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ABSTRACT

During austral winter and spring, the El Ni~no–Southern Oscillation (ENSO) and the Indian Ocean dipole

(IOD), individually or in combination, induce equivalent-barotropic Rossby wave trains, affecting mid-

latitude Australian rainfall. In autumn, ENSO is at its annual minimum, and the IOD has usually not de-

veloped. However, there is still a strong equivalent-barotropic Rossby wave train associated with tropical

Indian Ocean sea surface temperature (SST) variability, with a pressure anomaly to the south of Australia.

This wave train is similar in position, but opposite in sign, to the IOD-induced wave train in winter and spring

and has little effect on Australian rainfall. This study shows that the SST in the southeastern tropical Indian

Ocean (SETIO) displays a high variance during austral autumn, with a strong influence on southeast and

eastern Australian rainfall. However, this influence is slightly weaker than that associated with SST to the

north of Australia, which shares fluctuations with SST in the SETIO region. The SST north of Australia is

coherent with a convective dipole in the tropical Pacific Ocean, which is the source of a wave train to the east

of Australia influencing rainfall in eastern Australia. ENSOModoki is a contributor to the convective dipole

and as a result it exerts a weak influence on eastern Australian rainfall through the connecting north Aus-

tralian SST relationship. Thus, SST to the north ofAustralia acts as themain agent for delivering the impact of

tropical Indo-Pacific variability to eastern Australia.

1. Introduction

The influence of tropical Indo-Pacific variability has

been known to affect the Australian climate in most

seasons (McBride and Nicholls 1983; Ashok et al. 2003;

Cai et al. 2011; Cai and van Rensch 2013). The main

drivers of this interseasonal variability are the El Ni~no–

Southern Oscillation (ENSO) and the Indian Ocean

dipole (IOD). An ENSO event typically initiates during

austral winter, peaking around December and decaying

during the late summer to early autumn (Fig. 1a). As

a result of this, ENSO has the strongest influence on

Australian climate during the austral spring season

(McBride andNicholls 1983). During this season, ENSO

affects Australian climate in two ways: First, through the

localized convection associated with tropically trapped

and baroclinic circulation features, which are in response

to anomalous tropical sea surface heating (Matsuno 1966;

Gill 1980). The effects on Australian rainfall also de-

pend on the phase of the ENSO event. During La Ni~na

the convection anomalies are more westward and in

close proximity to northeasternAustralia; however, during

El Ni~no or neutral phases the convection anomalies are

farther east and have little effect on Australia (Cai et al.

2010). Another type of ENSO, referred to as El Ni~no

Modoki, or date line ENSO, has a sea surface temper-

ature (SST) anomaly located near the central Pacific,

near the date line. ENSO Modoki has been shown to

have a greater rainfall response in Australia due to its

closer proximity (Ashok et al. 2007b; Taschetto and

England 2009; Ashok et al. 2009), particularly in autumn

(Cai and Cowan 2009).

Second, ENSO affects southern Australian climate

through Rossby wave trains. The ENSO signal in the

tropical SST induces deep convection and divergence in

the upper troposphere, inducing Rossby wave genera-

tion that propagates into higher latitudes (Hoskins and

Karoly 1981). Over the North Pacific this is known as the

Pacific–North American pattern and in the south it is
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known as the Pacific–South American (PSA) pattern.

However, the PSA pattern is typically too far east to

have an influence in theAustralian region. Only through

ENSO’s coherence with the IOD during austral spring

can ENSO have an effect on southern Australian rain-

fall (Cai et al. 2011).

The IOD induces Rossby waves in a similar manner to

ENSO, producing an equivalent-barotropic pressure

center just south of Australia, which modifies the gen-

eral circulation in that area (Saji and Yamagata 2003;

Cai et al. 2011; Ashok et al. 2007a). The IOD typically

develops during austral winter, peaking in spring, but it

cannot compete with the commencement of the Aus-

tralian monsoon in early December, resulting in its ter-

mination (Fig. 1a). During austral summer the Indian

Ocean has a basinwidemode that is highly coherent with

ENSO (Reason et al. 2000; Saji et al. 2006; Xie et al.

2009; Du et al. 2009; Taschetto et al. 2011). This Indian

Ocean basinwide mode (IOBM) induces convection

anomalies over northern Australia, which in turn induce

Rossby wave trains with a center over the Tasman Sea,

extending the PSA pattern farther west (Cai and van

Rensch 2013).

