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ABSTRACT: The NCEP/NCAR reanalysis and precipitation data from the Australian Bureau of Meteorology are used to
analyse variability in rainfall during the austral summer (December—March, DJFM) in northeast Australia (NEA). NEA
rainfall shows a marked decrease over the past 50 years, mainly in the austral summer. Our analysis reveals that the
summer rainfall decrease in NEA is generally an interdecadal phenomenon. The declining trend has an imprint in the
tropical Australian summer monsoon (TASM). Not only does TASM have a phase-to-phase influence on NEA summer
rainfall at the interannual scale, it is also closely linked with interdecadal variation in NEA summer rainfall. Thus, the
decrease in NEA at the interdecadal scale could be attributed to corresponding variation in TASM. Moreover, the coupled
linkage between TASM and NEA summer rainfall appears to be largely independent of El Nifio—Southern Oscillation. One
possible reason for the interdecadal weakening trend in TASM is a sustained interdecadal warming trend in sea surface
temperature (SST) over the Wharton Basin (100°—130°E, 20°—5 °S). When the Wharton Basin is in a cold state, anomalous
westerlies occur in the lower troposphere in the TASM region, and cyclonic circulation anomalies and rising flows occur
in the low and middle troposphere over NEA, which are associated with a strong TASM situation, consequently favouring
enhanced rainfall over NEA; the opposite occurs in the case of a warm Wharton Basin. SST over the Wharton Basin has
shown a continuous warming trend over the past 60 years, contributing to the weakening of TASM and, consequently, a
decrease in NEA summer rainfall. Copyright © 2011 Royal Meteorological Society
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1. Introduction and Cowan, 2006; Hope et al., 2006; Meneghini et al.,
2007; Feng et al., 2010a, 2010b), as has the increas-
ing trend in NWA (Wardle and Smith, 2004; Rotstayn
et al., 2006; Shi et al., 2008a, 2008b; Taschetto and Eng-
land, 2008). In contrast, relatively little is known of the
cause and mechanism of the decreased NEA rainfall. As
noted by Nicholls (2006), an immediate priority for future
detection and attribution studies would be the decline in
rainfall along the east coast and in areas stretching inland
from the coast.

Two recent papers have shed some light on this
topic. Shi et al. (2008a) reported an anomalously high
sea level pressure (SLP) over much of the Australian
continent; the anticyclone circulation pattern is associated
with southeasterly flows in NEA, resulting in variable
rainfall east of 130 °E and anomalously low rainfall to the
west. However, the Australian anticyclone is located over

Australian rainfall shows a high degree of variability
(e.g. Drosdowsky, 1993; Smith et al., 2000). The rainfall
pattern is important for agriculture and for managing
water resources. Thus, a better understanding of the
causes of precipitation variability is necessary to avoid
financial losses in the Australian economy. As northeast
Australia (NEA) has a large population and a vibrant
economy, variability in rainfall over NEA has a strong
influence on economic growth and daily life in this
region.

The annual rainfall amount over Australia has changed
significantly in recent decades: rainfall has declined in
NEA, southeast Australia, and southwest Western Aus-
tralia (SWWA), but has shown a marked increase over
north Western Australia (NWA). The rainfall decrease in
SWWA has been studied intensely in recent years (e.g. . .
Smith et al., 2000; Cai and Watterson, 2002: IOCI, 2002: southern Australia (south of 25 °S) in austral summer; the

Pitman er al., 2004; Cai et al., 2005; Li et al., 2005; Cai region north of 25°S in Australia is strongly influenced
by easterlies. This observation could not explain the
_— reduced rainfall in NEA during the austral summer.
* Correspondence to: Jianping Li, State Key Laboratory of Numerical Tgagchetto and England (2008) reported that the frequency
Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, £ . infall in NEA h
Institute of Atmospheric Physics, Chinese Academy of Sciences, 0 S’_ummertlme extreme ralq a eV.ents mn as
Beijing, China. E-mail: ljp@lasg.iap.ac.cn declined. However, the prescribed rainfall changes over
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Figure 1. Summer (DJFM) rainfall trend based on Australian rainfall

data over the period 1948—2007. The shaded areas indicate statistically

significant trends at the 0.05 level (unit: mm/year). This figure is
available in colour online at wileyonlinelibrary.com/journal/joc

NEA (Figure 1) are much larger than could be explained
solely by extreme events; thus, the cause of the rainfall
decrease over NEA remains an open question.

