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Abstract

Most of Australia was in severe drought from 2018 to early 2020. Here we link this drought to the Pacific and Indian Ocean
sea surface temperature (SST) modes associated with Central Pacific (CP) El Nifio—Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD). Over the last 20 years, the occurrence frequency of CP El Nifio has increased. This study extends
the previous understanding of eastern Pacific (EP) El Nifio-Australian rainfall teleconnections, exhibiting that CP El Nifio
can bring much broader and stronger rainfall deficiencies than EP El Nifio during austral spring (September—November)
over the northern Australia (NAU), central inland Australia and eastern Australia (EAU). The correlations between SST
fields and rainfall in three Cluster regions divided by clustering analysis also confirm this, with rainfall variability in most
of Australia except southern Australia (SAU) most significantly driven by CP ENSO. Also, we demonstrate that the CP El
Nifio affects rainfall in extratropical EAU via the Pacific-South American (PSA) pattern. While the influence of EP El Nifio
is only confined in tropical NAU because its PSA pattern sits far too east to convey its variability. With the development of
ENSO diversity since 2000, the footprint of El Nifio on Australian rainfall has become more complex.

Keywords Australian rainfall - ENSO diversity - IOD - Pacific-South American pattern

1 Introduction

Agriculture has historically been one of the most signifi-
cant industries in Australia, both in terms of its domestic
production as well as the export income. Agriculture and
its closely related industries earn an average of $155 billion
per year for a 12% share of Australia’s total gross domes-
tic product (GDP) (http://www.nff.org.au/farm-facts.html).
Nevertheless, fluctuations in the gross value of Australian
crops vary greatly from year to year (Nicholls 1985). If such
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fluctuations are accurately predicted, there is a potential for
huge savings and profits. Numerous studies have shown
that, the interannual variability of crop production is mainly
driven by climate factors, particularly precipitation and sur-
face temperature, in the wheat growing seasons from May
to November (Nicholls 1985; Yuan and Yamagata 2015).
Therefore, understanding and developing a forecasting skill
of Australian spring (September—November) rainfall is con-
ducive to predicting and managing the production of crop
in Australia. Furthermore, southwestern, southeastern and
eastern Australia (EAU—the region of southern Queens-
land and New South Wales, located in the subtropics) have
experienced substantial declines in cool season rainfall in
recent decades (http://www.bom.gov.au/climate/change/).
Part of Australia, especially southern Australia (SAU) has
been suffering from drought with increasing severity and
frequency (IPCC 2021, Chapter 11, Table 11.15). For exam-
ple, the recent 2018-early 2020 drought had a severe dam-
age on natural system and human lives for large parts of
Australia, especially for the southern inland Queensland and
inland New South Wales (BoM 2020). According to BoM
(2020), 2018-2019 recorded the lowest two-year rainfall
totals for the Murray Darling Basin (MDB). MDB is a vital
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agricultural region known as the “food bowl” of Australia,
and drought in this region thus has a severe impact on the
regional and national economy. This prolonged drought
dragged Australian real GDP to more than 0.7% below base,
as well as a national welfare loss of $63 billion in 2018-2019
(Wittwer and Waschik 2021). Whilst unprecedented bush-
fires partially due to the drought swept across Australia from
July 2019 to February 2020, which had a massive damage
over a large part of Australia in many aspects including
burning more than 17 million hectares of land, taking away
thirty-three human lives and billions of animal lives (BoM
2020; Wittwer and Waschik 2021).

