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Abstract Rainfall on the subtropical east coast of Australia

has declined at up to 50 mm per decade since 1970. Wavelet

analysis is used to investigate eight station and four station-

averaged rainfall distributions along Australia’s subtropical

east coast with respect to the El Niño-Southern Oscillation

(ENSO), the inter-decadal Pacific oscillation (IPO) and the

southern annular mode (SAM). The relationships are

examined further using composite atmospheric circulation

anomalies. Here we show that the greatest rainfall variability

occurs in the 15–30 year periodicity of the 1948–1975 or

‘cool’ phase of the IPO when the subtropical ridge is located

sufficiently poleward for anomalous moist onshore airflow to

occur together with high ENSO rainfall variability and high,

negative phase, SAM variability. Thus, the mid-latitude

westerlies are located at their most equatorward position

in the Australian region. This maximizes tropospheric

interaction of warm, moist tropical air with enhanced local

baroclinicity over the east coast, and hence rainfall.

Keywords Rainfall variability � Large scale �
Climate drivers � East Australia

1 Introduction

Eastern Australia, particularly along the subtropical coast

(25�S–38�S) where approximately 50% of Australia’s

population inhabits about 5% of its total land area, has

experienced a decline in rainfall over the latter half of the

twentieth century at a rate of between 30 and 50 mm per

decade and 40–50 mm per decade since 1970 (Fig. 1a, b).

The recent eastern Australian severe drought (2002–2007)

has placed increasing pressure on water resource availability

(Murphy and Timbal 2008). The El Niño of 2006/2007

exacerbated the drought and along with the 2002/2003 El

Niño produced a 5-year drought that was the worst reported

over the last century (Bureau of Meteorology 2006).

From an Australian perspective, identifying the likely

causes for the decline in rainfall on the east coast during the

latter half of the twentieth century, and during the last decade

in particular, is considered the highest priority for new

detection and attribution studies because of the large popu-

lation and high economic value of the region (Nicholls

2006). Various studies have investigated the relationship

between rainfall over Australia and large scale climate

drivers (McBride and Nicholls 1983; Stone and Auliciems

1992; Zhang and Casey 1992; Nicholls and Kariko 1993;

Cordery and Opoku-Ankomah 1994), especially in relation

to the El Niño-Southern Oscillation (ENSO) phenomenon.

The southern oscillation index (SOI) is defined as the
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normalized monthly Tahiti minus Darwin pressure differ-

ence and hence is a measure of the strength of the Walker

circulation. Sustained high negative/positive values indicate

El Niño/La Niña conditions. Ansell et al. (2000) investigated

evidence for decadal variability in southern Australian

rainfall and relationships with regional pressure and sea-

surface temperature (SST). Hendon et al. (2007) and

Meneghini et al. (2007) investigated the effect of the

southern annular mode (SAM) on Australian rainfall and

atmospheric circulation. The SAM is the leading mode of

variability in the extra-tropical southern hemispheric circu-

lation and is characterized by deep, zonally symmetric or

‘‘annular’’ structures, with geopotential height perturbations

of opposing signs in the polar cap region and in the sur-

rounding zonal ring centered near 45�S (Thompson and

Wallace 2000). The SAM index is defined as the difference

in the normalized monthly zonal mean sea level pressure

(MSLP) between 40�S and 70�S (Nan and Li 2003).

Ummenhofer et al. (2009) related severe droughts in the

State of Victoria (see Fig. 1c) to the Indian Ocean dipole.

Fig. 1 Map of Australia highlighting the decline in annual rainfall

(mm/10 years) along the east coast from, (a) 1950–2007, and (b) as in

(a), except for 1970–2007, (c) Map of eastern Australia highlighting

features mentioned in the text including the four study regions of

southeast Queensland (SEQLD), and northeast, central eastern and

southeastern New South Wales (NENSW, CENSW, and SENSW,

respectively). Also, within each region two rainfall stations are

indicated with reference to wavelet analysis figures presented later.

The rainfall stations are: CM Cape Morton, H Harrisville (SEQLD),

Y Yamba, E Ebor (NENSW), S Observatory Hill, C Cataract

(CENSW), P Point Perpendicular, D Delegate (SENSW) (Please

refer ESM for original higher-resolution figures)
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However, with the three preceding studies (Hendon et al.