During the austral autumn from March to May

(MAM), Australia receives its second highest seasonal

average rainfall, with a large portion occurring in Western

Australia and along the eastern coast (Fig. 1b). Yet, both

the IOD and conventional ENSO are experiencing or

transitioning to their lowest state of variability (Fig. 1a).

This decrease in variance would likely have a diminish-

ing effect on their teleconnections, with a reduced

influence on Australian rainfall observed during this sea-

son (Fig. 2). Numerous studies have examined southern

Australian autumn rainfall, mainly in the context of the

observed rainfall decline. A drought in southern Aus-

tralia from 1997 to 2009 was characterized by a strong

rainfall decline during the cool season, particularly in

May (Purich et al. 2013; Cai et al. 2014). In an attempt to

explain the late autumn southeast Australian rainfall

decline, Cai and Cowan (2008) show that wave trains

propagating from the west of Australia can affect

southeast Australian rainfall. They also found that SST

in the Indonesian Throughflow region can affect rain-

fall in southeast Australia though the northwest cloud

band phenomenon. Another study, focusing on mid-to-

late autumn, described a link between blocking in the

Australian region and the IOD (Cowan et al. 2013),

even though it is not typically known to be active during

that time of year. These studies were restricted to

a portion of austral autumn; however, Nicholls (2010)

used an extended season of March–August to examine

the rainfall decline in the whole of southern Australia.

The study largely attributed the 1958–2007 decline in

rainfall to trends in the southern annular mode (SAM),

but also reinforced a link between southern Australian

rainfall and SSTs north of Australia that was established

in an earlier study (Nicholls 1984). Other studies confined

to the austral autumn months also suggest tropical links

influencing Australian rainfall. Focusing on an alterna-

tive form of ENSO, studies have found a link between

ENSOModoki and Australian rainfall during this season

(Taschetto and England 2009; Cai and Cowan 2009).

There has been considerable research undertaken in

determining the influence of tropical climate drivers on

Australian rainfall during austral autumn. However, the

exact influence of the IOD is still unclear, as is the im-

portance of the IOBM during this season. This has reper-

cussions on the development of wave trains and their

influence on Australian climate, with further implica-

tions on the ENSO Modoki–southern Australian rainfall

relationship, if a mechanism similar to the springtime

FIG. 1. (a) Monthly standard deviations of DMI (blue), Ni~no-3.4
(red), and EMI (green) for the period 1979–2010. (b) Percentage of

annual rainfall that falls in MAM for the period 1979–2010. In-

consistencies in central-west Australia are because of sparse data.

1 MAY 2014 VAN RENSCH AND CA I 3209

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/27/9/3208/4040519/jcli-d-13-00611_1.pdf by guest on 04 N
ovem

ber 2020



ENSO–IOD–rainfall pathway is in operation. After de-

scribing the data and methods used, this study examines

the effects of the known sources of tropical variability

during MAM, for example, the IOD and ENSO. Fol-

lowing this, we search for other more robust sources of

wave trains influencing Australian climate, in an attempt

to fully explain the tropical to midlatitude interactions

during the autumn season. Finally, an analysis of their

implications on ENSO Modoki will be explored.

2. Data and methods

This study focuses on the 1979–2010 period, ensuring

enhanced coverage of datasets through the use of sat-

ellites. We use SST data from the Hadley Centre global

sea ice and SST analyses (Rayner et al. 2003), from

which all our SST-based time series are derived.Mean sea

level pressure, geopotential height, divergence, and ver-

tically integrated water vapor flux are obtained from the

European Centre for Medium-Range Weather Forecasts

Interim Re-Analysis (ERA-Interim) (Dee et al. 2011).

All pressure and geopotential height results in this study

match those calculated using the National Centers for

Environmental Prediction–National Center for Atmo-

spheric Research reanalysis (Kalnay et al. 1996). Out-

going longwave radiation (OLR) is used as a measure of

convection and provided by the National Oceanic and

Atmospheric Administration (Liebmann and Smith

1996). Finally, a gridded rainfall dataset over the Aus-

tralian region is provided by the Australian Bureau of

Meteorology (Jones et al. 2009).

Throughout this paper new time series will be in-

troduced, calculated as a spatial average of a gridded

dataset over a region of interest; these indices will be

FIG. 2. Regressions of (left) 200-hPa geopotential height (m), (center) SST (8C), and (right) rainfall (mm) onto (a)–(c) DMI, (d)–(f)

IOBM, (g)–(i) Ni~no-3.4, and (j)–(l) EMI during MAM for the period 1979–2010. The analysis was performed using detrended data, and

the regressions have been normalized by the standard deviations of their respective indices. The green (purple) contours indicate cor-

relations significant at a p value of 0.05 (0.01).
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described in appropriate sections. We also make use of

several known climate indices based on SST, such as the

Ni~no-4 (58S–58N, 1608E–1508W), Ni~no-3.4 (58S–58N,

1708–1208W), and Ni~no-3 (58S–58N, 1508–908W) indices.

