadal variability ( Murphy and
Timbal 2008; Gallant et al. 2012; Gergis et al. 2012; Cai
et al. 2014; Verdon-Kidd and Kiem 2014; Verdon-Kidd
et al. 2014). Gergis et al. (2012)pointed out that there
is a 97.1% probability that the decadal rainfall anomaly
recorded during 1998Ð2008 was the worst experienced
since 1783 based on multiproxy reconstruction of rain-
fall variability from the midlatitude region of SEA.
In addition, two other drought decades in SEA also
occurred from 1895 to 1902 and from 1936 to 1945
(Ummenhofer et al. 2009; Verdon-Kidd and Kiem
2009a; Timbal and Fawcett 2013; Chowdhury et al.
2015). Moreover, the autumn decadal drought in the

1990s and 2000s seems weakened (despite having no
break) during the past several years due to the recovery
of autumn rainfall in SEA ( Fig. 1).

Various efforts were made to understand the mecha-
nisms of the multidecadal variations of the SEA rainfall.
Verdon-Kidd and Kiem (2009a) reported that the de-
cadal rainfall reduction in SEA during the period of
1997Ð2008 is consistent with the decrease in the number
of rainy days and the intensity of daily rainfall events,
which is likely due to a decrease in the monsoon de-
pression over eastern Australia (Verdon-Kidd et al.
2014). The multidecadal ßuctuations of the SEA rainfall
have been also linked to the interdecadal PaciÞc oscil-
lation (IPO) through variations of the South PaciÞc
convergence zone (SPCZ) (Folland et al. 2002) and
the magnitude and frequency of the impact of ENSO
(Power et al. 1999; Kiem et al. 2003; Kiem and Franks
2004; Verdon-Kidd and Kiem 2009b). However, the
mechanisms responsible for the SEA drought are still
not fully understood.

This study further investigates the underlying physical
process for the recent decadal rainfall reduction in the
autumn in SEA. We propose a new mechanism that the
increasing SST in the subtropical South PaciÞc (SSP)
could induce the signiÞcant decadal decline in the SEA
autumn rainfall around the early 1990s. It provides an
alternative pathway for global warming causing the SEA
decadal drought in the 1990s and 2000s and clariÞes the
underlying mechanism of the IPOÕs impact on the SEA
rainfall through the mediating role of the warmer SST in
the SSP.

2. Data and methods

The study region (SEA) is selected as the box area
south of 338S and east of 1358E. The averaged autumn
(MAM) precipitation totals in SEA during the period
of 1900Ð2018 are downloaded from the Bureau of
Meteorology (BoM) website ( http://www.bom.gov.au/
cgi-bin/climate/change/timeseries.cgi). The observational
grid data of monthly Australian precipitation totals
during 1900Ð2010 with a resolution of 0.258 latitude 3
0.258 longitude, which were calculated from the
Australian Water Availability Project (AWAP) gridded
dataset of daily rainfall ( Jones et al. 2009), are used in
this study. The time series of the BoM SEA rainfall in
the austral autumn is almost identical to that based on
the AWAP data, with a correlation coefÞcient r of
0.9992 between them during the 1900Ð2010 period. But
it should be noted that the AWAP data are interpolated
from gauges of the BoM gauging network, which may
underestimate precipitation in high rainfall area and
high mountains, where the BoM gauges are lacking, and
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overestimate precipitation in low rainfall areas (Beesley
et al. 2009; Tozer et al. 2012; King et al. 2013; Chubb
et al. 2016). In addition, to reveal rainfall changes in
the neighboring seas, especially in the SPCZ, concur-
rent with the changes in the SEA rainfall, precipitation
data derived by the Global Precipitation Climatology
Project (GPCP) at a 2.58 3 2.58grid during the period of
1979Ð2016 (Huffman et al. 1997; Adler et al. 2003) are
also used.