2007; Meneghini et al. 2007; Ummenhofer et al. 2009), the

predominant focus has been south of about 35�S (i.e., the

southwest and southeast corners of the continent) and

the tropical north, or generally Australia-wide, and none of

those studies have included the inter-decadal Pacific oscil-

lation (IPO). The IPO is used to describe the Pacific wide

ENSO-like pattern of SST that emerged in the analysis of

near-global inter-decadal SST (Folland et al. 1999). Power

et al. (2006) showed that the IPO can appear to modulate

ENSO activity and ENSO’s impact on Australia’s climate

including rainfall, even if the IPO largely reflects unpre-

dictable random changes in the relative frequency of El Niño

and La Niña events in a given inter-decadal period. Power

et al. (1999) found that when the IPO raises temperatures in

the tropical Pacific Ocean there is no robust relationship

between year-to-year Australian climate variations and

ENSO. On the other hand, when the IPO lowers temperatures

in the same region, they concluded that year-to-year ENSO

variability is closely associated with year-to-year Australian

rainfall variability. Pezza et al. (2007) found that trends in

the closely related Pacific decadal oscillation (PDO)

observed over the Tasman Sea are consistent with declining

winter rainfall over southeastern Australia. The PDO is the

predominant source of inter-decadal climate variability in

the Pacific Northwest and is characterized by changes in sea

surface temperature, sea level pressure, and wind patterns

(Zhang et al. 1997; Mantua et al. 1997). Rakich et al. (2008)

examined aspects of the influence of both the SAM and

ENSO on New South Wales (NSW) rainfall and found that

SAM predominantly influences southern NSW rainfall while

ENSO predominantly influences northern NSW rainfall.

Speer (2008) related a sharp decrease in NSW coastal rain

producing systems in the mid-1970s to a reversal in phase of

the IPO and concluded a further decrease from the mid-

1990s most likely due to an increasingly positive SAM.

In summary, to investigate the reasons for the decline in

rainfall over the subtropical Australian east coast, three

large scale climate drivers consisting of the IPO, SAM and

SOI are used to study Australian subtropical east coast

rainfall variability in an area defined by the coastal strip

between 25�S and 38�S. This area is further divided into

four sections: southeast Queensland (SEQLD), northeast

New South Wales (NENSW), central east New South

Wales (CENSW) and southeast New South Wales

(SENSW) (see Fig. 1c). The rationale for the divisions

follows from SEQLD having a predominantly annual wet/

dry season regime while for the three NSW divisions, the

influence of tropical weather systems decreases southward

and the mid-latitude weather system influence decreases

northward. Finally, rainfall variability for one coastal and

one inland station within each of the four areas is also

analyzed since annual rainfall decreases inland.

2 Data and methodology

2.1 Data

The station monthly rainfall time series in this study were

developed from a high quality rainfall dataset highly suited

for monitoring long-term trends and variability in Australian

rainfall (Jones and Weymouth 1997; Lavery et al. 1997).

The area-averaged rainfall for each of the four regions is

simply the average of the high quality rainfall station data

used within each of the four regions (Table 1). That enabled

at least one coastal and one inland rainfall station to be

included for each of the four regions (see Fig. 1c). The

coastal station of Observatory Hill is not a high quality

station as defined by Lavery et al. (1997). However, it was

included in CENSW owing to a lack of high quality coastal

station rainfall data in CENSW and is considered satisfac-

tory for analyzing seasonal and annual rainfall. The IPO

monthly time series are reanalyzed values using the

improved HadSST2 data (Rayner et al. 2006) by Parker

et al. (2007). The SAM monthly data are obtained from:

(http://www.lasg.ac.cn/staff/ljp/data-NAM-SAM-NAO/SAM-

AAO.htm#) and are originally based on work by (Nan and Li

2003). Monthly values of the SOI which represent the differ-

ence in MSLP between Tahiti and Darwin standardized to a

mean of zero and a standard deviation of 10, were provided by

the National Climate Centre of the Australian Bureau of

Meteorology. Composite atmospheric circulation anomalies

are derived from NCEP reanalysis data (Kalnay et al. 1996) and

the plots are provided by the NOAA/ESRL Physical Sciences

Division, Boulder Colorado from their web site at http://

www.cdc.noaa.gov/. There are several reanalysis schemes in

widespread use for studying decadal variations and arguments

can be made for choosing a particular reanalysis data set. Chen

et al. (2008) use both ERA40 and NCEP reanalysis schemes to

study the spatio-temporal structure of twentieth century climate

variations in observations and reanalyses. However, in this

study we chose the NCEP reanalysis data, especially given that

Hope (2005) found the quality of these data to be appropriate

for defining trends in atmospheric pressure over Australia.

