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ABSTRACT

This study examines the relationships among the monsoon-like southwest Australian circulation (SWAC), the South-
ern Annular Mode (SAM), and southwest Western Australia winter rainfall (SWR), based on observed rainfall, reanalysis
datasets, and the results of numerical modeling. By decomposing the SWAC into two components using a linear model, i.e.
the component related to SAM (RSAM) and the component unrelated to SAM (SWACI*), we find it is the SWACI* that
shows a significant influence on SWR. Similarly, it is the component of SAM associated with SWAC that exhibits an impact
on SWR, whereas the component unrelated to SAM. A similar result is obtained in terms of the circulation associated with
SWAC and the SAM. These facts suggest the SAM plays an indirect role in influencing SWR, and raise the possibility that
SWAC acts as a bridge between the SAM and SWR, by which the SAM passes its influences onto SWR. This is due to the
fact that the variations of SWAC are closely linked to the thermal contrast between land and sea across the southern Indian
Ocean and southwest Australia. By contrast, the SAM does notsignificantly relate to this thermal structure, particularly for
the component unrelated to SWAC. The variations of surface sea temperature over the southern Indian Ocean contribute to
the favored rainfall circulation patterns. This finding is supported by the numerical modeling results. The strong coupling
between SWAC and SWR may be instrumental for understanding the interactions between SWR and the southern Indian
Ocean, and provides another perspective in examining the variations in SWR.
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1. Introduction

Southwest Western Australia (SWWA) is located in the
southwest corner of the Australian continent (30◦–35◦S,
115◦–120◦E). The rainy season is from May to October, cor-
responding to the austral winter half-year. Since the mid-
dle of the 20th century, the observed SWWA winter (June–
August, JJA) rainfall (SWR) has decreased by about 15%–
20% of the preceding 50-yr average (IOCI, 2002), resulting
in an even sharper fall in stream flow in southwestern Aus-
tralia, which has strongly influenced the availability of water
resources in the region.

∗ Corresponding author: LI Jianping
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The recent decrease in rainfall within SWWA has been
intensely studied. For instance, previous works have reported
that the rainfall reduction is associated with large-scalevari-
ations in sea level pressure (SLP; e.g., Allan and Haylock,
1993; Ansell et al., 2000; IOCI, 2002), northwest cloudiness
bands (e.g., Telcik and Pattiaratchi, 2014), SST over the In-
dian Ocean (e.g., Nicholls, 1989; Smith et al., 2000), as well
as the shift of storm tracks (e.g., Smith et al., 2000; Frederik-
sen and Frederiksen, 2007). Other studies have implicated
the influences of variations in land surface processes within
SWWA (e.g., Lyons, 2002; Pitman et al., 2004; Timbal et al.,
2006) or anthropogenic activities (e.g., Hope, 2006; Timbal
and Arblaster, 2006). Bates et al. (2008) provided a detailed
review of the factors contributing to the decrease in SWR.
Recently, Feng et al. (2010a) proposed a monsoon-like south-

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2015



1064 SWAC, SAM AND SWWA RAINFALL VOLUME 32

west Australian circulation (SWAC) over the wider SWWA,
which explains either interannual variations in rainfall over
SWWA or the long-term drying trend, and the study indicated
that the variability in SWAC has contributed to the reduction
in SWR.

The prominent mode of climatic variability throughout
the Southern Hemisphere is the Southern Annular Mode
(SAM; Gong and Wang, 1999; Thompson and Wallace,
2000). This mode is characterized by an approximately zonal
symmetry, with pressure anomalies of one sign centered
about 40◦–50◦S and anomalies of the opposite sign centered
in the Antarctic. It is reported that this mode has been in-
creasing towards higher polarity since the late 1960s (e.g.,
Nan and Li, 2003; Marshall, 2003; Visbeck, 2009); and some
studies have attributed the decreasing of SWR to the concur-
rent strengthening of the SAM (e.g., Ansell et al., 2000; Cai
and Watterson, 2002; Meneghini et al., 2007). However, Hen-
don et al. (2007) indicated that there is little evidence that the
SAM has contributed to seasonal precipitation change over
Australia during the past 25 years (i.e., 1979–2004), except
in summer. Focusing on these ambiguities regarding the re-
lationship between the SAM and SWR, Feng et al. (2010b)
illustrated that the apparent inverse relationship between the
SAM and SWR is caused by an extreme year, 1964. They
documented that the SAM shows little influence on SWR in
both the periods prior to and after 1964, as determined by
analysis that excluded the data for 1964 in the period 1948–
2007. These results regarding SAM and SWR were further
checked by Cai et al. (2011), who reported that the SAM af-
fects 2–7-day synoptic weather systems over SWWA based
on the post-1979 data. To this point, whether the SAM has an
influence on the SWR in the seasonal scale remains inconclu-
sive. Our results show that the correlation coefficient between
SAM and SWR is−0.41 during 1979–2010, significant at the
0.05 level [same period as in Cai et al. (2011)]; however, the
correlation (−0.28) is not significant when the data for 2010
are excluded (i.e., 1979–2009). Importantly, the winter of
2010 corresponds to maximum SAM index (SAMI) values
during 1948–2010, and the winter rainfall over SWWA is the
lowest, indicating a totally opposite situation to the casein
1964 (Feng et al., 2010b). Also important is that the year
1998 is a large year for SAMI too, but SWR is normal. These
findings indicate that the relationship between SWR and the
SAM is unstable in the period 1979–2010.

