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ABSTRACT

Previous studies have raised the possibility that the recent decline in winter rainfall over southwest Western
Australia (SWWA) is related to the concurrent upward trend in the southern annular mode (SAM). On the
basis of an analysis of 60-yr (1948-2007) reanalysis and observed data, the authors suggest that the apparent
inverse relationship between the SAM and SWWA winter rainfall (SWR) is caused by a single extreme
year—1964. It is shown that both the negative and positive phases of the SAM have little impact on SWR in
the case that data for 1964 are excluded from the analysis. In addition, for periods prior to and after 1964 in the
case that data for 1964 are excluded, the apparent relationship between the SAM and SWR becomes in-
significant, and the circulation anomalies with respect to SWR appear to be an SAM-like pattern for which the
anomalies at high latitudes are not significant. The result indicates that the SAM does not significantly in-
fluence the winter rainfall over SWWA. Instead, the variation of SWR would be more closely linked to the

variability in regional circulations.

1. Introduction

Southwest Western Australia (SWW A; Fig. 3) bounded
to the southwest by the line joining 30°S, 115°E and 35°S,
120°E receives the bulk of its annual rainfall during the
Southern Hemisphere (SH)’s winter half year (May-
October). Since the middle of the twentieth century, the
observed winter rainfall in the SWWA has decreased by
about 15%-20% of the preceding 50-yr average (IOCI
2002). This reduction has resulted in an even sharper fall
in streamflow in southwestern Australia, strongly influ-
encing the availability of water resources in the state.
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The prominent mode of climatic variability across the
SH is the southern annular mode (SAM; Thompson and
Wallace 2000), which is characterized by approximately
zonally symmetric, with pressure anomalies of one sign
centered in the Antarctic and anomalies of the opposite
sign centered about 40°-50°S. The mode has been in-
creasing toward its high polarity since the late 1960s
(e.g., Gong and Wang 1999; Marshall 2003; Visbeck
2009). Previous studies have suggested that the decreased
SWWA winter [June—August (JJA)] rainfall (SWR) is
related to the concurrent upward trend in the SAM
(e.g., Ansell et al. 2000; Cai and Watterson 2002; Li
et al. 2005; Cai and Cowan 2006; Meneghini et al. 2007).
However, Hendon et al. (2007) noted that there was
little evidence that the SAM contributed to the sea-
sonal precipitation change over Australia during the
past 25 years (1979-2004), except in summer. In addi-
tion, Feng et al. (2010) indicated that the relationship
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between the SAM and SWR depends on the period of
analysis.

These previous studies suggest that the role of SAM in
influencing SWR remains inconclusive, with some am-
biguities remaining to be resolved. Thus, is there an in-
herent relationship between the SAM and SWR? If so,
is the relationship stable? If not, what is the cause of the
unstable relationship? A better understanding of these
issues would assist future investigations of the variations
in SWR. These considerations provide the motivation
for the present study. The remainder of the paper is or-
ganized as follows: the datasets and method are described
in section 2, the results are presented in section 3, a brief
discussion is provided in section 4, and the main conclu-
sions are presented in section 5.

2. Data and methodology

The data used in this study include high-resolution
gridded rainfall with 0.25° X 0.25° resolution, provided
by the Australian Bureau of Meteorology. These are de-
scribed by Lo et al. (2007), who indicate their confidence
in the validity of the data after 1948. The atmospheric
fields are from the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al. 1996). The
SAM index (SAMI) used here is defined as the differ-
ence in the normalized monthly zonal mean sea level
pressure (SLP) between 40° and 70°S (Nan and Li 2003),
using the NCEP-NCAR reanalysis (available online at
http://web.lasg.ac.cn/staff/ljp/Eindex.html). This SAMI
is a modification of the Antarctic Oscillation (AAO)
index defined by Gong and Wang (1999), which repre-
sents the difference in the normalized zonal mean SLP
between 40° and 65°S. The modified SAMI is used be-
cause the negative correlation in the zonal mean SLP
anomalies between 40° and 70°S is stronger than that
between 40° and 65°S. In addition, the SAMI used here
is strongly correlated with the SAM index, defined as the
leading empirical orthogonal function (EOF) of SLP
anomalies south of 20°S [referred to as “SAMI_EOF”
by Thompson and Wallace (2000) and available online
at http://jisao.washington.edu/data/aao/slp/], yielding a
correlation coefficient of 0.96 for the period 1948-2007.
Thus, the SAMI used in the present study is appropriate
in terms of capturing the features of SAM. Moreover,
two additional station-based SAM indices, from Marshall
(2003; referred to as “SAMI_M,” available for 1957-
2007) and Visbeck (2009; referred to as “SAMI_V,”
available for 1948-2005), are employed to verify the re-
liability of the result based on the NCEP-NCAR SAMI.