2.2 Wavelet analysis

Wavelet transform analysis examines a time series using

generalized local base functions (mother wavelets) that are

stretched and translated with a resolution in both frequency

and time. The wavelets can be used to analyze non-sta-

tionary time series and give a distribution of power in two

dimensions, namely, time and frequency rather than just

the one dimension of frequency, as in Fourier analysis.

Therefore, wavelet transform analysis provides information

on both the amplitude of a periodic signal within a time

series and how the amplitude varies with time including
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trends, breakdown points and discontinuities (Torrence and

Compo 1998). There are many reviews on the theoretical

aspects of wavelet and Fourier transform in the literature

(e.g., Foufoula-Georgiou and Kumar 1995; Lau and Wen

1995; Torrence and Webster 1999). In this study, as in

Torrence and Webster (1999), we use the well-known

Morlet wave (Morlet 1982) which consists of a plane wave

modified by a Gaussian envelope and can be represented

as, eix
0
t/se-t2/(2s2), where t is the time, s is the wavelet scale,

and x0 is a non-dimensional frequency. For x0 = 6 (used

here), there are approximately three oscillations within the

Gaussian envelope.

The wavelet power spectrum is defined as the absolute

value squared of the wavelet transform and gives a measure

of the time series variance at each scale (period) and at

each time. The transform on the Morlet wave is performed

in Fourier space using the method described in Torrence

and Compo (1998) in which the wavelet transform con-

serves variance. According to Kestin et al. (1998), in order

to test for non-stationary changes in variance, it is most

appropriate to choose the global wavelet spectrum (GWS),

given by the time average of the wavelet power spectrum.

3 Results

3.1 Periodicity of rainfall and the three climate drivers

The wavelet power spectra for the IPO, SAM, SOI, the four

area-averaged rainfall regions and two individual rainfall

stations (one coastal and one inland) for each of the four

east Australian coastal regions, are shown in Figs. 2a–c,

3a–d and 4a–h, respectively. In each figure, the top panel

represents the monthly time series, the bottom left panel

represents the wavelet spectrum with cone of influence

(dashed, black contour), and the bottom right panel shows

the GWS which highlights the power or strength of the

periodicity with respect to the total power within the time

period selected.

3.2 Annual periodicity

The three northern-most area-averaged rainfall regions

SEQLD (Fig. 3a), NENSW (Fig. 3b) and CENSW

(Fig. 3d) show high variability in their wavelet spectra for

the annual cycle with periods of high variability decreasing

poleward, as expected, since the northern most region,

SEQLD, being located closer to the tropics, has predomi-

nantly a wet/dry annual cycle. This decreasing annual cycle

influence in the four regions from north to south is also

evident in the wavelet spectra for individual stations dis-

cussed in the following paragraph.

The annual cycle is the dominant periodicity of high

rainfall variability for the inland stations in SEQLD (see

Fig. 4a) and NENSW (see Fig. 4c) while the coastal sta-

tions of Cape Morton (Fig. 4b) in SEQLD, Yamba

(Fig. 4d) in NENSW and Observatory Hill (Fig. 4f) in

CENSW also exhibit high annual rainfall variability. This

is not surprising as these two northern-most regions are

close to the wet/dry annual rainfall regime of the tropics.

Table 1 Rainfall station names

along with their latitude/

longitude and altitude above

sea-level for which Australian

Bureau of Meteorology

archived rainfall data was used

in the area-averaging for the

four study regions

Station name Latitude/longitude

(degree)

Altitude (m) Region

Cowal 25.82S 152.62E 61 SEQLD (inland)

Beaudesert 28.00S 152.99E 46 SEQLD (inland)

Cape Morton Lighthouse 27.03S 153.47E 100 SEQLD (coast)

University of Queensland Gatton 27.55S 152.34E 94 SEQLD (inland)

Harrisville Post Office 27.81S 152.67E 55 SEQLD (inland)

Yamba Pilot Station 29.43S 153.36E 29 NENSW (coast)