Variations in SWR are strongly coupled with SWAC,
which in turn is closely linked to the SAM (Feng et al., 2010a,
Fig. 8c), and yet the SAM has little direct influence on SWR.
It is therefore interesting to question the relationships among
these three phenomena: Does the influence of the SAM on
SWAC generate a response in SWR? If so, what is the associ-
ated physical process? If not, what is the role of the SAM in
influencing SWAC, and why does the SAM have little influ-
ence on SWR? Is it due to the external forces of SWAC being
independent of the SAM? The above considerations provided
the main motivation for the present study. That is, to clarify
the relationships among SWAC, the SAM, and SWR, and to
explain why the SAM plays a non-significant role in influenc-

ing the variations of SWR. It is important that we have some
idea of the factors causing the variations in SWR, especially
given the recent decline in SWR.

The remainder of the paper is arranged as follows. The
datasets, method, and model are described in section 2, and
the relationships among SWAC, the SAM, and SWR are an-
alyzed in section 3. Section 4 explains why the SAM plays a
non-significant role in influencing SWR, and explores the im-
pacts of SWAC external forces on SWR. Finally, conclusions
and further discussion are presented in section 5.

2. Data, method, and model

The datasets used in this study include high-resolution
gridded rainfall on a 0.25◦ × 0.25◦ horizontal resolution
from 1948 to 2010 (Jones and Bead, 1998), provided
by the Australian Bureau of Meteorology. The atmo-
spheric fields are from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al., 1996). The global
SST is from the Met Office Hadley Centre’s sea ice and SST
datasets, gridded at 1◦×1◦ resolution (Rayner et al., 2003),
and the Improved Extended Reconstruction SST (Smith and
Reynolds, 2004) with a resolution of 2◦×2◦. The SAMI is
defined as the difference in normalized monthly zonal-mean
SLP between 40◦ and 70◦S (Nan and Li, 2003), using the
NCEP/NCAR reanalysis. The SAMI used is strongly cor-
related with the SAM index defined as the leading Empir-
ical Orthogonal Function of SLP anomalies south of 20◦S
(Thompson and Wallace, 2000), yielding a correlation coef-
ficient of 0.96 during JJA for the period 1948–2007 (Feng et
al., 2010b). Thus, the SAMI used is appropriate in terms
of capturing the features of the SAM. The SWAC index
(SWACI) is defined following Feng et al. (2010a), based on
the dynamical normalized seasonality monsoon index intro-
duced by Li and Zeng (2002). This index is based on the in-
tensity of the seasonality of the wind field, and can be used to
depict the seasonal cycle and interannual variability of mon-
soon over different areas. Given a pressure level and a gird
point(i, j), the dynamical normalized seasonality index in the
mth month of thenth year is given by

δn,m(i, j) =
‖VVV 1(i, j)−VVV n,m(i, j)‖

‖VVV(i, j)‖
−1 , (1)

whereVVV 1(i, j) (m s−1) is the January climatology (averaged
from 1968 to 1996 as the reference state) wind vector, and
VVV n,m(i, j) (m s−1) represents the wind vectors at grid point
(i, j) in themth month of thenth. VVV (i, j) (m s−1) represents
the mean of January and July climatology wind vectors (aver-
aged from 1968 to 1996) at grid point(i, j). The norm‖A‖ is

defined as‖A‖ = (
∫∫

|A|2dS)
1
2 , where S denotes the domain

of integration. At a given grid point(i, j),

‖Ai, j‖ ≈ ∆s[(|A2
i−1, j|+4|A2

i, j|+ |A2
i+1, j|)cosϕ j +

|A2
i, j−1|cosϕ j−1 + |A2

i, j+1|cosϕ j+1]
1
2 ,
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whereϕ j is the latitude at the point(i, j) and∆s = a∆ϕ∆λ/4,
in which a is the mean radius of the Earth, and∆ϕ and∆λ
(in radians) are resolutions in the meridional and zonal di-
rections, respectively. Having obtained the dynamical nor-
malized seasonality indexδn,m(i, j) at a grid point(i, j), the
SWACI is defined as the areal mean ofδn,m(i, j) over the do-
main (35◦–25◦S, 100◦–145◦E) at 850 hPa.

The atmospheric general circulation model employed
is the NCAR Community Atmospheric Model, version 3
(CAM3). This model is able to reproduce the climate fea-
tures as observed (e.g., Li et al., 2012; Feng and Li, 2013),
and serves as the atmospheric component of the Commu-
nity Climate System Model (CCSM). The horizontal resolu-
tion is T42 (approximately 2.8◦×2.8◦), with 26 hybrid ver-
tical levels. A complete description of this model version
is available online at http://www.ccsm.ucar.edu/models/atm-
cam/docs/description/.