The atmospheric variables, including zonal and me-
ridional winds and vertical pressure velocity during
the period of 1948Ð2018 at a 2.58 3 2.58 grid, are de-
rived from the National Centers for Environmental
PredictionÐNational Center for Atmospheric Research
(NCEPÐNCAR) reanalysis (Kalnay et al. 1996). The
subtropical ridge index (STRI), deÞned as the local
maxima in the monthly surface pressure along zonal
proÞles for a 58 longitude band (1458Ð1508E) between
108and 448S (Drosdowsky 2005), is used. The SST data
at a 18 3 18grid are derived from the Hadley Centre Sea
Ice and Sea Surface Temperature dataset (HadISST)
during the period of 1870Ð2018 (Rayner et al. 2003).
Also used is global-mean surface temperature index,
which is constructed using the National Aeronautics and
Space AdministrationÕs (NASAÕs) Goddard Institute
for Space Studies (GISS) surface temperature data and
downloaded from the website (https://climate.nasa.gov/
vital-signs/global-temperature/).

We employ the Lepage test (Lepage 1971; Yonetani
and McCabe 1994) to test signiÞcant differences be-
tween two samples; this is the same test used byKwon
et al. (2007) and Liu et al. (2011). The Lepage test sta-
tistic presented by Yonetani and McCabe (1994) is
adopted to denote a combination of standardized
WilcoxonÕs and Ansari-BradleyÕs statistics (Lepage
1971). If the statistic is greater than the critical value of
5.99, the mean change between two samples is signiÞ-
cant at the 0.05 level.

A wavelet method based on the maximum discrete
wavelet transform (Percival and Mofjeld 1997) is em-
ployed to extract the interdecadal component, with pe-
riods being larger than 16 years, from the associated
Þelds. Because the interdecadal components are serially
autocorrelated, to test the signiÞcance of correlation
between them we have adjusted the degrees of freedom
using the effective number of degrees of freedom esti-
mated by the modiÞed Chelton method (Li et al. 2012).
In addition, the wavelet analysis is employed to detect
time evolution of the decadal to interdecadal signals of
SEA rainfall with the Morlet as the wavelet basis func-
tion ( Torrence and Compo 1998).

The Geophysical Fluid Dynamics Laboratory (GFDL)
atmospheric general circulation model (AGCM), version

2.1 (AM2.1), is used to investigate the role of SST in
inßuencing Australian rainfall. AM2.1 employs the Þnite-
volume dynamical core (Lin 2004). It has a horizontal
resolution of 28 latitude 3 2.58 longitude and adopts
hybrid coordinate in the vertical direction, with 24 levels
ranging from approximately 30 m above the surface up
to 3 hPa (approximately 40 km). The land model cou-
pled in AM2.1 is LM2.1, which is based on the land
dynamics model described byMilly and Shmakin (2002).
A comprehensive description and a model evaluation
with prescribed SSTs are given byAnderson et al. (2004)
and Delworth et al. (2006).

3. Change in SEA autumn rainfall since the
early 1990s

Figure 1a shows the 119-yr time series of autumn
SEA rainfall (SEAR) from 1900 to 2018. The 119-yr
mean autumn rainfall in SEA is 145 mm. The amount
of rainfall is greatly decreased in the 1990s and 2000s.
As shown in Fig. 1b, the statistic values of the sliding
Lepage test (Lepage 1971; Yonetani and McCabe
1994) are larger than the critical value of 5.99 in the
early 1990s, with the maximum in 1991, indicating
that the autumn SEAR underwent a signiÞcant change
in 1991 at the 0.05 level. This manifests one-third of
the rainfall reduction post 1990: the 19-yr mean
rainfall decreased by approximately 48 mm from
159 mm in the 1972Ð90 period to 111 mm in the 1991Ð
2009 period.

To illustrate more clearly the time evolution of the
interdecadal component, Fig. 1c shows the wavelet
components of the SEAR. The SEAR exhibits strong
interdecadal variations with the periods of 60Ð80 years.
During the past 119 years, the SEAR experienced
two drought periods from the early 1920s to the late
1940s and from the early 1990s to the late 2000s and
one wet period in between. Moreover, the deÞcit of
SEAR is more severe during the second drought period
in comparison with that in the Þrst drought period
(Fig. 1c), which is consistent with the greater SEAR
reduction (Fig. 1a) and the larger statistical value of
the Lepage test (Fig. 1b) around the early 1990s. In
addition, another signiÞcant change seems to occur in
the late 2000s with the maximum statistical value of
the Lepage test in 2010. However, due to the limita-
tion of the SEAR data, the reliability and signiÞcance
of the change in the late 2000s is still in question. In
this study, we focus on the decadal change in the early
1990s. Here, and for the remainder of the paper, we use
two equal 19-yr periods, namely, 1972Ð90 and 1991Ð
2009, to represent the decadal wet and dry epochs be-
fore and after the changepoint year 1991. The decadal
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change is calculated as the difference between the latter
period and the former period.