Given that both the SAM and SWR show obvious lin-
ear trends, detrended correlation is employed to examine
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the relationship between the SAM and SWR using a
sliding correlation. Moreover, the effect of autocorre-
lation is accounted for when calculating the statistical
significance, following Santer et al. (2000).

3. Results

Temporal variations in the SAM and SWR can be
seen from normalized time series of the SAMI and SWR
(Fig. 1a). The correlation coefficient between the two
series is —0.41 during 1948-2007 (Table 1), reflecting the
fact that a recent significant decrease in SWR is associ-
ated with the strengthening of the SAM. Temporal vari-
ations in the relationship are further illustrated by a time
evolution of detrended correlations using a 31-yr sliding
window (Fig. 1b). Note that the relationship is robust
before 1980 (as the central correlation year), after which
an abrupt weakening occurs. This weakening in corre-
lation in recent decades is statistically significant, as de-
termined from bootstrap confidence limits. Also shown
are sliding correlations between SWR and zonal aver-
aged SLP at 40° and 70°S (the sign is reversed to facili-
tate a direct comparison) of the SAM branches (Fig. 1b).
The correlations show abrupt drops in 1980, from sig-
nificantly negative to insignificant for SLP at 40°S and
from significantly positive to insignificant/negative for
SLP at 70°S. This result indicates that the abrupt weak-
ening in the SAM-SWR relationship occurs in both mid-
and high-latitude SLP of the SAM.

To investigate the possible cause of temporal changes
in the relationship between the SAM and SWR, the
scatterplot of the SAMI versus SWR is shown in Fig. 2.
The impacts of the positive and negative SAM phases
are asymmetric. For the negative phase of SAM, the
correlation between the SAMI and SWR is —0.49, ex-
ceeding the 0.05 level of significance. For the positive
phase of SAM, in contrast, the impact is not significant,
yielding a correlation coefficient of —0.02. Moreover,
there exists an outlier (large red circle in Fig. 2) that
diverges from others with rainfall of 540 mm compared
with ~300 mm in the climatology, which equals 3 times
the standard deviation in the SAMI. This outlier rep-
resents the data for the year 1964, which is the wettest
winter over SWWA and the minimum value of SAMI
during 1948-2007 (Fig. 1a). Moreover, the covariance be-
tween the SAMI and SWR in 1964 accounts for as much
as 47% of the total covariance for 1948-2007 (Table 1),
thereby demonstrating that 1964 was an extreme year.

When the correlation and linear fit are repeated while
excluding the data for 1964 in the negative phase of the
SAM, the SAM-SWR relationship breaks down and the
correlation coefficient drops to —0.20 (not significant at
the 0.1 level; Fig. 2). This result suggests that the significant
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FI1G. 1. (a) Normalized time series of the winter SAMI (red line) and SWWA winter rainfall
(blue line). (b) Times series of detrended correlation coefficients using a 31-yr sliding window
between SWR and each of winter SAMI (black line), SAMI_EOF (yellow line), zonal mean
SLP at 40°S (red line), zonal mean SLP at 70°S (green line), SAMI_M (blue line), and SAMI_V
(purple line). The sign of the relation between the zonal mean SLP at 70°S and SWR is reversed
to enable a direct comparison with other data. (c) Asin (b), but excluding the data for extreme

year 1964.

relationship between the negative SAM phase and SWR
is largely due to the extreme year 1964, implying that the
SAM does not significantly influence SWR in both its
positive and negative phases. This interpretation is cor-
roborated by the fact that a correlation coefficient of
—0.501s obtained when using data up to and including 1964
(i.e., 1948-64; Table 1), yet this value drops to —0.11 in the
case that the data for 1964 are excluded (i.e., 1948-63;
Table 1), and is —0.27 with the addition of post-1964
data. Similarly, a correlation coefficient of —0.43 is ob-
tained for the period 1964-2007, yet this drops to —0.16
in the case that data for the year 1964 are excluded (i.e.,
1965-2007). These findings indicate that the apparently
significant linkage between the SAM and SWR is depen-
dent on the data for one year—1964. The disproportion-
ate role played by data for 1964 in modulating the
relationship between the SAM and SWR can be assessed

by computing the covariance contribution (Table 1).
The contribution of covariance in 1964 is more than 70%
for the periods 1948-64 and 1964-2007 and is close to
50% for the period 1948-2007. The covariance in 1964 is
28 times the average covariance for 1948-2007.