The El Ni~no Modoki index (EMI) is defined using

the method described in Ashok et al. (2007b): EMI 5
BoxA 2 0.5(BoxB 1 BoxC), where BoxA (108S–108N,

1658E–1408W), BoxB (158S–58N, 1108–708W), and BoxC
(108S–208N, 1258–1458E) are spatially averaged boxes.

An alternative version of the EMI was also examined

where EMIalt 5 3.0BoxA 2 2.0BoxB 2 BoxC (Li et al.

2010); however, with the correlation between EMIalt and

EMI at 0.97 during this season, our results were essen-

tially the same. To depict the IOD, the dipole mode index

(DMI; Saji et al. 1999) is used: DMI 5 BoxY 2 BoxZ,

where BoxY is the area average of SST in the region 108S–
108N, 508–708E and BoxZ is the region 108S–08, 908–1108E.
Finally the IOBM is taken from the first principal com-

ponent of detrended MAM SST in the region 408S–
308N, 308–1408E (Cai and van Rensch 2013).

Regression and correlation analysis are performed on

the datasets in order to discern regions of high coherence.

The importance of the regressions is aidedwith the outline

of significant correlation values, where significant is de-

fined as the regions where the correlations have a p value

#0.05 as determined by a two-sided Student’s t test

(Cohen and Cohen 1983). A more statistically significant

p value of 0.01 is also indicated. In instances where re-

gression and correlation are performed, the datasets have

been detrended to minimize any incidental coherence

resulting from underlying trends. To isolate one mode of

variability from another in the circulation field, various

methods could be used.One could examine years in which

themodes occur independently (Meyers et al. 2007) or use

statisticalmethods, such as removing the lagged regression

(Werner et al. 2012), or a partial correlation technique.

Here, we use partial regression/correlation techniques as

this method has previously been successfully used in

similar studies (Ashok et al. 2007a; Cai et al. 2011), and

it provides us with greater data points than selecting years

of independent events. Partial regression/correlation de-

termines the influence of onemode of variabilityA on the

general circulation B if another mode X was no longer

acting on both the original mode and the general circu-

lation. This is performed by determining the linear re-

lationship betweenA andX and subtracting the resulting

linear equation with respect toA fromA, producingAjX.
The same is done for B, producing BjX. Then we per-

form a regression/correlation on AjX and BjX, producing
(B versus A)jX. Because of the various types of indices

used and to assist with any comparisons, themagnitudes

of each regression is adjusted by multiplying by the in-

dex standard deviation.

3. Known tropical variability during austral autumn

During MAM tropical influences on Australian rain-

fall are known to be weak (McBride and Nicholls 1983).

ENSO is typically moving to its decayed phase or about

to develop, and the IOD does not show its characteristic

structure (Fig. 1a). The IOBM is still quite active and

represents 37.4% of the total variance observed in the

Indian Ocean. The known modes of tropical climate

variability have already been shown to have a strong

wave train response in other seasons (Cai et al. 2011; Cai

and van Rensch 2013), and we will show that there is

utility in examining these modes in MAM when inves-

tigating any wave train responses to tropical SST.

A typical IOD event matures in austral spring; how-

ever, there is evidence that the IOD can develop inApril

andMay and peak during austral winter (Du et al. 2013).

Themid-to-late autumn IODhas previously been shown

to have an effect on blocking in the Australian region

(Cowan et al. 2013). Regressing gridpoint 200-hPa geo-

potential height anomalies onto the DMI shows an

anomaly center just south of Australia as part of a wave

train (Fig. 2a), as shown inCowan et al. (2013). This wave

train is opposite in sign and roughly 58–108 south than

that in winter and spring (cf. Fig. 2a and Figs. 3k and 5k

of Cai et al. 2011; Ashok et al. 2007a), resulting in the

autumn DMI showing little influence on southern Aus-

tralia rainfall, as opposed to the following two seasons

(cf. Fig. 2c and Figs. 3l and 5l of Cai et al. 2011). The

significant difference seen during autumn is likely a result

of the relatively weak IOD amplitude during this season

(Fig. 1a).