Figure 2 shows the spatial distribution of the decadal
rainfall change in Australia in the early 1990s. Rainfall
reduction occurred in SEA and extended northward
along the eastern coast. The rainfall decline along the
eastern coast of Australia is concurrent with the rainfall
increase in the SSP, off the northeastern coast of
Australia ( Fig. 3a). The increased rainfall is situated
in the southern rim of the SPCZ, leading to the
southward expansion and intensiÞcation of the SPCZ
after the early 1990s.

The change of autumn rainfall in SEA is related to an
in situ southwesterly wind anomaly and a remarkable
anticyclone anomaly over Australia in the lower tropo-
sphere (Fig. 3b). The anticyclone anomaly enhances
the STR intensity over SEA. The relationship between
the stronger STR and the rainfall reduction in SEA is
consistent with the result of Timbal and Drosdowsky
(2013), who indicated that nearly two-thirds of the
observed rainfall decline in the austral autumn for
the 1997Ð2009 period can be accounted for by the
strengthening of the ridge. In addition to the anticy-
clonic anomaly over Australia in the lower troposphere,
a signiÞcant anticyclonic anomaly is also observed over
the SSP in the upper troposphere (Fig. 3c). Related
to the two anticyclonic anomalies, wind diverges over
the east coast of Australia and converges over the
SPCZ in the lower troposphere (Fig. 3d), and an oppo-
site situation occurs in the upper troposphere (Fig. 3e).
The divergenceÐconvergence anomalies consist of a
regional overturning circulation between the east coast
of Australia and the SPCZ. Correspondingly, vertical
motion is suppressed over the east coast of Australia
and enhanced over the SPCZ (Fig. 3f), resulting in a
rainfall reduction extending from SEA to northeastern
Australia and a rainfall increase over the SPCZ (Fig. 3a).
Therefore, the observed decadal change of SEA autumn
rainfall is linked to a regional overturning circulation
between the east coast of Australia and the SPCZ. This
raises the question of what drives the regional over-
turning circulation.

4. Linking to SST warming in the SSP

Figure 4a shows the difference of SST in MAM be-
tween the dry (1991Ð2009) and wet (1972Ð90) periods.
It is evident that the SEA autumn rainfall is related to a
concurrent SST warming centered in the SSP region
after 1991. The signiÞcant warming in the SST occurs in
each month of the austral autumn (Figs. 4bÐd). To in-
vestigate the historical signiÞcance of the interdecadal
relationship between the SEA autumn rainfall and the

SST in the SSP, we construct an SSP SST index (SSPI;
Fig. 5a) by averaging the SST anomalies in the SSP re-
gion (58Ð308S, 1658EÐ1158W). The correlation between
the interdecadal components of the SSPI and the SEA
rainfall index (SEARI) is 2 0.77 during the 1900Ð2018
period, which is signiÞcant at the 0.05 level based on
the correlation test with the adjusted degrees of free-
dom by the modiÞed Chelton method (Li et al. 2012).
Corresponding to the interdecadal correlation, the dry
period in SEA after 1991 is related to the warmer SST in
the SSP after the early 1990s. Moreover, extended back
to 1900, the SST in the SSP also reached a peak in the
late 1930s when a severe drought occurred in SEA.
Result from the wavelet analysis suggests that the SSPI
exhibits strong interdecadal variations on the periods
of 60Ð70 years, with two warm phases from the late
1920s to early 1950s and from the early 1990s to the late
2000s (Fig. 5b). The two warm phases are concurrent
with the two drought phases of the autumn rainfall in
SEA ( Fig. 1c). These results indicated that the SST
warming in the SSP may have enhanced the decadal
droughts in SEA.