In terms of the data in Fig. 1b, the above findings
explain the abrupt weakening of the SAM-SWR rela-
tionship in the central correlation year 1980. In using a
31-yr sliding window, the central year 1980 corresponds
to the period 1965-95, which is the first 31-yr sliding
window to exclude 1964. To investigate this point in detail,
the detrended sliding correlations between the SAMI and
SWR using a 31-yr window are examined again, excluding
the data for 1964 (Fig. 1c). In this case, the SAM-SWR
relationship is not statistically significant for the entire
study period. A similar result is obtained in an analysis of
the relationship between SWR and SLP at 40°S or 70°S.
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TABLE 1. Simultaneous correlation coefficients and their corresponding two-tailed P value (parentheses), averaged covariance (square brackets), and the ratio of covariance in 1964 to
the total covariance in the corresponding period (brace) between SWR and each of the SAMI, zonal mean SLP at 40°S (SLP_40S) and 70°S (SLP_70S), SAMI_EOF, SAMI_M, and

SAMI_V. The headin

g “~year” indicates the period leading up to and including the stated year; the heading ‘‘year—" indicates the period including and after the stated year. Significant

correlation coefficients at the 0.05 level are marked in bold. The effects of autocorrelation were taken into account in calculating the statistical significance.

Entire period
—0.41(0.00)[—36.8]{47% }
—0.38(0.00)[—21.3]{51%}

0.34(0.01)[96.2]{43% }
—0.39(0.00)[—24.2]1{43% }
—0.28(0.04)[—10.5]{68% }
—0.43(0.00)[ —31.8]{64%}

1965-
—0.16(0.30)[—9.6]
~0.13(0.41)[—5.9]

1964
—0.43(0.00)[—36.9]{73%}

—0.36(0.02)[—22.0]{72%}

-1963

~0.11(0.73)
—0.35(0.21)
~0.13(0.67)
~0.02(0.95)
~0.30(0.28)

0.08(0.89)

-1964

~0.50(0.04)
—0.65(0.01)

0.15(0.36)[25.2]
~0.18(0.26)[—6.8]
—0.04(0.80)[~1.3]
—0.17(0.30)[-8.6]

0.40(0.01)[94.9]{72%}
—0.44(0.00)[—23.7]{70%}

—0.28(0.08)[—11.7]{87%}
—0.45(0.00)[—33.4]{73%}

—5.4]
~12.9
~0.05]
—6.6]

2.8]

[ N R

—42.1]{83%
—42.5]{67%}
49.61{127%}
~19.3]{92%

—272){73%
—80.6]{90%}

[ I —

0.22(0.43)
~0.39(0.13)
~0.65(0.01)
—0.71(0.09)

SAMI_V and SWR

SAMI and SWR
SLP4OS and SWR
SLP7()S and SWR
SAMI_EOF and SWR
SAMI_M and SWR
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The correlations between SWR and each SAMI, zonal
mean SLP at 40°S, and zonal mean SLP at 70°S are listed
in Table 1. The relationships become insignificant in the
case that data for 1964 are removed from the analysis.
This result demonstrates that the linear relationship
between the SAM and SWR is dominated by a single
extreme year—1964. It is possible that this weakening
change in the SAM-SWR relationship may be an artifact,
as satellite data were not introduced to the NCEP-NCAR
reanalysis until 1979 (Kistler et al. 2001; Trenberth et al.
2001) and the SAMI based on NCEP-NCAR shows
biases (Hines et al. 2000; Marshall and Harangozo 2000;
Marshall 2002, 2003).