On the other hand, many studies have examined
the relationship between El Nifio—Southern Oscillation
(ENSO) and Australian rainfall. The influence of sea sur-
face temperature (SST) in the central and eastern Pacific
on Australian rainfall variability has been clearly estab-
lished (e.g. McBride and Nicholls, 1983; Drosdowsky
and Williams, 1991; Lau and Nath, 1996; Murphy, 2004).
Previous studies have provided evidence that warm El
Nifio events are generally accompanied by drought condi-
tions over northern and eastern Australia, whereas above-
average rainfall occurs during La Nifia events. How-
ever, Power et al. (1999) indicated that the relationship
between ENSO and rainfall anomalies averaged over
Australia has collapsed. In addition, Cai ef al. (2001)
reported that the relation between NEA rainfall and
ENSO fluctuates in tandem with annual rainfall anoma-
lies, and that NEA rainfall shows a strong interdecadal
variation along with intense interannual fluctuations. In
fact, ENSO has a statistically significant influence on
NEA summer rainfall over the period 1948—1976, but not
after 1976 (the correlation coefficient between Nifio3.4
index and NEA summer rainfall for 1948—-1976 is —0.59,
significant at the 0.05 level; the correlation coefficient
for 1977-2006 is —0.33, which is not significant at the
0.05 level. Cai et al. (2010) proposed that the impacts of
ENSO on southeast Queensland are asymmetry, and the
influence is only significant in its negative events. How-
ever, there is a complete breakdown in the teleconnection
with La Nifia over southeast Queensland, contributing to
the rainfall reduction. In this case, the cause of decrease
in summer rainfall over NEA remains unknown, meaning
that further research is required.
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The influence of Indian Ocean SST anomalies on Aus-
tralian rainfall has been studied in recent years (e.g.
Nicholls, 1989; Simmonds, 1990; Ashok et al., 2003;
Murphy, 2004; Cai et al., 2009). Nicholls et al. (1996)
described an apparent change in the relationship between
ENSO and Australian rainfall and temperature. The
authors ascribed the change to an increase in Indian
Ocean SST, and pointed out that interannual rainfall vari-
ability is amplified in regions affected by ENSO (Nicholls
1988), such as NEA. NEA is located at the margin of
monsoon-affected Australia; consequently, rainfall vari-
ability in this region is affected by atmospheric phe-
nomena rather than by ENSO (Murphy, 2004). However,
few studies have discussed the relationship between the
tropical Australian summer monsoon (TASM) and NEA
rainfall.

In the present study, we explore both temporal varia-
tions in TASM and its influence on NEA summer rain-
fall variability. It is found that TASM strength has a
statistically significant positive influence on NEA sum-
mer rainfall, and TASM itself shows strong interannual
and interdecadal variability within an overall weakening
trend, which is consistent with the decline in summer
rainfall within NEA. The remainder of the paper is orga-
nized as follows. The dataset, methodology and model
used in this study are described in Section 2. In Section
3, we focus on the relationship between TASM and Aus-
tralian rainfall. A possible cause of the weakened trend in
TASM is considered in Section 4. Finally, the conclusions
and discussions are presented in Section 5.

2. Data, methodology and model

2.1. Data

The primary dataset used in this study is from the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanal-
ysis (Kalnay et al., 1996), obtained from http://www.cdc.
noaa.gov/PublicData/. Rainfall data were provided by
the National Climate Centre (NCC) of the Australian
Bureau of Meteorology, consisting of data on a 0.25° x
0.25° grid. The SST data are the Improved Extended
Reconstruction SST (IERSST; Smith and Reynolds,
2004) on a 2° x 2° grid. The Nifio3.4 index is from
http://www.cpc.noaa.gov/data/indices/and is one of sev-
eral ENSO indicators based on SST anomalies in the
region of (5°S-5°N, 170°-120°W).