To explore the influence of the SAM on the SWAC re-
sponse to SWR, a partitioning of the SWACI is derived as
follows:

SWACI = RSAM+SWACI∗ , (2)

RSAM = r
σ(SWACI)
σ(SAMI)

SAMI , (3)

SWACI∗ = SWACI− r
σ(SWACI)
σ(SAMI)

SAMI , (4)

where RSAM is SWAC variability related to the SAM (rep-
resented by a linear fit of SAMI to SWACI), with SWACI*
being the component of SWAC that is unrelated to the SAM;
r denotes the correlation coefficient between SWACI and
SAMI; and σ (SWACI) andσ (SAMI) are the standard de-
viations of SWACI and SAMI, respectively. Then, the cor-
responding explained variance fraction of RSAM(RS) and
SWACI* (RG) to SWAC is obtained as follows:

S2
RSAM =

1
n ∑(RSAM−SWACI)2 , (5)

S2
SWACI∗ =

1
n ∑(SWACI−RSAM)2 , (6)

S2
SWACI =

1
n ∑(SWACI−SWACI)2 , (7)

RS=
S2

RSAM

S2
SWACI

, (8)

RG =
S2

SWACI∗

S2
SWACI

, (9)

whereSWACI is the mean value of SWACI. Accordingly,
the sum of RS and RG is equal to 1. Using this method,
SWAC can be separated into two components, i.e., RSAM
and SWACI*. The component RSAM is related to SAM, re-
flecting the variations in SWAC associated with SAM. The
other component, SWACI*, is the component of SWAC that
is linearly independent of the SAM. Similarly, a partitioning
of the SAMI is derived as follows:

SAMI = RSWAC+SAMI* , (10)

where the RSWAC indicates the component of the SAM re-
lated to SWAC, reflecting the variations in the SAM associ-
ated with SWAC; and the SAMI* is the component of the
SAM that is linearly independent of SWAC. Consequently,
we are able to assess whether the influence of SWAC on
SWR is a reflection of the SAM. Here, the austral winter
season (JJA) is the focus, which corresponds to the SWWA
rainy season and demonstrates significant long-term rainfall
trends. Moreover, given that both SWR and the SAM show
significant linear trends, the detrended data are used to ex-
amine the relationships among SWAC, the SAM, and SWR,
to better indicate the nature of the relationships on interan-
nual timescales (Li et al., 2005), unless otherwise stated.The
study period spans from 1948 to 2010. We have established
that relationship between SWAC and SWR is robust for the
whole study period, and have demonstrated that their rela-
tionship is reliable when the data before 1979 are employed
(Feng et al., 2010a, 2010b).

3. Relationships among SWAC, the SAM, and
SWR

To assess whether the relationships are robust between
SWAC and the SAM, and between SWAC and SWR, the cor-
relations among them (excluding the extreme year of 1964)
are further checked according to Feng et al. (2010b). We
find that the relationships between the SWACI and SWR are
robust with a correlation coefficient of 0.74, yielding a cor-
relation coefficient of 0.67 when the data for 1964 are ex-
cluded. This suggests that the SWAC–SWR relationship is
coherent. Similarly, a significant relationship is observed be-
tween SWAC and the SAM, with a correlation coefficient of
−0.50 when the 1964 data are included, and−0.42 when
they are excluded, both exceeding the 0.05 level of signif-
icance. These results suggest stable relationships between
SWAC and the SAM, and between SWAC and SWR; i.e., a
strong SAM is associated with weak SWAC, and weak SWAC
is associated with reduced SWR. However, the SAM has a
non-significant influence on SWR when the data for 1964 are
excluded (Feng et al., 2010b, Fig. 1c and Table 1), raising
the question of whether it is possible that SWAC is a bridging
medium between the SAM and SWR, i.e., the SAM first plays
a role in influencing the variations of SWAC, which in turn
affects SWR. That is, the SAM plays an indirect role in in-
fluencing SWR. To explore this possibility, the variabilityof
SWAC/SAM is divided into two irrespective components by
employing the method described in section 2. Figure 1 shows
the correlation maps between Australian winter rainfall and
the time series of SWACI, SWACI* and RSAM, as well as
those of SAMI, SAMI* and RSWAC. Note that the correla-
tions of RSAM/SWACI* and RSWAC/SAMI* are multiplied
by their corresponding explained variance fraction of SWACI
and SAMI, so that their sum is equal to the raw correlation
between SWACI/SAMI and precipitation. The combined in-
fluence of RSAM and SWACI* on SWR mainly reflects the
role of SWACI*, since RSAM only accounts for 29% of the
explained variance of SWAC, whereas SWACI* accounts for
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Fig. 1. Left panels: detrended correlation maps between Australian winter rainfall and (a) SWACI, (c) the frac-
tion of SWACI unrelated to SAM (SWACI*), and (e) the fractionof SWACI related to SAM (RSAM). The
values in (c) and (e) are multiplied by the fraction of SWACI variance explained by SWACI* and RSAM, re-
spectively, so that their sum is equal to the values in (a). Right panels: as in the left panels, but for the result of
SAMI; the sign of the relation is reversed to enable a direct comparison with SWAC.