Casino Airport 28.88S 153.05E 26 NENSW (inland)

Ebor 30.37S 152.40E 1270 NENSW (inland)

Port Macquarie 31.44S 152.92E 7 NENSW (coast)

Stroud Post Office 32.41S 151.97E 44 NENSW (inland)

Branxton 32.64S 151.42E 30 CENSW (inland)

Cataract Dam 34.27S 150.81E 340 CENSW (inland)

Observatory Hill Sydney 33.86S 151.20E 40 CENSW (coast)

Point Perpendicular Lighthouse 35.09S 150.80E 85 SENSW (coast)

Bettowynd 35.72S 150.15E 165 SENSW (inland)

Moruya Heads Pilot Station 35.91S 150.15E 17 SENSW (coast)

Delegate 37.05S 148.99E 750 SENSW (inland)
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Further south, a transition is evident to diminishing high

rainfall variability in the annual cycle for the CENSW

inland station of Cataract (Fig. 4e) and in SENSW the

annual cycle is also diminished in importance for both the

coastal station of Point Perpendicular (Fig. 4h) and

the inland station of Delegate (Fig. 4g).

3.3 2–7 year (ENSO) periodicity

For the 2–7 year periodicity, two high rainfall variability

periods are evident from 1915 to 1925 and the 1950s to

1960s in three of the area-averaged rainfall regions con-

sisting of SEQLD, NENSW and CENSW while for

SENSW (Fig. 3d) there is also a third high rainfall vari-

ability period from the late 1960s to the mid-1980s. While

2–7 year rainfall variance in the four area-averaged regions

closely matches that in the SOI wavelet spectrum, the most

striking feature is that it is weaker in the four regions and is

not significant at the 5% level as shown in their GWSs

compared to the SOI, where it is significant at the 5% level

as indicated in the SOI GWS. This reflects the low asso-

ciation of NSW coastal rainfall with the SOI (McBride and

Nicholls 1983; Bureau of Meteorology 2005).

The 2–7 year periodicity for the individual stations in

each of the four regions broadly matches that for each area-

averaged region, although the three periods shown for the

coastal station of Point Perpendicular in SENSW (Fig. 4h),

have much weaker power than the inland station of Dele-

gate (Fig. 4g).

3.4 15–30 year periodicity

We now concentrate on inter-decadal periodicity to provide

a framework for comparing multi-decadal composite

anomalies of atmospheric circulation re-analyses.

The 15–30 year periodicity in the IPO, SAM, SOI and

the four area-averaged rainfall regions shows large changes

in variability since 1910. There is high variability (though

not statistically significant at the 5% level) for the two

northern-most rainfall regions (SEQLD and NENSW) from

1920 to the mid-1970s and for CENSW from 1920 to the

2007, which is statistically significant at the 5% level. For

the IPO there is high 20–30 year variability from the late

1940s to the mid-1970s. This period contains the four

highest annual rainfall totals for eastern Australia including

the State of NSW (Fig. 5a, b). The SAM shows high 20–

30 year variability in its negative phase in the 1950s and

from the mid-1990s in its positive phase (see Fig. 2b).

SAM positive values are associated with reduced rainfall

over southeastern Australia (Nicholls 2009). These changes

in the IPO and SAM are the main reason that extreme

annual rainfall totals over eastern Australia have decreased

since the mid-1970s (Speer 2008) and it is the decline

along the subtropical east coast (25�S–38�S) (Figs. 5a, b),

that is the area of interest in this study. Sustained periods of

large negative SOI values indicate El Nino or drought

conditions over eastern Australia and the SOI indicates

high variability from 1970 to 2007 (Fig. 2c).