2.2. Methodology

A unified dynamical normalized seasonality (DNS) mon-
soon index, as introduced by Li and Zeng (2000, 2002,
2003), is applied to determine the magnitude and vari-
ability of TASM. This index is based on the intensity of
seasonality of the wind fields, and can be used to depict
the seasonal cycle and interannual variability of mon-
soon over various areas (Li and Zeng, 2005; Feng and
Li, 2009; Feng et al., 2010a; Zhang et al., 2010). For a
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given pressure level and grid point(i, j), the DNS index
in the m—th month of the n—th year is given by
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where Vy is the climatological winter wind vector as
the reference state (here, averaged from 1968 to 1996),
V,m 18 the wind vector in the m—th month of the n—th
year, and V = (Vy + Vs)/2 is the climatological mean
wind vector, where Vg is the climatological summer
wind (for the Northern Hemisphere, taking Vw = Vi
and Vg = Vy,; for the Southern Hemisphere, taking
Vw = Vju and Vg = Vy,,). The norm ||A]|| is defined
as [|All = (f /s |A|2dS)l/2 where S denotes the domain

of integration. At a given grid point(i, j),
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where ¢; is the latitude at point (i, j) and As =
aApAA/4, a is the mean radius of the Earth, and Ag
and A) (in radians) are the resolution in the meridional
and zonal directions, respectively. A value of 2 is
subtracted in the right-hand side of the formula, because
it is the critical value of significance of the quantity.
The case when §,,,(i, j) > 0 means that the prevailing
winds direction shifts by at least 90° between winter and
summer (Li and Zeng, 2000).

A large-scale monsoon index M I,,,, in the m—th month
of the n—th year is defined as a measure of the averaged
DNS over a monsoon domain, given by

MI,, = {anm(i’ ])}a

where the symbol {e} denotes the areal average of §
within a chosen monsoon domain at a certain pressure
level (generally 850 or 925 hPa). For details on the phys-
ical definition see Li and Zeng (2000, 2002). Following
Li and Zeng (2002), the region (20°-5°S, 100°-160 °E)
is selected as the TASM domain and 925 hPa is selected
as the level of the monsoon index with which to construct
the TASM index (TASMI).

Taking into account the fact that the Intertropical Con-
vergence Zone (ITCZ) frequently appears as a convec-
tive belt in the tropics, the zonal component of wind at
850 hPa is usually larger than the meridional component;
thus, to a good approximation, a vortex can be calculated
from the meridional shear of the zonal wind component.
Therefore, the averaged position of the ITCZ is defined
as the location where the vortex reaches its maximum
value (Wei et al., 2008).

The relation between TASM and NEA summer rainfall
is investigated by correlation, composite and partial
correlation analyses. Here, the composite analyses for an
index are the differences between the strong (greater than
+1 standard deviation of the index) and weak values (less
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than —1 standard deviation of the index). In addition,
considering that NEA summer rainfall shows strong
interdecadal variation (Cai et al., 2001; Figure 2(b)), we
separated the variation into two parts by applying a 7-
year Gaussian filter to the original data, in order to
analyse the influence of TASM on NEA summer rainfall
at different time scales. The high-pass part is considered
to be variation on the interannual scale, while the low-
pass part is taken as variation on the interdecadal scale.
By taking into account the effect of filtering on the
degrees of freedom and by employing a significance test,
the effective degrees of freedom are readily evaluated.

Davis (1976) and Chen (1982) presented a method
for estimating the effective degrees of freedom N, as
N =n/T, whereby

K
T =) Ce(1)Cyy (1),

=0

where Cy(7) and C,,(7) are the autocorrelation coeffi-
cientsofx; i =1,...,n)andy; i =1,...,n), respec-
tively, with a lagged scale t. The maximum of the integer
K corresponds to n/2.

2.3. Model

The atmospheric general circulation model used in this
study is the NCAR Community Atmospheric Model ver-
sion 3 (CAM3). The horizontal resolution is T42 (approx-
imately 2.8° x 2.8°), with 26 hybrid vertical levels. (A
complete description of this model is available online
through http://www.ccsm.ucar.edu/models/atm-cam/docs/
description/).