71%. This result indicates that the influence of SWAC on
SWR is largely independent of fluctuations in the SAM, al-

though SAMI and SWACI are moderately correlated (corre-
lation coefficient of−0.50). By contrast, the combined in-
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Table 1. The combinations of SWAC and the SAM divided by their corresponding index values. The positive, neutral and negative polar-
ities correspond to the values above, within and below one positive, one negative to positive, and one negative standarddeviation for the
corresponding indices, respectively.

SAM

positive neutral negative

SWAC positive 0 6 (1974, 1981, 1991, 1992, 1996, 2009) 2 (1963, 1964)
neutral 4 (1979, 1983, 1998, 2004) 33 (1949, 1952, 1953, 1955, 1956,

1958, 1960, 1961, 1962, 1965, 1966,
1967, 1968, 1970, 1971, 1973, 1975,
1977, 1978, 1980, 1982, 1984, 1985,
1986, 1988, 1990, 1994, 1995, 2000,
2002, 2003, 2005)

7 (1948, 1950, 1951, 1954, 1957, 1959,
1972)

negative 4 (1989, 1993, 2008, 2010) 7 (1969, 1976, 1987, 1997, 1999, 2001,
2006)

0

fluence of RSWAC and SAMI* on SWR is mainly exhibited
in the component of RSWAC. This can also be seen from the
correlation coefficients among them, i.e., the correlationcoef-
ficient between SWACI* and SWR is 0.63, whereas it is only
0.01 between SAMI* and SWR. This further suggests that
the variability of the SAM that is unrelated to SWAC (i.e.,
SAMI*) alone does not have an influence on SWR, although
this component takes up the dominant variability (explained
variance:∼ 71%) of the SAM.

Next, we consider the relative contributions of SWACI*
and RSAM to the anomalous circulation pattern associated
with SWAC, and also for those of the SAM. Figure 2 shows
the correlation maps between SLP and each of SWACI,
SWACI* and RSAM, as well as the maps between SLP and
each of SAMI, SAMI* and RSWAC. We can see that SWACI
is significantly negatively correlated with SLP in the mid lat-
itudes centered within 90◦–150◦E, suggesting cyclonic circu-
lation anomalies over the wider SWWA. In addition, conspic-

Fig. 2. As in Fig. 1, but for detrended correlations with sea level pressure.
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uous positive correlations are seen at high latitudes, corre-
sponding to a subdued zonal gradient, associated with a neg-
ative SAM phase (Fig. 2a). For SAMI, an almost opposite
situation is observed. Note that the signal of the anomalies
associated with SWACI is more regional and less zonal than
those related to SAMI. This result that SWAC represents a
favorable circulation pattern for rainfall is consistent with the
above analyses and with the findings of previous studies (e.g.,
Cai and Watterson, 2002; Feng et al., 2010a).

Figures 2c and e show the relative contributions of
SWACI* and RSAM to the anomalous circulation pattern
associated with SWAC. Consistent with the result regard-
ing rainfall, anomalous circulation patterns associated with
RSAM are not significant either in the middle or high lat-
itudes; however, significant signals are seen over the wider
SWWA for SWACI*, suggesting that this factor makes a
dominant contribution to circulation variations associated
with SWAC. This result indicates that variations of SWACI*
make the dominant contribution to circulation patterns re-
lated to SWAC. On the other hand, the significant circulation
anomalies linked to SAMI over SWWA is mainly reflected in
the component of SAMI which is related to SWACI (Fig. 2f
vs 2d), i.e. RSWAC, rather than the component of SAMI*.

The above analyses demonstrate that the component of
SWAC that plays a role in influencing SWR (i.e. SWACI*)
is largely independent of the SAM, and that the component
of SWAC related to SAM (i.e. RSAM) contributes little to
variations in SWR. In contrast, the component of the SAM
that plays a role in influencing SWR is linked to variations of
SWAC (i.e. RSWAC), despite its minor explained variance of
the SAM. These results reveal that the relationship between
SWAC and SWR is largely due to SWACI*, which is inde-
pendent of the SAM. However, the relationship between the
SAM and SWR is dependent on the component of RSWAC,
which is linked to SWAC. That is, SWAC acts as a bridge
between the SAM and SWR, by which the influence of the
SAM can pass onto SWR, i.e. the SAM plays an indirect role
in influencing SWR.