During austral autumn the IOBM also has the oppo-

site sign of the wave train response when compared to

the sign in summer, with the pressure center shifted

westward, south of Western Australia (cf. Figs. 2d and

3k of Cai and van Rensch 2013). The IOBM–rainfall

response shows a significant difference when comparing

autumn to summer (cf. Figs. 2f and 3i of Cai and van

Rensch 2013), with little rainfall response in the northern,

western, and central Australia during the autumn season.

There is, however, a significant rainfall response in the

southeast Queensland region associated with the IOBM,

with a slight wave train signal to the east of Australia over

northern New Zealand. Overall, considering the dif-

ferent response in rainfall and wave train sign, there are

different teleconnective dynamics originating from the

Indian Ocean during autumn when compared to other

seasons.

The Pacific Ocean shows the largest tropical vari-

ability during autumn, even though most ENSO indices

are moving into their weakest phase (Fig. 1a). Focusing

on an index of ENSO (Ni~no-3.4), there is a strong wave
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train response; this is the PSA pattern [Fig. 2; the Ni~no-4

index also produces similar wave train results, yet with

a stronger rainfall response in the northwest of Australia

(not shown)]. The rainfall response over Australia ap-

pears to be attributable to tropical effects rather than

interactions with the PSA. This is clear when observing

a range of indices, such as the Ni~no-3.4, Ni~no-4 (not

shown), and the EMI, where an index with a closer

proximity to Australia shows a stronger eastern Aus-

tralia rainfall response. Also, the rainfall response on

Australia is quite limited to the northern and north-

western regions, with only the EMI showing an additional

rainfall response over New South Wales (Figs. 2i,l). The

PSA pattern associated with the EMI possesses a more

zonal structure and is situated farther to the north when

compared to other ENSO indices (Figs. 2g,j), with the

pressure anomaly pattern sitting closer to Australia in-

ducing a slight rainfall response in the east of Australia

(Figs. 2j,l). The difference in eastern Australian rainfall

response to the EMI compared to other ENSO indices,

such as the Ni~no-3.4 index, could be a result of the use of

gradients in the index definition. The EMI is ameasure of

the zonal gradients between three poles, with one pole

located just north of Australia extending into the

NorthernHemisphere, which could be a source of greater

coherence with Australian climate.

4. The influence of southeastern tropical Indian
Ocean on Australian rainfall

In the previous section we examined the wave train

and rainfall responses associated with well-known cli-

mate driver indices. In many respects these did not

prove to have a significant contribution to Australian

rainfall, particularly when comparing their relative ef-

fects to other seasons. Is there another mechanism that

can provide a more significant response to Australian

rainfall during MAM? A map of SST standard de-

viations for MAM shows a strong variance in the trop-

ical Pacific Ocean extending from the east to well over

1708E (Fig. 3a). This is a typical ENSO pattern and

highlights the significance of the spatial extent of ENSO

corresponding to the temporal variability, shown in Fig. 1a.

The Indian Ocean lacks any large variance comparable

to the Pacific, yet there are still pockets of higher vari-

ance that may be a source of variability. There is a re-

gion of high variance south of Java and to the west

of northern Australia, which extends south along the

Western Australian coast then out toward the south-

west. This matches quite well with the second principal

component of detrended Indian Ocean SSTs, where the

first principal component is defined as the IOBM (not

shown).

When choosing a suitable time series, we note that the

atmosphere interacts directly with total SSTs, so we

use an average of SST in the region of highest variance.

This region in the southeastern tropical Indian Ocean

(SETIO) is defined as 208–108S, 1008–1108E and high-

lighted by the box in Fig. 3a. The time series, shown in

Fig. 3b, is characterized by two large warming events in

1983 and 1998, corresponding to the extended warming

of the two largest El Ni~no events during our chosen

period of 1979–2010. There also appears to be awarming

trend experienced in this region; however, this trend is

not statistically significant (below the 0.01 p value) un-

less the two large El Ni~no years are removed.

Regressing various gridpoint circulation fields onto this

new SETIO index we see that this Indian Ocean vari-

ability has a significant effect on Australian climate.