3. Relationship between TASM and NEA rainfall
3.1.

Northern Australia experiences a tropical climate with
a distinct rainy season that typically begins during
November and ends in April. Much of the area receives
more than 75% of its annual mean rainfall during these
6 months (Ropelewski and Halpert, 1987; Ropelewski,
1989). Previous studies have suggested that the rainfall
decrease in NEA is mainly a summer phenomenon
(Nicholls, 2006), and trends in half-year rainfall over
the period 1952-2002 dominate the trends in annual
rainfall over the full period of 1901-2002 (Smith, 2004).
Accordingly, the present analysis focuses on the summer
period in the second half of the twentieth century.

In previous studies, the months December, January,
and February (DJF) are generally defined as the sum-
mer period (e.g. Frederiksen et al., 1999; Hendon et al.,
2007). To demonstrate the decreasing rainfall trend com-
pletely and exactly, trends were assessed monthly. The
results indicate that NEA rainfall in March shows a
similar trend to that in December—February, being as
extensive as that in January. Thus, the period Decem-
ber—March (DJFM) is taken as the analysis period.

Selection of the analysis period

Int. J. Climatol. 32: 995-1005 (2012)
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Figure 2. (a) Normalized time series of TASMI (solid line). The thick solid (dashed) lines indicate the interdecadal (interannual) variation filtered
by a 7-year Gaussian filter. (b) As for (a), but for the NEA summer rainfall series. (c) As for (a), but for WB-SSTI, which is the areal-averaged
SST over the Wharton Basin (100°-130°E, 20°-5°S). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Figure 1 shows the DJFM rainfall trend in Australia
during recent decades. Overall, the spatial pattern of
the precipitation trend can be separated into two main
parts: being positive in Western Australia and negative
in eastern Australia. The area with the largest negative
value is located along the coast of NEA; the negative
values decrease toward inland areas. The dividing line
between the positive and negative trends is located at
approximately 140 °E.

3.2. Relationship between TASM and NEA summer
rainfall

Figure 2(a) shows the normalized time series of TASMI
for the past 60 years. TASM shows strong interannual
and interdecadal variability along with a clear long-term
decreasing trend. TASMI was in a positive phase from
1948 to 1956, a negative phase between 1957 and 1966,
a positive phase from 1967 until the end of the 1970s,
and a negative phase from the 1980s until the present.
The amplitude of TASMI has weakened during this time.
If a strong (weak) TASM year is taken as a year with
TASMI greater (less) than +1 (—1) standard deviation of
the index, we find that since the mid-1970s, there have

Copyright © 2011 Royal Meteorological Society

been no years with a strong summer monsoon, and years
with a weak summer monsoon have become increasingly
frequent.

TASM is generally closely linked with NEA summer
rainfall (Figure 2(a), (b)), as indicated by a correlation
coefficient of 0.64 obtained between TASMI and summer
rainfall averaged over NEA, east of 140°E and north of
25°S (Table I). NEA summer rainfall shows a decreasing
trend that is well in phase with TASMI. Noting that,
TASM does not show significant trend for the sub-periods
pre- and post-1980, accordingly, there is no clear trend
in NEA summer rainfall (Cai et al., 2010).

Figure 3 shows a correlation map between TASMI
and Australian summer rainfall. Figure 3(a) shows that
TASMI is significantly positively correlated with sum-
mer rainfall over NEA, indicating that stronger TASM
favours larger amounts of summer rainfall in NEA,
and vice versa. Furthermore, the correlation coefficient
between TASMI and NEA summer rainfall is 0.65 for
the interannual time scale and 0.68 for the interdecadal
time scale (Table I). Thus, it could be concluded that
TASM is responsible for both interannual and inter-
decadal variations in NEA summer rainfall: when TASM

Int. J. Climatol. 32: 995-1005 (2012)
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Table 1. Correlation coefficients between tropical Australian summer monsoon index (TASMI) and various indices.