To further establish the above conclusion about the influ-
ence of SWAC and the SAM on SWR, the SWAC and SAM
are divided into three polarities (positive, neutral, and nega-
tive), commonly utilized in analyzing ENSO events, in which
positive polarities correspond to values above one standard
deviation, neutral polarities corresponds to values within one
negative to positive standard deviation, and negative polari-
ties for the events below one negative in the corresponding
indices, respectively. Accordingly, there are nine combina-
tions, as listed in Table 1. We see that no case exists for the
combinations of positive SWAC–positive SAM, or negative
SWAC–negative SAM during the period 1948–2010. The
combination that occurs most frequently is neutral SWAC–
neutral SAM, with a frequency of 33 years. The correspond-
ing anomalous rainfall patterns associated with these com-
binations are shown in Fig. 3. Since there are no cases of
positive SWAC–positive SAM or negative SWAC–negative
SAM, the corresponding figures are blank in Figs. 3a and i,
and Figs. 4a and i. We can see abundant rainfall during posi-

tive SWAC years, regardless of the SAM year over SWWA
being neutral or negative. Negative rainfall anomalies are
apparent during negative SWAC years in both positive and
neutral SAM years. This point shows that positive/negative
SWAC years are associated with more/less SWR, regardless
of the SAM’s polarity. However, during positive SAM years,
rainfall anomalies in neutral and negative SWAC years are
different, i.e. with positive values during neutral SWAC years
but negative anomalies in negative SWAC years. In particu-
lar, positive rainfall anomalies are observed during positive
SAM–neutral SWAC, which cannot be explained by the no-
tion that SAMI is negatively correlated with SWR, as re-
ported in previous studies (e.g., Cai et al., 2005). Further-
more, the rainfall anomalies during negative SAM years are
also inconsistent in the combinations with positive or neutral
SWAC years. Note that there are basically negative rainfall
anomalies during negative SAM–neutral SWAC, which con-
flicts with previous studies (e.g., Cai et al., 2005). This in
turn supports the result that the role of the SAM in impact-
ing SWR occurs via SWAC. Note that during neutral SWAC
years, the anomalous percentage of SWR is within 20%, be-
tween the positive and negative SAM years, but it is beyond
40% from the positive to negative SWAC years, even with
the combination of neutral SAM years. Moreover, when the
events of SWAC and the SAM simultaneously occur, [e.g.
during positive SWAC–negative SAM, and negative SWAC–
positive SAM (Figs. 3b and h vs Figs. 3c and g)], the rainfall
anomalies are larger than those when the SWAC alone oc-
curs, indicating the SAM plays a role in influencing SWAC,
and in turn SWR. The above discussion further indicates that
the variations of SWR are mainly attributable to the variations
of SWAC, and the SAM plays an indirect role in influencing
SWR.

The corresponding circulation patterns in these combina-
tions are illustrated in Fig. 4. The circulation patterns fa-
voring more SWWA rainfall are observed in positive SWAC
years for the combinations either in neutral (Fig. 4b) or neg-
ative (Fig. 4c) SAM years, i.e. strengthened westerlies and
negative geopotential height anomalies over SWWA (e.g.,
Smith et al., 2000). Accordingly, circulations suppressing
SWR are observed during negative SWAC years in the com-
binations both with positive (Fig. 4g) and neutral (Fig.
4h) SAM years. Moreover, the circulations anomalies over
SWWA are opposite in neutral SAM years, with the combi-
nations of positive (Fig. 4b) and negative (Fig. 4h) SWAC
years, which is consistent with the rainfall anomalies shown
in Fig. 3. This result supports the conclusion that the circu-
lation anomalies associated with SWAC are not the response
of the SAM. In particular, no significant signal can be seen
either in geopotential height or low-level troposphere winds
in neutral SWAC years over SWWA, regardless of the polar-
ity of the SAM (Figs. 4d–f). The result here is consistent
with the anomalous rainfall distribution shown in Fig. 3, and
further demonstrates that the variations of the SAM act indi-
rectly in impacting SWR. Note that the circulation anomalies
associated with SWAC present as a more regional signal than
those with the SAM (Figs. 4b and h vs Figs. 4d and f), which
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Fig. 3. The anomalous rainfall percentage relative to the climatological mean in the combinations of (a) positive SWAC–positive
SAM, (b) positive SWAC–neutral SAM, and (c) positive SWAC–negative SAM. Panels (d–f) and (g–i) are as in (a–c), but for
the combinations with neutral and negative SWAC years, respectively (units: %).

is different to previous studies’ findings about the zonal-wave
pattern (wavenumber 3) associated with SWR (e.g., Allan
and Haylock, 1993). On the other hand, it seems that when
SWAC and SAM events occur simultaneously (Figs. 4c and
g), the center of anomalous circulation shows a westward
shift compared to years when SWAC alone occurs (Figs. 4c
and g vs Figs. 4b and h), consistent with the SWR anomalies.
This raises the possibility that the variations of SWAC are
to some extent linked to the longwave trough, which would
strengthen the anomalous circulation over SWWA.