The highest 15–30 year rainfall variability for SENSW

starts about the late 1940s with the ‘cool’ or negative phase

Fig. 2 (a) IPO monthly index values from 1910 to 2007 (top); wavelet

power spectrum indicating periods ranging from low (dark blue) to

high (red) IPO variability (bottom left). High variability periods

specifically mentioned in the text are indicated by the enclosed area

within a white rectangle; and, global wavelet spectrum highlighting

the power (or intensity) of IPO variability (bottom right). The power is

defined as (index)2 and is indicated on the x-axis. The 5% level of

significance in variance is also shown in the bottom left panel by the

areas enclosed within the thick, black contour lines (solid), and as the

dashed line in the GWS in the bottom, right panel, (b) as in (a), except

for the SAM index from 1948 to 2007, (c) as in (a), except for the SOI

(Please refer ESM for original higher-resolution figures)
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of the IPO and continues through the negative to positive

IPO phase into the mid-1990s. While SEQLD and NENSW

15–30 year high rainfall variability periods occur from

1920 to the mid-1970s, there is less power in their

respective global wavelet spectra than SENSW and

CENSW. This implies that the 15–30 year periodicity prior

to the mid-1970s is more significant for attributing higher

rainfall over this period in SENSW and CENSW than in

NENSW and SEQLD. The reason for these differences in

rainfall variability between the two southern regions and

two northern regions are discussed in the next section in

relation to atmospheric circulation anomalies.

3.5 Atmospheric circulation anomalies

In the following IPO, SAM and SOI wavelet diagrams

high ± variability periods imply that atmospheric circula-

tion regimes associated with those respective ± phases

may dominate in certain regions. In the rainfall wavelet

diagrams, high rainfall variability periods are manifested in

the annual time series as periods in which typically there

are larger annual rainfall totals than periods with low

rainfall variability. Changes from high (low) to low (high)

rainfall variability periods for a given location or region

may imply changes in atmospheric circulation regimes

affecting that area or location.

Salinger et al. (2001) showed that the mid-1970s was a

pivotal period for New Zealand circulation, temperature

and precipitation trends, when the sub-tropical ridge shifted

north such that MSLP anomalies covered the region west

of 170�W to the Australian east coast. The positive

anomalies replaced negative MSLP anomalies in the same

area which they attributed to a change in phase of the IPO.

As mentioned in the previous sub-section, the decline in

rainfall over the subtropical east coast is related to the IPO

phase shift from negative to positive in the mid-1970s.

Typically, during the 1948–1975 negative phase IPO the

subtropical ridge is located anomalously poleward and in

the 1976–1998 positive IPO phase it is located anoma-

lously equatorward (see Fig. 6a compared to Fig. 7a). This

has the effect of enhancing onshore airflow and available

moisture over the east coast in the negative phase

while favouring offshore airflow and thereby minimizing

available moisture advection over the east coast in the

1976–1998 positive IPO phase.

Composite atmospheric circulation anomalies for the

two IPO phases 1948–1975 and 1976–1998 are shown in

Figs. 6a–d and 7a–d, respectively. Furthermore, in the

Fig. 3 (a) SEQLD area-averaged monthly rainfall (mm) from 1910 to

2007—(top); wavelet power spectrum indicating periods ranging from

low (dark blue) to high (red) rainfall variability (bottom left). High

variability periods specifically mentioned in the text are indicated by the

area enclosed within a white rectangle; and, global wavelet spectrum

highlighting the power or intensity of rainfall variability (bottom right).

The power is defined as, (mm/month)2 and is indicated on the x-axis. The

5% significance level in variance is also shown in the bottom left panel
by the areas enclosed within the thick, black contour lines (solid), and as

the dashed line in the GWS in the bottom, right panel, (b) as in (a),
except for NENSW, (c) as in (a), except for CENSW, (d) as in (a) except

for SENSW (Please refer ESM for original higher-resolution figures)
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period 1948–1975 negative MSLP anomalies over north-

east Australia and negative 300 hPa anomalies in the mid-

latitudes and tropics (Fig. 6a, b) are indicative of a period

in which mid-latitude/tropical tropospheric interactions

occurred. This can be explained from the work of Codron

(2005, 2007) and more recently Kidston et al. (2009).

Fig. 4 (a) Harrisville monthly rainfall (mm) from 1910 to 2007 (top);

wavelet power spectrum indicating periods ranging from low (dark
blue) to high (red) rainfall variability (bottom left). High variability

periods specifically mentioned in the text are indicated by the area

enclosed within a white rectangle; and global wavelet spectrum

highlighting the power or intensity of rainfall variability (bottom
right). The power is defined as (mm/month)2 and is indicated on the x-

axis. The 5% significance level in variance is also shown in the

bottom left panel by the areas enclosed within the thick, black contour
lines (solid), and as the dashed line in the GWS in the bottom, right
panel, (b) as in (a), except for Cape Morton, (c) as in (a), except for