NEA-R? ITCZI_NEA® U-shearing® Vapour? WB-SSTI®
Raw series 0.641 —0.63 0.84 0.651 —0.71
Interannual® 0.65' —0.711 0.81 0.641 —0.66
Interdecadal® 0.68" —0.61" 0.88! 0.73" —0.81"
Removal Nifio3.4 0.52" —0.551 0.78! 0.501 —0.63

2NEA-R is the areal-averaged austral summer rainfall over the NEA region.
P ITCZINEA is the mean latitude position of the ITCZ over NEA within 140°—160 °E.
¢ The U-shearing index is the zonal wind meridional shearing, defined as the difference in zonal wind at 850 hPa between 10° and 25 °S, within

130°-160°E.

4 The Vapour index indicates vapour transport at 925 hPa within the region (140°—160°E, 25°~10°S).
¢ WB-SSTI is the areal-averaged SST over the Wharton Basin (100°-130°E, 20°-5°S).

f Interannual represents variations at scales less than 7 years.
¢ Interdecadal represents variations at scales beyond 7 years.
h Statistically significant correlations at the 0.05 level.
I Statistically significant correlations at the 0.01 level.
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Figure 3. Correlation maps between Australian summer rainfall and (a) TASMI and (b) the Nifio 3.4 index. (c) As for (a), but after removing
the effect of ENSO. (d) As for (b), but after removing the effect of TASM. The shading indicates a statistically significant correlation at the 0.05
level. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

is strong (weak), there occurs more (less) summer rainfall
in NEA.

Here, we consider the circulation anomalies associated
with TASM. Figure 4 shows composite differences in
selected variables between the strong and weak index
polarities of TASM. There are distinct differences in
lower tropospheric circulation between strong and weak
TASM years. In strong TASM years (Figure 4(a)) very
strong westerly anomalies are observed over the trop-
ical Australian monsoon region, resulting in enhanced
strength of cyclonic vorticity over NEA and the adja-
cent ocean to the east. The point could be verified from
the very strong correlation (with coefficient of 0.84;

Copyright © 2011 Royal Meteorological Society

Table I) between TASMI and the meridional shear of the
zonal wind index, which is defined as the difference in
zonal wind at 850 hPa between 10° and 25°S, within
130°-160°E. Thus, a significant negative SLP anomaly
lies over Australia and the adjacent ocean. This pat-
tern acts to intensify the Australian cyclone located over
northern Australia during summer, and NEA is covered
by an anomaly pattern comprising a strong cyclonic circu-
lation. Moreover, vapour transportation in the lower tro-
posphere over the NEA region (140°-160°E, 25°-10°S)
is strongly correlated with TASMI (correlation coeffi-
cient = 0.65; Table I), indicating that the strengthened
westerlies bring more vapour to the NEA region. The

Int. J. Climatol. 32: 995-1005 (2012)
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mean position of the ITCZ over NEA (ITCZ_NEA,
averaged over 140°—160°E) is closely associated with
TASM (correlation coefficient = —0.63; Table I); i.e.
ITCZNEA is located southward in years with strong
TASM (Figure 4(b)), indicating that the deep convec-
tion center moves southward. The strengthened cyclonic
vorticity and southward shift of the ITCZ_NEA favour
anomalous rising flows over NEA (Figure 4(c)), associ-
ated with enhanced rainfall over NEA.

Figure 5 shows a time series of the averaged lat-
itudes of ITCZ_NEA, cyclonic vorticity, and vapour
transportation at 925 hPa. The weak situation of TASM
(Figure 3(a)) over the past 30 years is accompanied
by a northward shift in ITCZ_NEA (Figure 5(a)), sub-
dued cyclonic vorticity (Figure 5(b)), and reduced vapour
transport over NEA (Figure 5(c)), together resulting in
reduced NEA summer rainfall.