To validate the result from the SAMI based on NCEP-
NCAR, we repeat the same reanalysis to the station-
based SAM indices (SAMI_M and SAMI_V) and SWR
(Figs. 1b,c; Table 1). The abrupt drops in correlation
coefficients in 1980 are evident in both the SAMI_M and
SAMI_V cases, which are consistent with the above re-
sults about sliding correlations between the SAMI and
SWR. Note that the correlation between the SAMI_V
and SWR in the 31-yr sliding window is close to statis-
tical significance level even if data for 1964 are included
(i.e., before the central correlation year 1980) and that it
has dropped almost to zero since then. The correlation
coefficients between the SAMI_M and SWR for the pe-
riods 1957-64 and 1964-2007 are —0.71 and —0.45, re-
spectively; however, these values fall to 0.08 and —0.17,
respectively, in the case that data for 1964 are excluded
(Table 1). The data for 1964 contribute to 64% of the
covariance during 1957-2007 and to more than 70% of
the covariance for the periods 1957-64 and 1964-2007
(Table 1). Moreover, when data for 1964 are removed
from the analysis, the sliding correlations between the
SAMI_M and SWR are insignificant for the entire pe-
riod (Fig. 1c). A similar result about the relationship
between the SAMI_V and SWR is obtained (Figs. 1b,c).
These results suggest that the apparent relationship be-
tween the SAM and SWR induced by an extreme event
is supported by the station-based data.

The correlation coefficients between SWR and the
SAMI_EOF for periods that include and exclude 1964
(Fig. 1; Table 1) are in agreement with the above results.
The consistent results obtained for station-based SAM
indices and the NCEP-NCAR-derived SAMI_EOF in-
dicate that the SAMI used in the present study is reli-
able and that the general conclusions reached in this
study are not dependent on the choice of SAM indices.
Furthermore, we obtained similar results for sliding win-
dows with different lengths (e.g., 11-, 15-, and 21-yr
windows; figures not shown), indicating that the above
results are not dependent on the length of the sliding
window.
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FIG. 2. Scatterplot of the winter SAMI against SWR. Black lines are linear fits for data of
negative and positive SAM phases, for which the correlation and regression coefficients are
shown. The red outlier (minimum SAM in 1964) is not included in the linear fit shown by the
black line, but it is included in the linear fit for the negative SAM phase (red line).

The spatial variations in the relationship between the
SAM and SWR are also examined, with and without the
data for 1964 (Fig. 3). Similar regions with significant cor-
relations over SWWA are found for the periods 1948-64

and 1964-2007 (Figs. 3a,c) but not for 1948-63, nor for
1965-2007 (Figs. 3b,d). This finding indicates that the
relationship between the SAM and SWR is dominated by
the extreme year 1964; that is, a significant relationship
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FIG. 3. Spatial distribution of the correlation coefficients between the winter SAMI and SWWA winter rainfall during (a) 1948-64,
(b) 1948-63, (c) 1964-2007, and (d) 1965-2007. The second (e)—(h) and third (i)—(1) rows are the same as the first, but for the correlation
between the SWR and zonal mean SLP at 40° and 70°S, respectively. Red (green) shading denotes regions of positive (negative) sig-
nificance at the 0.05 level. The SWWA area lies southwest of the red line joining 115°E, 30°S and 120°E, 35°S.
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FIG. 4. Regression patterns of simultaneous SLP with respect to SWR for (a) 1948-64, (b) 1964-2007, (c) 1948-63,
and (d) 1965-2007. Red (green) shading denotes regions of positive (negative) significance at the 0.05 level. Red dots

indicate the locations of stations listed in Table 2.

between the SAM and SWR is only found in the case
that the year 1964 is included in the analysis period. This
point is further confirmed by the correlations between
rainfall and zonal mean SLP at 40° and 70°S (Figs. 3e-1).
Significant negative correlations are obtained between
SLP at 40°S and SWR for the periods 1948-64 and 1964—
2007. For these periods, the correlation is positive over
SWWA for SLP at 70°S. However, in the case that the
data for 1964 are excluded, these significant correlations
essentially disappear.

4. Discussion

The above findings suggest that the SAM does not
significantly influence temporal variations in winter rain-
fall over SWWA, as the apparent relationship between
these factors is caused by the extreme year 1964. This year
is characterized by a full hemispheric SAM pattern (Jones
et al. 2009) that is believed to reflect the Agung eruption
of the previous year (Angell 1988). Given this conclusion,
it is important to determine the atmospheric anomalies
associated with variations in SWR.