Ebor from 1928 to 2007, (d) as in (a), except for Yamba, (e) as in (a),

except for Cataract, (f) as in (a), except for Observatory Hill Sydney,

(g) as in (a), except for Delegate, (h) as in (a), except for Point

Perpendicular (Please refer ESM for original higher-resolution

figures)
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Kidston et al. conclude that when the SAM is in its nega-

tive phase the mid-latitude polar jet stream wind speed

anomalies are weaker in eastern Australian longitudes and

the subtropical jet wind speed becomes anomalously

strong. By contrast, in the positive SAM phase, the sub-

tropical jet stream wind speed anomalies weaken in eastern

Australian longitudes and the zonal mid-latitude westerly

winds contract polewards together with a more pronounced

polar-front jet which is defined by an increase in mid-lat-

itude zonal wind speed anomalies. Without any shift in

latitude of either jet, there is a dipole in strength that

oscillates between polar jet and subtropical jet, which does

shift the storm track and associated baroclinic processes

latitudinally. Both DJF and JJA reflect the annual anoma-

lies in Fig. 6a, b for the same periods (see, Speer 2008).

This negative phase SAM induced large scale circulation

regime, combined with the negative IPO induced circula-

tion of a poleward shift in the subtropical ridge over the

Tasman Sea/New Zealand longitudes, is responsible for the

dominant rain-bearing synoptic-mesoscale low pressure

systems that affected the NSW coast during the 1948–1975

period (Speer 2008). On the other hand, both positive

MSLP and 300 hPa anomalies over eastern Australia from

1976 to 1998 (Fig. 7a, b, respectively), indicate a lack of

mid-latitude/tropical tropospheric interaction. These posi-

tive annual anomalies for the period 1976–1998 are also

reflected in the MSLP and 300 hPa circulation anomalies

for both DJF and JJA and there has been little change to

these positive circulation anomalies from 1998 to 2007

(Speer 2008).

In the mid-1970s to late 1990s high SOI 10–15 year

variability (though not statistically significant at the 5%

level—see Fig. 2c) is reinforced by high IPO (15 year)

variability (Fig. 2a). So there are two possible explanations

for reduced rainfall during the 1976–1998 period over the

Australian subtropical east coast: (1) IPO induced positive

MSLP anomalies from a northward displacement of the

subtropical ridge (see Fig. 7a compared to Fig. 6a) and, (2)

high SOI variability. However, it is questionable how much

influence the SOI has on NSW coastal rainfall since, as

mentioned previously, McBride and Nicholls (1983) found

that the SOI is poorly correlated with rainfall along the

NSW coastal strip.

Turning to the wavelet analyses of the four area-aver-

aged rainfall regions (Fig. 3a–d), there is higher rainfall

variability in the 1948–1975 negative or ‘cool’ IPO phase

for CENSW and SENSW (SENSW in particular), than for

SEQLD and NENSW. The reason for this difference is

evident in the precipitable water and 850 hPa vector wind

anomalies. High anomalous precipitable water in anoma-

lous onshore airflow that penetrates inland is a feature in

SENSW and CENSW but not in SEQLD or NENSW (see

Fig. 6c, d). Hence both SENSW and CENSW benefitted

from enhanced moisture advection from the adjacent

marine boundary layer and enhanced orographic lifting

resulting in higher precipitable water available for rain than

SEQLD and NENSW. The reason for the larger SEQLD

(Cape Morton) and NENSW (Yamba) coastal station

rainfall variability than the SEQLD (Harrisville) and

NENSW (Ebor) inland stations most likely relates to

smaller mesoscale influences or seasonal differences and

would need further investigation.

In the SAM wavelet analysis (Fig. 2b), apart from high

2–5 year variability in the 1970s and 1990s, there is evi-

dence of high variability in the 15–30 year frequency band

even though it lies outside the cone of influence. Currently,

a lack of data restricts a monthly analysis of 15–30 year

SAM periodicity prior to 1948 although seasonal and

annual SAM reconstructions back to the late 1800s have

Fig. 5 Annual rainfall 1910–2007 highlighting the four highest

rainfall years in the 1948–1975 period for, (a) eastern Australia

(defined by BoM as including the States of Queensland, New South

Wales, Victoria and Tasmania—see Fig. 1c), and (b), as in (a), except

for the State of New South Wales
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Fig. 6 NCEP/NCAR composite atmospheric circulation anomalies over the Australian region from 1948 to 1975 for, (a) MSLP (hPa),