There is a large rainfall response to this index along the

east of Australia and along the south-central and south-

eastern coast (Fig. 4a). Convection anomalies are ob-

served over the east coast of Australia, with a suggestion

that the anomalies could link up to convection over the

FIG. 3. (a) Standard deviation of SST duringMAMfor the period

1979–2010. (b) Time series of the average SST duringMAM for the

box shown in (a).
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SETIO region and continue west into the Indian Ocean

(Fig. 4b). The northwest cloud band phenomenon could

be the main driver of this relationship (Tapp and Barrell

1984); however, over central Australia there is a region of

low coherence that is inconsistent with this theory. Sim-

ilar to the IOBM case, the SST in the SETIO region is

associated with a pressure center to the south ofAustralia

(Figs. 4c,d). However, this pressure center is considerably

weaker than those associated with both the IOBM and

the IOD, although it is still statistically significant. A

dramatic difference is seen in the sea level pressure

plot, which shows the center to be almost nonexistent

(Fig. 4c). With the signal mainly confined to the upper

levels, this suggests that this Rossby wave train is not

quite equivalent barotropic, as described by Hoskins

and Karoly (1981). This result is unexpected, as this

shows that with a reduced wave train signal in the south

of Australia, an increase in southern Australian rainfall

FIG. 4. (a) Rainfall (mm), (b) OLR (Wm22), (c) mean sea level pressure (hPa), (d) 200-hPa geopotential height

(m), and (e) SST (8C) regressed onto SETIO SST time series during MAM. The analysis was performed using

detrended data, and the regressions have been normalized by the standard deviation of SETIO SST. The green

(purple) contours indicate correlations significant at a p value of 0.05 (0.01).
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is observed. This suggests that other rainfall mecha-

nisms or wave trains may be responsible for this

rainfall–SETIO SST coherence, a point further ex-

plored in section 5.

The upper-level pressure field exhibits another wave

train pattern to the east of Australia, with the anomaly

stretching zonally east over northern New Zealand and

into the central Pacific (Fig. 4d). Thismay be responsible

for the easternAustralia rainfall coherence. The anomaly

appears to be tilted in the vertical axis, as the sea level

pressure anomaly is located northeast of New Zealand

(Fig. 4c). The wave train is extended by a stronger com-

panion anomaly to its south, which is barotropic, high-

lighting that this anomaly is possibly reinforced by other

means compared to the northern anomaly. Overall the

appearance of the wave train to the east of Australia is

reminiscent to that of the PSA pattern, which is associ-

ated with ENSO. The SETIO SST shows coherence with

SST in the east Pacific (Fig. 4e), with a correlation of 0.42

to the Ni~no-3 index, which is statistically significant

above the 98% confidence interval. However, the wave

train associated with SETIO SST is situated in the

western Pacific. If correlating with an ENSO index

from this region, such as the Ni~no-4 index, the SETIO

index is unrelated (Table 1), yet the EMI shows a sig-

nificant negative correlation. The EMI better repre-

sents an ENSO Modoki event rather than the Ni~no-4

index because the EMI incorporates the observed

zonal gradient, which involves SST over the north of

Australia. Therefore, the wave train pattern is more

likely a result of ENSO Modoki–type events rather

than canonical ENSO events. A large region of SST

exhibits coherence with the SETIO region, which in-

cludes much of eastern Indian Ocean and extends along

the north of Australia into the Coral Sea (Fig. 4e). This

study cannot determine any causal links between these

regions; however, the SST to the north and northeast of

Australia could provide a more obvious pathway for

SSTs over the SETIO region to exert an impact on eastern

Australian rainfall, which is examined in the following

section.

5. The significance of north Australian SST

The SST to the north and northeast of Australia show

a strong coherence to Australian rainfall (Figs. 5a,b).

However, this small difference in proximity between

these two regions is capable of having a significantly

different rainfall relationship. The SST to the northeast

of Australia in the northwest Coral Sea (the region

within 208–68S, 1428–1608E, indicated by the gray box in

Fig. 5d) shows a weaker east Australian rainfall re-

sponse when compared to the SETIO region (cf. Figs. 4a T
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and 5a). Variations of SST over the northwest Coral Sea

region does, however, induce a strong rainfall response

in the north of Australia (Fig. 5a), which is reminiscent

of the Ni~no-3.4 rainfall response (Fig. 2i), yet opposite in

sign. The SST region to the north of Australia (158S–08,
1108–1508E, indicated by the black box in Fig. 5d), as

used in Nicholls (2010), shows a rainfall response

slightly stronger than that associated with the SETIO

SST. Thus, it appears that the more dominant driver

of eastern Australian rainfall during MAM is through

SST to the north of Australia rather than the SETIO

region. Nicholls (1984) also examined the relationship

between Australian rainfall and SST to the north of

Australia during MAM. Using the period 1964–82,

the study shows some marked differences from our

results, with only a significant relationship in the south-

east and central west coast of Australia. Reproducing our

analysis for the period 1964–82 produced similar

results to Nicholls (1984) (not shown), suggesting

a distinct multidecadal variability in this rainfall

relationship.