4. External drivers of SWAC

The above results suggest that variations in SWAC re-
lated to SWR are not influenced by the SAM, possibly be-
cause the external factors that drive variations in SWAC are
independent of the SAM. Accordingly, this section examines
the external forces that drive SWAC. Previous studies have
already indicated that the variations of SST across the In-
dian Ocean appear to contribute to variations of SWR (e.g.,
Nicholls, 1989; Smith et al., 2000; England et al., 2006). And

the variation of land–sea thermal contrast is known to be an
important driver of monsoon circulation (e.g., Ramage, 1978;
Tao and Chen, 1987; Zhu et al., 1992). Therefore, we analyze
the contributions of underlying thermal anomalies to the vari-
ations of SWAC.

Figure 5 shows the spatial pattern of the correlation be-
tween SWACI/SAMI and SST (over sea)/skin air tempera-
ture (SAT, over land), as well as with SWACI*/SAMI*. Sig-
nificant negative correlations between SWACI and SST are
observed west of SWWA, over the southern Indian Ocean,
while significant positive correlations are seen over inland
areas of southwest Australia. One thing to note is the lo-
cation of the SST anomalies here is eastward compared to
the P2 box in England et al. (2006), in which the role was
emphasized of the SST gradient within the Indian Ocean on
SWR. The location is also dissimilar to that in Allan and Hay-
lock (1993), which paid attention to the tropical SST in the
Indian Ocean. Besides, positive SST anomalies are seen at
high latitudes (50◦–60◦S) within 100◦–140◦E both for those
with SWACI and SWACI*. The distribution of anomalous
SAT–SST indicates that the land–sea thermal contrast within
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Fig. 4. As in Fig. 3, but for the distributions of anomalous geopotential height (contours; units: gpm) and winds (vectors;
units: m s−1) at 850 hPa. Shading indicates statistical significance at the 0.05 level for geopotential height; only wind values
significant at the 0.05 level are shown.

Fig. 5. Detrended correlations between (a) SWACI and SST (over sea)and skin air temperature (over land). (b) As in
(a), but for SAMI. (c) As in (a), but for the component of SWACI*. (d) As in (a), but for the component of SAMI*.
Shading indicates statistical significance at the 0.05 level.

the southern Indian Ocean and south Australia (35◦–25◦S,
80◦–145◦E; LSTC) is intensified in positive SWAC years, in
turn implying that the strength of SWAC is closely related to
LSTC (SAT minus SST; Fig. 6); this relationship yields a
detrended correlation coefficient of 0.57. And the detrended
relationship between the SWACI and SST/SAT within (35◦–

25◦S, 80◦–145◦E) is−0.40/0.48, both significant at the 0.01
level. Accordingly, the relationship between SWR and the
SST/SAT within (35◦–25◦S, 80◦–145◦E) is −0.47/0.60, im-
plying the variation of SWR is linked to that of SST over
the southern Indian Ocean. Most of the features regarding
SWAC and the underlying thermal distribution are captured
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Fig. 6. Normalized time series of SWACI, SWR and land–sea thermal contrast (LSTC)
within the region (35◦–25◦S, 80◦–145◦E).

by the component of SWAC that is unrelated to the SAM (i.e.
SWACI*; Fig. 5c vs Fig. 5a), suggesting this thermal distri-
bution is independent of the SAM.

However, there is an almost non-significant signal in the
correlations between SAMI and SST over the southern In-
dian Ocean, and the correlation coefficient between SAMI
and SST within the southern Indian Ocean (35◦–25◦S, 80◦–
145◦E) is 0.21, suggesting the SAM is not related to the vari-
ations of SST within the southern Indian Ocean. Moreover,
only a small area along the south coast of Australia shows
a significant correlation between the SAMI and SAT (Fig.
5b), consistent with the result in Hendon et al. (2007), yet
the signals almost disappear when the effects of SWAC on
the SAM are not considered (Fig. 5d). This finding explains
why the variability in the SAM plays an indirect role in in-
fluencing SWR, for which there is little connection with the
variations of SST within the southern Indian Ocean. And the
influence of the SAM on SAT over southwest Australia is re-
alized by the component of the SAM related to SWAC (i.e.,
RSWAC). In contrast, the variation in SST over the south-
ern Indian Ocean is closely associated with the variation in
SWAC. These characteristics regarding SST anomalies are
consistent with those based on Improved Extended Recon-
struction SST data, implying the result is reliable.

To gain insight into the variations in SWAC associated
with LSTC, we investigate the temporal changes in tropo-
spheric flow over SWWA by analyzing composite maps of
large-scale moist static stability, circulation anomalies, air
temperature, vertical velocity, geopotential height, andzonal
wind for strong-minus-weak LSTC years (Figs. 7 and 8).