Figure 4 shows the regression patterns of SLP with
respect to SWR for four subperiods. In 1948-64, signif-
icant low pressure anomalies cover the wider part of
southwest Australia and significant positive pressure

anomalies are seen at high latitudes (south of 50°S), in-
dicating an inverse relationship between the SAM and
SWR. After excluding data for 1964, although the SLP
anomalies show a SAM-like pattern, the significant low
pressure anomalies at midlatitudes are reduced in extent
and are located at 100°-140°E (Fig. 4c). Moreover, the
significant positive anomalies at high latitudes have al-
most completely disappeared. A similar result is obtained
when comparing the distribution of anomalies between
the periods 1964-2007 and 1965-2007. Thus, based on the
effect of excluding data for 1964 from the analysis, SWR
appears to have no significant relationship with the SAM.

The SLP anomalies at midlatitudes are maintained
at 100°~140°E in the cases for which data for 1964 are
included and excluded. This finding indicates that tem-
poral variations in SWR are more closely linked to vari-
ability in regional circulation over the Indian Ocean and
southwest Australia (Smith et al. 2000; England et al.
2006; Hope et al. 2006; Feng et al. 2010).

Station SLP data are analyzed to verify the above
conclusion. The correlation coefficients between SWR
and station SLP data are listed in Table 2. Six of the
stations are located at midlatitudes, and four stations are
located at high latitudes. Only three of the stations (Perth
Airport, Cape Naturaliste, and Cape Leeuwin) show sig-
nificant correlations with SWR when data for 1964 are
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TABLE 2. Correlation coefficients between SWR and station SLP data and their corresponding two-tailed P value (parentheses). Headings
defined as in Table 1.

Station name Period Lat Lon -1964 -1963 1964— 1965-
Perth Airport 1951-2002 31°56'S 115°59'E —0.94(0.00) —0.86(0.01) —0.84(0.00) —0.78(0.00)
Cape Naturaliste 1957-90 33°32'S 115°01'E —0.96(0.00) —0.89(0.02) —0.81(0.00) —0.69(0.00)
Cape Leeuwin 1957-90 34°22'S 115°08'E —0.97(0.00) —0.90(0.02) —0.73(0.00) —0.61(0.00)
Ile Nouvelle 1957-2007 37°49'S 77°33'E —0.45(0.36) 0.09(0.89) —0.39(0.01) —0.20(0.21)
Hobart 1957-2007 42°52'S 147°19'E —0.72(0.05) —0.12(0.87) —0.40(0.01) —0.24(0.13)
Christchurch 1957-2007 43°33'S 172°47'E —0.76(0.02) —0.22(0.76) —0.28(0.07) —0.13(0.40)
Casey 1957-2007 66°17'S 110°32'E 0.87(0.03) 0.52(0.22) 0.49(0.00) 0.25(0.12)
Mirny 1957-2007 66°33'S 93°01'E 0.85(0.04) 0.49(0.31) 0.52(0.00) 0.24(0.13)
Dumont 1957-2007 66°40'S 140°E 0.79(0.01) 0.31(0.67) 0.26(0.10) 0.08(0.64)
Mawson 1957-2007 67°36'S 62°53'E 0.54(0.25) —0.07(0.93) 0.34(0.02) 0.15(0.34)

excluded. These three stations are located within the
SWWA region (see Fig. 4). Although some of the seven
other stations show significant correlations with SWR
for periods ending or starting in 1964, the correlations
are insignificant in the case that data for 1964 are re-
moved from the analysis. Therefore, the above discus-
sion is consistent with these station SLP data, indicating
the reliability of the present results.

5. Conclusions

This study considered whether the SAM plays a sig-
nificant role in influencing temporal variations in winter
rainfall over SWWA. The reported inverse relationship
between the SAM and SWR is entirely dependent on
the inclusion of data for an extreme year—1964. In this
year, an extreme negative value of the SAM is associ-
ated with the wettest winter in SWWA during the period
1948-2007. When data for 1964 are removed from the
analysis, despite the fact that the circulation anomalies
related to SWR display a SAM-like pattern, the signifi-
cant anomalies at high latitudes essentially disappear,
which is different from the SAM pattern with significant
anomalies at both mid- and high latitudes. This implies
that the SAM shows a nonsignificant relationship with
SWR. This finding is further supported by an analysis
of station data. The present result raises the possibility
that SWR is more associated with the variability in re-
gional circulation over the Indian Ocean and southwest
Australia, and that SAM has no significant influence on
temporal variations in SWR. Finally, we suggest that
caution should be taken when a simple linear correlation
is employed to investigate the relationship between two
variables, as the finding in such cases may be distorted by
the inclusion of extreme events in the database.
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