The time series of the north Australian SST shows

a similar signal as the SETIO, but with less coherence

from about 2000 onward (cf. Figs. 3b and 5c). The effect

of the prolonged warming from the two strong El Ni~no

years, 1982/83 and 1997/98, is not as prominent when

compared to the SETIO time series, and this results in

a warming trend in Fig. 5c that is statistically significant

at the 0.01 p value even with those years included. The

SST pattern associated with the north Australian SST

shows a very broad area of coherence that extends south

along the east and west Australian coasts (Fig. 5d). The

SST pattern off the west coast of Australia shows a very

similar structure to that associated with the SETIO SST.

Similarly, the SST in the Coral Sea shows a strong sta-

tistically significant coherence with north Australian

SST (Table 1). The cause of this widespread region of

coherence is not fully understood and is outside the

scope of this study. There are no statistically significant

SST anomalies in the eastern Pacific coherent with north

Australian SSTs, which is likely a result of the di-

minished impact of the strong El Ni~nos in this region.

FIG. 5. Detrended rainfall (mm) regressed onto detrended (a) Coral Sea and (b) SST north of Australia. (c) SST

time series north of Australia. (d) Detrended SST regressed onto detrended SST north of Australia (8C). All results

are for theMAMseason. The regressions have been normalized by the standard deviations of their respective indices.

The green (purple) contours indicate correlations significant at a p value of 0.05 (0.01). The black box in (d) indicates

the region north of Australia, and the gray box indicates the northwest Coral Sea region.
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The strong coherence with SST along the east coast of

Australia suggests that the rainfall response associated

with north Australian SST could be attributable to a lo-

calized response to SST.However, this is not the case for

the northwest Coral Sea, as there is not a widespread

rainfall response, as seen in Fig. 5b, in close proximity to

this region (Fig. 5a). Likewise, if the north Australian

SST induces east Australian rainfall solely through

a trapped, baroclinic tropical response, it would not

extend as far south as that observed (Fig. 5b). Thus, we

can assume that SST to the north of Australia induces

eastern Australian rainfall (at the very least in the

southern Australia region) through remote effects.

As the north Australian SST is strongly related to the

SETIO SST, many of their teleconnective patterns are

strikingly similar. The lower- and upper-layer geopot-

ential height anomalies associated with the north Aus-

tralian SST shows a wave train to the south of Australia

in the same location as that of the SETIO case (Figs. 6a,b).

However, in the north Australian SST case the strength

is noticeably stronger and the shape is better defined.

This is likely a result of the SST to the north of Australia

having a greater coherence with the SST in the Indian

Ocean region, fromwhich this pressure center originates

(Table 1). Associated with the stronger wave train to the

south of Australia, there is less of an impact to rainfall in

the south, indicating that the SETIO region has a greater

influence in this region. At these pressure levels the

wave train to the east of Australia that is associated with

north Australian SST is similar in location and strength

to the equivalent SETIO SST wave train. The SETIO

wave train shows a greater extension toward the west,

yet does not produce a greater extension of rainfall re-

sponse than that of the north Australian SSTs. This

inconsistency could be attributable to the better posi-

tioning of the associated winds for the north Australian

SST case, whereas with the SETIO SST–induced wave

train the winds could be weaker. It appears the SST to

the north of Australia is better equipped to influence

east Australian rainfall through the wave train to the

east of Australia. Comparing Figs. 6a and 6b, a distinct

eastward tilt is observed as onemoves toward the surface.

Figure 6c shows the profile of this tilt at the 308S latitude.

Focusing on the strongest anomaly over 1658W, the

barotropic structure associated with Rossby wave trains

upholds. Near the surface the anomaly is shifted eastward,

FIG. 6. (a) Mean sea level pressure (hPa), (b) 200-hPa geopotential height (m), and (c) geopotential height at 308S
regressed onto SST north of Australia during MAM. The analysis was performed using detrended data, and the

regressions have been normalized by the standard deviation of the SST time series north of Australia. The green

(purple) contours indicate correlations significant at a p value of 0.05 (0.01).
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which could be a result of interactions with the Aus-

tralian continent.