The above results show that variations in NEA summer
rainfall are linked with variations in TASM. In contrast,
previous studies have suggested that summer rainfall
in eastern Australia is affected by ENSO (Figure 3(b)).
Moreover, TASM is correlated with ENSO (correlation
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Figure 4. (a) Composite differences in 850 hPa wind (vectors) and SLP
(contours) between strong and weak TASM years during DJFM. For the
wind vectors, only those values significant at the 0.05 level are shown.
The contour interval is 1 hPa. Shaded areas indicate a statistically
significant SLP difference at the 0.05 level. (b) Position of the ITCZ
during strong (red) and weak (blue) TASM years. (c) As for (a), but
for the vertical velocity averaged over 25°—5°S (unit: P/s). This figure

is available in colour online at wileyonlinelibrary.com/journal/joc
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coefficient between TASMI and Nifio3.4 index = —0.53).
Thus, the question of whether the relation between TASM
and NEA rainfall is influenced by ENSO warrants further
consideration. Here, we use partial correlation to assess
whether the relationship between TASM and NEA sum-
mer rainfall is independent of ENSO. The partial correla-
tions between TASMI and summer rainfall, after remov-
ing ENSO effects, show a similar pattern to the total cor-
relations (compare Figure 3(c) with (a)). The strong cor-
relation over NEA is barely weakened after removing the
effects of ENSO, indicating that the TASM—NEA rainfall
relationship is linearly independent of ENSO. In contrast,
the significant correlation between the Nifio3.4 index and
NEA rainfall is no longer seen once the effect of TASM
has been removed (compare Figure 3(d) with (b)). Not-
ing that the relationship between TASM and NEA rainfall
is reduced after removing the effects of ENSO (compare
Figure 3(d) with (b)), indicating ENSO has an influence
on NEA summer rainfall, i.e. a non-linear influence (Cai
et al., 2010). Furthermore, the relations between TASMI
and each of ITCZ_NEA locations, vapour transport, zonal
wind meridional shearing, and cyclonic vorticity indices
are barely weakened (all remain significant at the 0.01
level) after removing the effect of ENSO (Table I). This
result reveals that the TASM—-NEA summer rainfall rela-
tionship is largely linearly independent of the influence of
ENSO. However, this does not necessarily indicate that
we can separate the contributions of ENSO and TASM
to variations in summertime rainfall over NEA.

4. Why does TASM experience a weakening trend?

Hereinbefore, we reported that variations in summer
rainfall over NEA are closely linked with TASM strength.
In this case, why does TASM show a subdued trend, and
what external forcing is responsible for its weakening?

Figure 6(a) shows the composite differences in SST
between strong and weak TASM years. The composite
pattern mainly indicates an ENSO-induced mode, with
significant negative anomalies over the middle and east-
ern tropical Pacific. There also exists a significant nega-
tive anomaly pattern over the tropical Indian Ocean and
the Indian Ocean westward of Western Australia (espe-
cially the Wharton Basin). However, in recalculating the
composite analysis of strong minus weak TASM years
after excluding years with high and low polarities of
ENSO (i.e. focusing on non-ENSO years), as shown in
Figure 6(b), the significant signal over the tropical Pacific
has largely disappeared and the signal over the tropical
Indian Ocean has become much weaker, whereas the sig-
nificant signal over the Wharton Basin is not only still
there but also becomes stronger. This result indicates that
SST in the Wharton Basin may play an important role in
controlling variations in TASM.

To further show how TASM is linked to SST in the
Wharton Basin, an SST index, WB-SSTI, is defined
as the areal averaged SST over the Wharton Basin
(100°-130°E, 20°-5°S). WB-SSTTI is strongly correlated

Int. J. Climatol. 32: 995-1005 (2012)
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Figure 5. (a) Mean latitude position (°S) of the ITCZ over NEA within 140°—160 °E. (b) Normalized time series of the zonal wind meridional

shearing index, which is defined as the difference in zonal wind at 850 hPa between 10°S and 25 °S, within 130°-160°E. (c) Normalized time

series of vapour transport at 925 hPa within the region (140°—160°E, 25°—10°S). Thick solid lines indicate the interdecadal variation filtered
by a 7-year Gaussian filter. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

with TASMI at both interannual (correlation coefficient
of —0.66) and interdecadal (correlation coefficient of
—0.81) scales (Figure 2(c) and Table I). Moreover, the
correlation between TASMI and WB-SSTI shows little
change after removing the effects of ENSO (it changes
from —0.71 to —0.63, with both values being significant
at the 0.01 level), suggesting their linkage is not strongly
contaminated by ENSO.