To investigate the role of SST warming in the SSP on
the decadal droughts in SEA, the GFDL AM2.1 is
employed. Two sets of experiments are performed with
the AGCM. The control run is forced with the clima-
tological monthly mean SST averaged over the 1971Ð
2000 period. The sensitivity experiment is forced with
the same SST prescribed in the control run plus the
monthly warm SST anomalies over the SSP domain in
MAM between the periods of 1991Ð2009 and 1972Ð
90 (Fig. 4). Here, only the warm SST anomalies are
added to highlight the impact of the SSP SST warming.
Both experiments are integrated for 21 years and the

FIG . 2. Change in Australian rainfall in MAM between the two
19-yr periods of 1991Ð2009 and 1972Ð90. Light and dark shadings
denote the signiÞcance levels of 0.1 and 0.05, respectively, based on
a StudentÕst test. The contour interval is 0.5 mm day2 1, and the
contour of zero is omitted.

15 MARCH 2020 L I N E T A L . 2253

�X�q�d�x�w�k�h�q�w�l�f�d�w�h�g�#�•�#�G�r�z�q�o�r�d�g�h�g�#�4�4�2�3�7�2�5�7�#�3�4�=�3�5�#�D�P�#�X�W�F



simulations in years 2Ð21, considered as 20 ensemble
members with different initial conditions on 1 March,
are used. The difference between the sensitivity and
control runs represents the impact of the warmer SST
over the SSP in the austral autumn. The atmospheric
forcings, such as greenhouse gases, aerosols, and ozone,
are Þxed at the year-2000 level.

Figure 6 shows the simulated responses to the warm
SST anomaly over the SSP in the austral autumn.
Rainfall is reduced in SEA ( Fig. 6a), similar to the ob-
served decadal rainfall change after 1991 (Fig. 3a). The
mean rainfall response in SEA is 0.37 mm day2 1 or a
total of 34 mm in MAM, which is approximately 70%
of the observational rainfall decline of 48 mm after
the early 1990s. In addition, the decrease of rainfall in
northeastern Australia and the increase of rainfall in the
SPCZ are also reproduced. The rainfall responses are

related to two anticyclonic anomalies over Australia
in the lower troposphere (Fig. 6b) and over the SSP in
the upper troposphere (Fig. 6c), respectively, and a re-
gional divergent overturning circulation between east-
ern Australia and the SSP (Figs. 6dÐf). The responses
are in good agreement with the observation (Fig. 3). The
response of the suppressed rainfall over SEA is related
to local anomalies of divergence in the lower troposphere
(Fig. 6d), descent (Fig. 6f), and convergence in the upper
troposphere (Fig. 6e). In the SPCZ, the response of the
enhanced rainfall is related to the lower-tropospheric
convergence, ascent, and upper-tropospheric divergence.
The similarity in rainfall and atmospheric circulation
between the model simulations and the observed de-
cadal change indicates that the SST warming in the SSP
since the early 1990s contributes signiÞcantly to the
rainfall reduction in SEA.

FIG . 3. As in Fig. 2, but for (a) GPCP precipitation (shading), (b) 850- and (c) 200-hPa horizontal winds (vectors),
(d),(e) their divergent component (vectors) superimposed with horizontal divergence (contours), and (f) 500-hPa
vertical pressure velocity (contours). The 1979Ð90 period, instead of the 1972Ð90 period, is used for composite
GPCP precipitation differences due to the absence of data before 1979. SigniÞcance anomalies are dotted in (a) at
the 0.1 level and shaded in (d)Ð(f) with light and dark shadings at the levels of 0.1 and 0.05, respectively, and the
thick black arrows are signiÞcant at the 0.1 level in (b) and (c). The signiÞcances are estimated based on a StudentÕst
test. The black contour interval is 3 3 102 7 s2 1 in (d) and (e) and 0.005 Pa s2 1 in (f). The scale for the vectors is
plotted in the top-right corner of each panel in (b)Ð(e). The red and green contours in (a) depict the SPCZ averaged
for the 1979Ð90 and 1991Ð2009 periods, respectively, with the mean precipitation exceeding 6 mm day2 1.
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The above analysis of the SST-forced experiments
conÞrms a mechanism that the warmer SST in the SSP
induces a decadal reduction of SEA autumn rainfall
through a divergent overturning circulation response.
SpeciÞcally, the impact of a warmer SSP SST on the
SEA rainfall can be interpreted by the associated di-
vergent overturning circulation, which is characterized
by the reversal variations of velocity potential over the
SSP and Australia in both the upper and lower tropo-
sphere (Fig. 7). The warmer SST in the SSP increases
local rainfall, resulting in the release of latent heating in
the SSP, and thus induces the convergence in the lower
troposphere, ascent, and divergence in the upper tro-
posphere over the SSP (Fig. 6). Meanwhile, the upper-
tropospheric divergent ßow converges toward the west,
with convergence over the east coast of Australia and
the coupled subsiding motion and divergence in the
lower troposphere. As such, rainfall decreases along the
east coast of Australia including SEA.