As the wave train to the east of Australia is relatively

remote to the continent, particularly at the lower levels,

would this wave train still have a noticeable effect on

east Australian rainfall? To examine this, we first ex-

amine the vertically integrated water vapor flux associ-

ated with the SST to the north of Australia. The orange

and red vectors in Fig. 7a show statistically significant

transportation of water vapor south and southeast from

the northwest of Australia. The wave train to the east

shows a significant anticyclonic flow associated with its

pressure center. The two flows from the north of Aus-

tralia and the anticyclonic flow converge in the Tasman

Sea. Using an index that describes the east of Australia

wave train (defined as the spatial average of the 200-hPa

geopotential height in the region 408–308S, 1608E–
1508W minus 658–558S, 1708E–1408W), the effect of

the wave train can be removed from the SST north of

Australia. Upon removal, the convergence in the Tasman

Sea is no longer observed, nor is the water vapor trans-

port toward southeastern Australia (Fig. 7b). This high-

lights the importance of the wave train inmaintaining the

relationship between SST north of Australia and east

Australian rainfall.

6. Source of the wave train to the east of Australia

The wave train to the east of Australia is, at least in

part, a result of influences in the tropics, yet the exact

cause is not clear. The SST to the north of Australia

shows a high coherence with this wave train, yet this

SST does not seem to influence a significant convective

response in the same region conducive to Rossby wave

development (Fig. 8a). Consistent with Fig. 5b, there is

a significant and widespread convection response in the

east of Australia that extends eastward into the Tasman

Sea. This matches quite well with the convergence of

water vapor in Fig. 7a. The SST north of Australia is also

coherent with two large convective responses in the

tropical western and central Pacific. Associated with

these convection anomalies are upper-level divergence

anomalies (black and blue contours in Fig. 8b), which are

sources ofRossbywaves. The shading inFig. 8b shows the

correlation between north Australian SST and 200-hPa

geopotential height. Tracing south-southwest from the

blue divergence anomaly in the central Pacific, a weak

wave train can be seen tracing south, increasing in

strength and area. The increasing strength as the wave

train extends poleward could be an artifact of the me-

ridional distribution of pressure variance, where low

variance is experienced in the tropics compared to higher

in the midlatitudes. With the wave train originating from

the central Pacific Ocean, the relevance of north Aus-

tralian SSTs comes into question. The large area of con-

vection associated with north Australian SSTs appears to

be part of a basinwide structure. It would be intuitive to

assume that other Pacific Ocean basinwide processes,

like ENSO, would likely have an influence on this wave

train and also affect rainfall. However, we know that

the north Australian SST is not related to typical

ENSO indices (Table 1), and ENSO does not have

a relationship with east Australian rainfall during this

season (Fig. 2). There is, however, a statistically sig-

nificant relationship between the EMI and north

Australian SST (Table 1), with the EMI producing

a rainfall response in the east of Australia, although

they are weak and not widely distributed (Fig. 2).

FIG. 7. Regression of vertically integrated water vapor flux onto

(a) SST north of Australia (kgm21 s21), and (b) SST north of

Australia with the effect of the east Australian wave train removed

(kgm21 s21) during MAM. The analysis was performed using de-

trended data, and the regressions have been normalized by the

standard deviations of their respective indices. The orange arrows

indicate correlations significant between p values of 0.05 and 0.01,

with red arrows indicating significance below 0.01.
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The convection response to the EMI shows a similar

structure to that of the north Australian SST OLR re-

sponse, although opposite in sign and increased in

strength (cf. Figs. 8a and 9a). There are some slight

differences, for example, the central Pacific OLR anom-

aly is located slightly farther east; the thin OLR anomaly

band, extending from the north of Australia to the

southeast into the Pacific, is not evident in the EMI case;

and also, there is a greater OLR anomaly over the north

and northwest of Australia, extending into the Indian

Ocean. Removing the influence of the north Australian

SST shows little difference in the OLR anomaly, with the

convective dipole remaining intact (Fig. 9b). This shows

that the ENSO Modoki is a major contributor to the

convective dipole, as opposed to the north Australian

SST. Figure 2j shows the wave train response associated

FIG. 8. (a) Detrended OLR regressed onto detrended SST north

of Australia (Wm22) during MAM. The regression has been nor-

malized by the standard deviation of the time series north of

Australia, with the green (purple) contours indicating correlations

significant at a p value of 0.05 (0.01). (b) Shaded (line) contours

show detrended 200-hPa geopotential (divergence) correlated with

the detrended time series north of Australia duringMAM. Positive

(negative) divergence correlations are indicated by the blue (black)

color. The thickened contour lines show the correlations significant

at a p value of 0.05 (0.349), with the regular contours showing

a p value of 0.01 (0.449).

FIG. 9. (a) OLR regressed onto the EMI (Wm22) during MAM.