There are clear differences between strong and weak
LSTC years in terms of climatic factors. During strong LSTC
years, negative SST anomalies occur over the southern Indian

Ocean west of SWWA, and positive SAT anomalies occur
over southern Australia. Consequently, positive anomalies
in air temperature are seen over land and negative anoma-
lies over the ocean (Fig. 7a). Associated with the tempera-
ture anomalies, the westerlies over midlatitude regions (20◦–
40◦S) are significantly strengthened throughout the lower
and middle troposphere (Fig. 7d), accompanied by nega-
tive geopotential height (Fig. 7c); however, high latitudes
are marked by positive geopotential anomalies and anoma-
lous easterlies. Strong westerly anomalies occur over the
SWAC region, and positive anomalies in moist static stabil-
ity are observed over the southern Indian Ocean (Fig. 8a),
defined by the vertical difference between 300 and 925 hPa
pseudoequivalent potential temperature (θse); consequently,
the rising flow over the southern Indian Ocean is suppressed
and anomalous subsidence is induced (Fig. 7b). Moreover,
the positive SSTA at high latitudes (50◦–60◦S) within 100◦–
140◦E are associated with SWACI (Figs. 5a and c), imply-
ing the easterlies are strengthened within this region. That
is, the meridional shear of zonal wind is enhanced, corre-
sponding to a cyclonic anomaly circulation pattern over the
region (Fig. 8b). Therefore, the strengthened LSTC acts to
strengthen the anomalous subsidence and weaken the atmo-
spheric instability over the southern Indian Ocean, as wellas
to intensify westerlies in the lower troposphere and ascend-
ing flow over southwest Australia. In turn, these changes re-
sult in strong SWAC, favoring enhanced winter rainfall over
SWWA. The opposite combination of factors is observed dur-
ing weak LSTC years.

To further verify the above result regarding how LSTC
over the southern Indian Ocean and southwest Australia
(35◦–25◦S, 80◦–145◦E) influences the strength of SWAC, we
performed sensitivity experiments with CAM3. The con-
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Fig. 7. (a) Longitude–height distribution of composite differences in air temperature between years with strong
(greater than +1 standard deviation) and weak (less than−1 standard deviation) LSTC years along 30◦S (units:
◦C). (b) As in (a), but for vertical velocity (ω; units: P s−1). (c) As in (a), but for the latitude–height distribu-
tion of composite differences in geopotential height along115◦E (units: gpm). (d) As in (c), but for zonal wind
(units: m s−1). Shading indicates statistical significance at the 0.05 level.

trol run was integrated for 25 years to derive a reference
state (Fig. 9). Compared with observed circulation patterns,
CAM3 performs well in reproducing seasonal features; i.e.,
the seasonal shift in the subtropical high ridge, being south-
ward in January (Fig. 9c) and northward in July, and the sea-
sonal reversal in the surface prevailing winds over SWWA,
being southeasterly in January and northwesterly in July (Fig.
9d). These results provide confidence in the simulation capa-
bility of CAM3.

The sensitivity experiments were integrated for 25 years.
The integration was used to construct a 25-member ensem-
ble mean, to reduce uncertainties arising from varying ini-
tial conditions. Two sets of sensitivity experiments were

designed to examine the effects of SST on SWAC over the
southern Indian Ocean: one with decreased SST over the
region (35◦–25◦S, 80◦–145◦E) for ocean areas, and another
with increased SST. To mimic and isolate the influences of
SST variation, the only difference between the sensitivityand
control experiments was a 1◦C change in the sensitivity run.
Note that the amplitude of the SST anomalies center over
the southern Indian Ocean within the strong and weak LSTC
years is beyond 0.8◦C; that is, the SST adjustment in the sen-
sitivity experiment is comparable to those in the anomalous
LSTC years.

Figure 10 displays the difference between the two sets
of sensitivity experiments (decreasing SST minus increasing
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Fig. 8. As in Fig. 7, but for (a) the vertical difference between the 300 and 925 hPa pseudoequivalent potential
temperature (θse) (units: K) and (b) sea level pressure (contours; units: Pa)and wind (vectors; units: m s−1) at
850 hPa.

Fig. 9. Averaged streamlines for (a, b) observations and (c, d) the control run of CAM3. Left panels: January;
right panels: July. The red line is the ridge of the subtropical high. The red dot indicates the location of Perth,
Western Australia.

SST). Since the cold SST anomalies within (35◦–25◦S, 80◦–
145◦E) induce greater land–sea thermal contrast, the pre-
vailing westerlies are strengthened and negative geopotential
height anomalies are excited over SWWA, which would lead
to strong SWAC and in turn favor enhanced winter rainfall
over SWWA. This point further supports the result based on
the reanalysis above, suggesting that SST variations over the
southern Indian Ocean contribute to variability in SWAC.