To investigate possible dynamical linkages between
TASM and Wharton Basin SST, Figure 7 shows the
composite differences between cold and warm WB-SSTI
years in terms of winds and geopotential in the lower
troposphere at 850 hPa, large-scale moist static stabil-
ity, vertical shear of zonal wind, and vertical circulation,
revealing significant differences. The circulation pattern
in Figure 7(a) is similar to that in Figure 4(a). That is,
during colder SST years in the Wharton Basin, strong
westerly anomalies occur over the tropical Australian
monsoon region, and positive anomalies in large-scale
moist static stability (Figure 7(b)) — defined by the ver-
tical difference between 500 and 850 hPa pseudoequiv-
alent potential temperature (6,,) — are observed over the
region; consequently, the rising flow over the Wharton

Copyright © 2011 Royal Meteorological Society
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Basin is retrained and anomalous sinking flow is induced
(Figure 7(d)), corresponding to the anticyclonic anomaly
circulation pattern over the region.

Strong negative anomalies in vertical shear of the
zonal wind between the upper (200 hPa) and lower
troposphere (850 hPa) occur over the tropical Australian
monsoon region (Figure 7(c)), which acts to intensify
the zonal anti-clockwise vertical circulation over the
region (Figure 7(d)) and rising motion in the east. The
strong negative anomalies in vertical shear of the zonal
wind, which correspond to cold SST anomalies in the
Wharton Basin, could be further estimated from the
significant correlation between WB—SSTI and the zonal
wind vertical shear index between the upper and lower
levels in the region (120°—160°E, 15°-5°S). Therefore,
the cold SST anomalies in the Wharton Basin could
act to weaken the atmospheric instability and intensify
the anomalous sinking over the region, as well as to
strengthen westerlies in the lower troposphere over the
tropical Australian monsoon region and ascending flow
over the eastern tropical Australian monsoon region. In
turn, these changes result in strong TASM cases that
favour enhanced summer rainfall in NEA. The opposite
combination of factors is observed during the warm state
of WB-SSTL

The above results suggest that TASM strength is out
of phase with SST anomalies over the Wharton Basin. A
warmer-than-normal Wharton Basin SST favours a weak

Copyright © 2011 Royal Meteorological Society

TASM and corresponds to reduced summer rainfall in
NEA, and vice versa. SST over the Wharton Basin has
shown a continuous warming trend in the recent 60 years
and has been in the warm state since the late 1970s
(Figure 2(c)), when TASM entered a negative phase.

To further verify the above result on how the SST
within WB influences the variations of TASM, we per-
formed numerical experiments with CAM3 model. The
control run was integrated for 15 years, which was used
to derive a reference state. The sensitivity experiment
was integrated for 17 years, the latter 15 years integra-
tions were used to construct a 15-member ensemble mean
to reduce the uncertainties arising from varying initial
conditions. To isolate and mimic the impacts of SST
variation, the only difference between the control and
sensitivity experiment is 1°C decreasing in SST over
Wharton Basin during summer. The associated differ-
ences between the sensitivity and control run are shown in
Figure 8. It can be clearly seen that the cooling SST over
Wharton Basin usually excites anomalous rising over
NEA, favouring for more rainfall over NEA, which is
consistent with the observation. This point supports the
result that variation of Wharton Basin SST contributes
to variations of TASM, in turn influences the variation
of NEA summer rainfall. Therefore, we conclude that
the warming of SST in the Wharton Basin is at least, in
part, responsible for weakening of TASM, which in turn
contributes to reduced rainfall over NEA.
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Figure 8. The zonal-height distribution of differences between sensi-
tivity experiment with cooling SST over Wharton Basin and control
run.