Partial regression of (b) OLR and (c) rainfall regressed onto the

EMIwith the effect of SST north ofAustralia removed (Wm22 and

mm, respectively) duringMAM. The analysis was performed using

detrended data, and the regressions have been normalized by the

standard deviations of their respective indices. The green (purple)

contours indicate correlations significant at a p value of 0.05 (0.01).
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with the EMI. There is a clear wave train to the east of

Australia, although the pressure anomaly with the closest

proximity to eastern Australia is roughly 58 south and

zonally narrower compared to that associated with the

north Australian SST (Fig. 5b), which is likely attribut-

able to slight differences in OLR between the two cases.

The effect of these slight differences is seen in the eastern

Australian rainfall response, with patchy anomalies

localized to New South Wales and along the north-

eastern coast (Fig. 2l). Removing the effect of the

north Australian SST shows that a large portion of the

rainfall response to EMI in the east of Australia is

related to north Australian SSTs, whereas rainfall in

the northwest is relatively unchanged (Fig. 9c). This

highlights the importance of the north Australian SST in

teleconnecting some influence of the Pacific Ocean to

eastern Australian rainfall. Even with the convective

dipole largely driven by ENSO Modoki, the north Aus-

tralian SST is still required for there to be a rainfall

response.

7. Conclusions

During austral autumn, many of the tropical SST cli-

mate drivers that typically affect Australian rainfall

during other seasons are experiencing their weakest

stage. The canonical ENSO is typically decaying during

this season, and the IOD is slowly beginning its in-

tensification. These two drivers are known to induce

wave trains during their active seasons, and we have

shown that they are still able to induce wave trains in the

austral autumn season. However these wave trains do

not seem to have an influence on Australian rainfall.

During austral autumn, the IOD and IOBM produce

strong wave trains that have a pressure center to the

south of Australia. These pressure centers are similar in

location to austral winter and spring; however, the

anomalies have the opposite sign to those in winter and

spring. During spring, the IOD acts as a pathway by

which ENSO can influence southeast Australian rain-

fall, but with the IOD having virtually no effect on

southeast Australian rainfall during austral autumn,

ENSO also does not have an effect in this region. The

only strong rainfall anomalies associated with ENSO are

located to the north and northwest of Australia, which

are likely attributable to the influence of tropically

trapped dynamics.

This study shows that there is still a remote influence

of tropical SSTs on Australian rainfall during the aus-

tral autumn season, as summarized in Fig. 10. There is

a comparatively strong SST variance in the SETIO re-

gion that is capable of producing a significant rainfall

response in the southern and eastern portions of

Australia. The wave train response associated with this

SST is in a similar position to the IOD pressure center to

the south of Australia; however, it is noticeably weaker

and does not influence east Australian rainfall. There is

another pressure center, or wave train, associated with

this SST that is located to the east of Australia. It is

unlikely that this wave train is directly induced by the

SST in the SETIO region because of their relative

position and distance. However, the SETIO SST is also

coherent with SST to the north of Australia.

NorthAustralian SSTs show a stronger relationship to

east Australian rainfall than the SST in the SETIO

region, and is related to the wave train to the east of

Australia. The source of the wave train is not located

over the region north of Australia, as there is no con-

vection or divergence response in this region. This wave

train is likely a result of a strong convective response in

the central tropical Pacific. The central Pacific convec-

tion is the eastern pole of a large tropical convection

dipole coherent with north Australian SSTs. This dipole

is reminiscent with that of the El Ni~no Modoki, and it is

also shown that the influence of ENSO Modoki on the

eastern Australian rainfall is enhanced by the SSTs in

the north Australian region.

In conclusion, SST variability to the north of Australia

has a predominant influence on eastern Australia au-

tumn rainfall. It conveys not only the impact of its own

FIG. 10. Schematic illustrating the influences of the north Aus-

tralian SST, SETIO, and ENSO Modoki affecting rainfall over the

eastern Australian region during MAM. Shading indicates SST

anomalies, clouds indicate convection anomalies, oval outlines in-

dicate upper-level pressure anomalies, and stippling indicates rain-

fall anomalies. Red and blue colors distinguish signals of opposite

anomalous response, with blue indicating cooler SSTs, stronger

convection, weaker pressure, or increased rainfall. Eastern Austra-

lian rainfall is enhanced by wave trains originating from the central

PacificOcean convection dipole, but only in the presence ofmoisture

transport from the north (indicated by the dashed arrow) associated

with SST in the north Australian region. Additionally, influence of

SETIO to eastern Australia rainfall is exerted through the north

Australian SSTs.
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variability, but also that of variability coherent with

ENSO Modoki and with SST in the SETIO region.
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