The previous studies have suggested that the climate
changeÐinduced poleward shift of oceanÐatmosphere
circulation in the Southern Hemisphere may shift the
position of the subtropical dry zone and cause the recent
autumn rainfall decline in SEA in the 1990s and 2000s
(Cai et al. 2012; Cai and Cowan 2013). This study, on the
other hand, highlights the importance of the SSP SST
warming in the SEA rainfall reduction in the austral
autumn since the early 1990s. Is there any connection
between the SSP SST warming and climate change or is
the SSP SST warming after the early 1990s only the re-
sult of natural multidecadal variability? In the next, the

relative contributions of climate change and natural
multidecadal variability on the SSP SST warming after
the early 1990s are discussed.

To obtain the climate changeÐrelated SST anomalies,
we Þrst calculate the leading empirical orthogonal
function (EOF) mode of the global MAM SST during
the period of 1904Ð2014 between 608S and 608N, in
which interannual variability is Þrst removed with a

FIG . 4. As in Fig. 2, but for SST in (a) MAM, (b) March, (c) April, and (d) May. The contour interval is 0.3 8C, and
the contour of zero is omitted. The red thick box depicts the subtropical South PaciÞc (SSP) region.

FIG . 5. (a) Time series of the MAM SST averaged over the SSP
region (58Ð308S, 1658EÐ1158W; red solid line with Þlled circles) and
the SEARI (blue solid line with empty circles) and their inter-
decadal components (dashed lines). (b) The wavelet analysis of the
SSPI, with positive values shaded.
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Lanczos low-pass Þlter of 10 years. The total number of
weights of 9 in the Lanczos Þlter is used, and the Þrst and
last 4 years are therefore excluded to eliminate edge
effects. The Þrst EOF mode accounts for 55% of the
variance and depicts a homogeneous warming signal in
the global SST. The corresponding principal component
(PC1) is consistent with the time series of the global-
mean surface temperature index (Þgure not shown),
with a correlation coefÞcient of 0.98 between them
for the period of 1904Ð2014. The Þrst EOF mode,
therefore, is generally referred to as the global warming
mode (e.g., Parker et al. 2007; Zhang 2016). We then
reconstruct the global warmingÐrelated SST anomalies
as the multiplication of the Þrst EOF by the PC1 time
series. Accordingly, the total SST anomalies are divided
into two components: the component related to the
global warming and the residual component due to
natural multidecadal variability.

As shown in Fig. 8b, global warming induces a posi-
tive SST change in the PaciÞc after the early 1990s, with
the maximum signals in the western PaciÞc and the
midlatitude South PaciÞc. The mean SST change av-
eraged over the SSP region due to global warming is
0.118C between the 1991Ð2009 and 1972Ð90 periods,
which accounts for 44% of the total SST change
(0.258C). Accordingly, natural multidecadal variability
(the residual) contributes to the remainder (56%) of
the SST warming in the SSP. Unlike the change in-
duced by global warming, the SST change due to the
natural multidecadal variability is concentrated mainly
in the SSP domain (Fig. 8c). However, it should be
noted that the estimation here is based on the as-
sumption that the impacts of global warming and nat-
ural multidecadal variability are linearly separable.
Therefore, possible interactions between the climate
drivers (Gallant et al. 2012) are not considered here,

FIG . 6. As in Fig. 3, but for responses in GFDL AM2.1 to the prescribed warm SSP SST anomaly in MAM. The
red and green contours in (a) depict the SPCZ in the control and sensitivity runs, respectively, with the mean
precipitation exceeding 6 mm day2 1. (d),(e) The contour interval is 5 3 102 7 s2 1.
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