5. Discussion and conclusions

A remarkable feature of NEA summer rainfall is its long-
term decreasing trend over the past 60 years. In this
study, we analysed the possible cause of this decrease.
First, NEA summer rainfall is associated with TASM.
Variations in TASM capture not only interannual vari-
ability in NEA summer rainfall, but also interdecadal
variations. In strong TASM years, enhanced rainfall over
NEA is induced by strengthened westerlies over the trop-
ical Australian monsoon region, a southward shift of
ITCZ_NEA, enhanced cyclonic vorticity anomalies in the
lower troposphere over eastern Australia and the adja-
cent ocean, enhanced rising over NEA, and enhanced
water vapour transport over NEA; the opposite occurs
during weak TASM years. TASM strength has shown a
long-term weakening in the past 60 years and has been
in a negative phase since the 1980s, when NEA sum-
mer rainfall entered a negative phase. Therefore, TASM
weakening is responsible for the decrease in NEA sum-
mer rainfall.

Second, TASM is related to SST over the Wharton
Basin. When the Wharton Basin SST is in a cold state,
corresponding to increased convective stability, rising
flow is suppressed over the basin. The associated reduc-
tion in dynamic instability over the tropical Australian
monsoon region north to Australia, indicates anomalous
easterlies in the high troposphere but strengthened west-
erlies in the lower troposphere. Consequently, TASM is
intensified and convergence is enhanced over NEA.

Figure 9 shows a schematic of these processes that the
potential influence of Wharton Basin SST has on TASM.
SST in the Wharton Basin has shown a continuous
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warming trend in recent decades, especially since the
end of the 1970s, when it entered a long-term warm
phase, coincident with a negative phase of TASM. This
weakening in TASM is largely attributed to increasing
SST in the Wharton Basin.

Independent of this study, Wang et al. (2004) defined
an Australian summer monsoon index based on 850 hPa
zonal wind anomalies averaged over the region (0°—10°S,
120°—150°E), following the traditional notion employed
by Australian meteorologists. Hung and Yanai (2004)
used the zonal wind at 850 hPa within the region
(2°=15°S, 115°-150°E) to describe the characteristics of
TASM. Their TASM indices are strongly correlated with
that of the present study, yielding correlation coefficients
of 0.85 and 0.94 (Figure 10(a), (b)), respectively. In
addition, both indices show weakening trends and enter
negative phases from the 1980s. This finding shows that
the results of the present study are not dependent on the
choice of TASM index.

The result in this study provides one of the possible
causes for decline in rainfall over NEA, and indicates
that the variations of SST within Wharton Basin con-
tribute to the weakening of TASM. A very recent work of
Cai et al. (2010) reported in association with a post-1980
positive phase of the interdecadal Pacific oscillation, the
Walker circulation and convection center near Australia’s
east coast shift eastward, such that even during La Nifia
events, the convection center is still too far away from
southeast Queensland, leading to a reduction in rainfall.
One question rising is that whether the TASM is under
influence of IPO, as well as the relationship of TASM
and NEA summer rainfall, and what physical process
is involved, these are all important questions and need
further work.

Finally, TASM is a part of the Asian—Australian mon-
soon system, the relationship between the Asian and Aus-
tralian monsoons has been discussed in several studies.
Previous studies have reported that the East Asian winter
monsoon (EAWM) shows strong interdecadal variabil-
ity (Wu and Zhang 2006; Zhou et al., 2007a, 2007b;
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Figure 10. As in Figure 2, but for the normalized time series of (a) the TASM index defined by Wang et al. (2004) and (b) the TASM index
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Wu et al., 2009). It is important to consider whether
the EAWM influences rainfall variation over NEA. The
regression pattern of TASMI with respect to geopoten-
tial height at 925 hPa (figure not shown) indicates that
variations in TASM are linked to the strength of the Aleu-
tian low, which is one of important reflections of EAWM
variations (Nakamura et al., 2002; Gao, 2007). The cor-
relation coefficient between TASM and the Aleutian low
index (defined as the areal mean SLP over the domain
40°—60°N, 150°E-140°W) is 0.42, significant at the 0.01
level. This result implies that variation in EAWM could
influence the strength of TASM. This outcome raises the
possible that variations in TASM are linked to EAWM,
providing further support for the argument that EAWM
contributes to variations in TASM. Therefore, topics for
future work include the process and mechanism involved
in the interaction between EAWM and TASM, and the
relative contributions of EAWM to the weakening of
TASM.
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