(b) 300 hPa, (c) precipitable water (kg m-2), and (d) 850 hPa vector wind (m s-1)

Fig. 7 As in Fig. 6, except for 1976–1998
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recently been completed (e.g., Visbeck 2009). The main

feature on Fig. 2b is that the first high 15–30 year vari-

ability period ceased in the 1960s when the SAM was

mostly negative and a second high variability period at

30 year periodicity commenced in the late 1990s when the

SAM had become mostly positive. In terms of circulation

anomalies the increasing positive SAM trend has not only

led to the mid-latitude westerlies contracting poleward

(Folland et al. 1999; Hendon et al. 2007; Meneghini et al.

2007; Rakich et al. 2008), but it also implies less chance for

mid-latitude tropospheric troughs to interact dynamically

with tropical moisture incursions into the subtropics, as

occurred in the period 1948–1975 (see Fig. 6c, d). On the

other hand, from 1976 to 1998 when SAM showed minimal

decadal variability, the main influence in producing posi-

tive pressure anomalies over eastern Australia was the

‘warm’ phase of the IPO when the subtropical ridge shifted

anomalously equatorward in the same area (see Fig. 7c, d).

Since the late 1990s, SAM high 30 year variability has

been the predominant, large scale atmospheric circulation

influence producing positive pressure anomalies over

eastern Australia (see Fig. 6a in Speer 2008). Marshall

et al. (2004) conclude from GCM results that combined

with natural forcings and ozone depletion, increases in

greenhouse gases are an important component of the shift

to more observed positive SAM values since the mid-1960s

and, particularly, the austral summer.

4 Summary and conclusions

Wavelet analyses of four area-averaged rainfall regions of

Australia’s subtropical east coast, namely, SEQLD,

NENSW, CENSW and SENSW, reveal periodicities of

high rainfall variability in their global wavelet spectra over

the period 1910–2007 that can be explained by three large

scale climate drivers comprising the IPO, SAM and ENSO.

While the annual cycle is a strong feature in SEQLD and

NENSW rainfall variability, coastal stations in both these

areas (Cape Morton and Yamba, respectively) also have

high IPO (15–30 year periodicity) variability. For SENSW,

the IPO periodicity in rainfall variability dominates, while

CENSW represents a transition region between high annual

periodicity further north and the dominant IPO periodicity

in high variability for SENSW.

In confirmation of the rainfall decrease/large scale

atmospheric climate driver relationships in this study, links

have been made to characteristics of rain-bearing weather

systems that affect parts of Australia’s subtropical east

coast and three large scale atmospheric climate drivers. A

step decrease in coastal rain-bearing low pressure systems

on the Australian subtropical east coast has been linked to a

change in phase of the IPO from negative (cool) to positive

(warm) in the mid-1970s. The rainfall decline in the

southeast of NSW has been linked to an increasing positive

SAM trend that contracts the mid-latitude westerlies

poleward, while the rainfall decrease in the northern most

part of the study area has been most influenced by ENSO

through a predominance of El Niño conditions during the

‘warm’ IPO phase (1976–1998). Furthermore, both during

this period and since 1998 the poleward contraction of the

mid-latitude westerlies south of Australia has greatly

reduced the possibility of tropical-midlatitude tropospheric

interaction over the subtropical coast of eastern Australia.

For increased interaction to occur, as it did during the

previous cool phase of the IPO, low level tropospheric

circulation anomalies in pressure (negative) and moisture

(positive) need to occur over eastern Australia with the

subtropical ridge located anomalously poleward. However,

from 1998 to 2007 the mostly positive SAM, resulting from

poleward contracted, enhanced mid-latitude westerlies, has

been a dominant influence preventing this from occurring.

Both the IPO in this study and the SAM in this and

previous work (e.g., Hendon et al. 2007; Meneghini et al.

2007; Speer 2008) are shown to have an important con-

trolling influence on Australian subtropical east coast

rainfall on multi-decadal time scales and further work in

developing these relationships in this highly populated area

of Australia would enhance our knowledge of rainfall

variability on seasonal to multi-decadal timescales. Future

work will include analyzing global SST relationships with

large scale climate drivers and Australian east coast

rainfall.
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