5. Discussions and Conclusions

The continuous decrease in winter rainfall observed over
SWWA has attracted much attention in recent years, and the
newly reported monsoon-like SWAC shows a well-coupled
relationship with SWR, which explains not only the inter-
annual variability in SWR, but also its long-term decreasing

trend. Given that the SAM is the dominant mode in the extra-
tropical Southern Hemisphere, its influence on regional cli-
mate has been discussed in many studies. The present study
investigated the relationships among SWAC, the SAM, and
SWR. The results reveal that the component of SWAC that
contributes to SWR variation is unrelated to the SAM (i.e.
SWACI*), which explains more than 70% of the variance in
SWAC. By contrast, the component of the SAM that con-
tributes to variations of SWR is the one related to SWAC (i.e.
RSWAC), implying the SAM plays an indirect role in influ-
encing SWR. That is, the effects of the SAM should be via
SWAC, and thus contributing to the variability of SWR. This
finding reflects the fact that the external drivers of SWAC are
largely independent of the SAM. The present analysis reveals
that variations in large-scale LSTC within the southern Indian
Ocean and southwest Australia contribute to the variability
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Fig. 10. The anomaly circulation patterns of decreased-minus-increased SST in the sensitivity forcing exper-
iments within the southern Indian Ocean (35◦–25◦S, 80◦–145◦E) for the latitude–height cross section of (a)
geopotential height (units: gpm) and (b) zonal wind (units:m s−1) along 115◦E.

in SWAC. Variations in SST over the southern Indian Ocean
have a close link with SWAC, while those of the SAM do
not. This explains why the SAM plays a non-significant role
in terms of influencing SWR. However, the possible driver of
the SST variability over the southern Indian Ocean, not con-
sidered in the current study, is an interesting issue worthyof
further research.

Furthermore, the winter of 2010 was further examined,
taking into account the results from a recent study by Cai et
al. (2011) in which it was indicated, based on post-1979 data,
that the SAM affects synoptic weather systems over SWWA.
The circulation anomalies in the winter of 2010 exhibit posi-
tive SAM polarity features (figure not shown). We employed
spatial correlation to check the contribution of this circula-
tion pattern to SWR. The spatial circulation pattern of 2010
is marked as P2010, and the correlation patterns between SLP
and the RSAM, SWACI*, RSWAC and SAMI* are marked
as PRSAM, PSWACI∗, PRSWAC, and PSAMI∗, respectively. We
find that the spatial correlation coefficients between P2010and
PRSAM, PSWACI∗, PRSWAC, PSAMI∗, within (60◦–20◦S, 30◦E–
60◦W), are−0.85, 0.08, 0.33 and 0.83, respectively. This
suggests that P2010 shows more similarities to PRSAM and
PSAMI∗, yet neither PRSAM nor PSAMI∗ contribute to the vari-
ation of SWR (Fig. 2). By contrast, we see that during 1948–
2010 SWACI reaches its lowest values in the winter of 2010
(Fig. 6), which corresponds nicely to the variations of SWR.
This result implies that the SAM is not responsible for the
low winter rainfall in 2010 over SWWA.

Independent of this study, previous studies on the varia-
tions of SWR indicate that a shift of the storm track is a con-
tributor (e.g., Smith et al., 2000). Thus, it is worth investigat-
ing the potential linkage between the storm track and SWAC.
In exploring the linkages between the longwave trough or
zonal wavenumber 3 pattern and SWAC, we found that the

relationship between SWAC and zonal wavenumber 3 is not
significant, with a correlation coefficient of−0.06. This im-
plies that the variation of SWAC is independent from that of
zonal wavenumber 3. However, whether or not there are any
indirect influences of zonal wavenumber 3 on SWAC, and
whether or not the longwave trough plays an impacting role
on SWAC, are issues yet to be settled and worthy of further
work. In addition, the Antarctic Circumpolar Wave is thought
to impact upon southern Australian rainfall (White, 2000).
However, it has been reported that the Antarctic Circumpo-
lar Wave could only be seen from 1985 to 1994 (Connolley,
2002), and thus it possibly does not account for the decline
in SWR, but could play a role in southern Australian inter-
annual rainfall variability (Meneghini et al., 2007), and per-
haps also in SWAC. Therefore, to what degree the Antarctic
Circumpolar Wave influences SWAC, as well as the potential
linkage and underlying physical mechanism, are open issues
that require further work.

Finally, SWAC is a recently reported monsoon-like cir-
culation located in the subtropics, with a seasonal march
closely related to the location of the subtropical high within
the SWWA region (Feng et al., 2010a). These features are
similar to the classical subtropical monsoon system (East
Asian summer monsoon, EASM), for which the western Pa-
cific subtropical high (WPSH) has been identified as an im-
portant component (e.g., Lau and Li, 1984; Tao and Chen,
1987; Ding, 1994). In addition, the seasonal evolution of the
EASM is nicely linked to the northward jump of the WPSH
(e.g., Tao and Xu, 1962; Chang et al., 2000; Ding and Chan,
2005). Thus, in what way are the two subtropical monsoon
systems similar or dissimilar? Given that both SWAC and the
EASM (e.g., Hu, 1997; Li and Zeng, 2002; Guo et al., 2003;
Wang and Ding, 2006) have shown a weakening trend in re-
cent decades, it is important to investigate the mechanism un-
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derpinning the weakening of these subtropical monsoon sys-
tems. Are they being driven by same factors? Are there any
factors that may predict the behavior of SWAC? Answers to
these questions would have important applications, as varia-
tions in SWR could then be predicted, given the relationship
between SWAC and SWR. These topics are beyond the scope
of the present study but are worthy of further analysis.
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