Recent research has shown that, some remote climate
drivers contribute to the Australian drought in 2018-2019
(BoM 2020; King et al. 2020; Wang and Cai 2020; Wat-
terson 2020). On the synoptic timescale, the shift of rain-
bearing weather systems play an important role in generating
this drought. On the intraseasonal-interannual timescale, the
rainfall deficits during 2018-2019 have been shown to occur
under the combined effects of the subtropical high-pressure
ridge (BoM 2020), the sudden stratosphere warming (Lim
et al. 2021a), the Southern Annular Mode (SAM) (Lim et al.
2021a), the Indian Ocean subtropical dipole (Ramsay et al.
2017), the El Nifio—Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD) (Watterson 2020; BoM 2020). The
SAM occurred in the late spring of 2019 in a strong nega-
tive phase, which moderately exacerbated the dry conditions
over subtropical EAU, attributed for 22% of the All-Australia
2019 springtime rainfall deficit (Watterson 2020). This SAM
is shown to be induced by a strong Southern Hemisphere
stratospheric warming associated with a weakened strato-
spheric circumpolar westerly jet occurred in the spring 2019
(Lim et al. 2021a). The tropical Indo-Pacific SST drivers
also significantly account for the two-year rainfall deficits.
For example, Watterson (2020) quantified the contribution
of tropical Indo-Pacific SST variability on the 2018-2019
Australian rainfall deficit with a Pacific-Indian dipole (PID)
index combining the west Pacific and east Indian influences.
He argued that the PID index can explain 38% of the two-
year deficit, and 54% of the SON 2019 deficit, indicating
an important role of the tropical Indo-Pacific SST in this
drought episode. Accordingly, as the major source of the
tropical Indo-Pacific SST interannual variability (Ashok
et al. 2003; Risbey et al. 2009; Ummenhofer et al. 2009),
the ENSO and IOD are the main drivers for the interannual
variability of Australian rainfall (Lim and Hendon 2015;
Watterson 2020). Furthermore, the ENSO and IOD have a
strong correlation with each other in austral spring (Risbey
et al. 2009), and their combined effect on Australian rainfall
is the strongest during this season (Watterson 2020). This is
reasonable since they are both characterized by phase lock.
Specifically, an IOD event typically peaks in austral spring.
Though typically ENSO is still in its developing phase
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during austral spring, it already has a comparable intensity
and is strong enough to impact Australian rainfall (Lim et al.
2017). Therefore, when studying the individual impact of
ENSO/IOD on Australian springtime rainfall, it is necessary
to separate their covariant fraction. For instance, Cai et al.
(2011) have shown that the IOD influences the rainfall over
northern Australia (NAU) and EAU, while after removing
the covariance with ENSO, IOD can only impact the south-
ern Australian precipitation. Investigating the links of ENSO
and IOD to regional rainfall variability is of great value for
exploring potential predictability of Australian rainfall,
because dynamical models still have limited skill in forecast-
ing the spatial distribution of Australian rainfall especially
in austral spring (Watterson et al. 2021). By evaluating the
simulations of Climate Analysis Forecast Ensemble (CAFE),
Watterson et al. (2021) argued that the predictive skill for
All-Australia seasonal precipitation is largely consistent with
skill for Indo-Pacific SST climate drivers, both with mod-
erate correlations during austral spring and summer. This
indicates that, the links of large-scale climate drivers (such
as ENSO and IOD) to rainfall provide the foundation for
skillful prediction of Australian spring rainfall (Lim et al.
2021b; Watterson et al. 2021).

So far, the traditional El Nifio episode (referred to as EP
El Nifio in this article, with the strongest SSTA appearing
in the equatorial eastern Pacific) has been well understood,
including its operating mechanism and relationship with
Australian rainfall for long-lead predictability (Risbey et al.
2009; King et al. 2014, 2020; Lim et al. 2017). Generally,
this impact of EP ENSO on Australian spring rainfall can
be divided into two parts: the tropical and the extratropical
one. In the tropics, Australian rainfall is directly influenced
by the ENSO through the western pole (around 120°E) of
the Southern Oscillation (SO). SO is the atmospheric com-
ponent of the ENSO characterized by an anomalous surface
pressure “seesaw’’ between the tropical eastern Pacific and
the Maritime Continent. During El Nifio, sustained warm-
ing (cooling) occurs over the central and eastern tropical
Pacific (Maritime Continent). As a response to the diabatic
heating (cooling), an anomalous low (high) surface pressure
appears in the lower-layer troposphere of the warming (cool-
ing) area, associated with an (a) upward (downward) motion
and an increase (reduction) in rainfall over the same area.
Because of the Coriolis force, the deep baroclinic part of
the SO is confined in the tropics. Therefore, during El Nifio,
rainfall is blocked in near-tropical Australia which is domi-
nated by subsidence and anomalous high surface pressure,
and vice versa for La Nifia (Mclntosh and Hendon 2018).
The extratropical part, on the other hand, is argued to be
influenced by El Nifio via equivalent barotropic Rossby wave
train response (Cai et al. 2011). During austral spring, ENSO
conducts its impacts on SAU via the Rossby wave trains
associated with IOD because of their strong covariation in
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this season. In fact, the Rossby wave trains also exist dur-
ing pure IOD in SON (Mclntosh and Hendon 2018). They
emanate from the tropical Indian Ocean and produce a baro-
tropic pressure center in the SAU, thereby affecting rainfall
there through changing the west—east steering, mean-state
baroclinicity, and possibly orographic effects (Ashok et al.
2007; Cai et al. 2011). The positive phase of IOD (pIOD) is
generally associated with rainfall deficits, and conversely,
the negative phase of IOD (nIOD) is associated with wetter-
than-normal conditions (Risbey et al. 2009).

However, under the global warming, the emergence of
ENSO diversity in the twenty-first century has brought sig-
nificant changes to ENSO-driven rainfall variability over
many areas of Australia (Delage and Power 2020; Cai et al.
2021; Watterson et al. 2021). With the increasing occur-
rence of events with the SST anomaly (SSTA) peaking in the
CP since the late 1990s (Yeh et al. 2009; Lee and McPhaden
2010; Freund et al. 2019), many studies have suggested that
a different flavour of El Nifio exists, concerning its spatial
pattern, thermocline depth, zonal current, intensity, as well
as the location of convection (Larkin and Harrison 2005;
Ashok et al. 2007; Kao and Yu 2009; Takahashi et al. 2011;
Yeh et al. 2014). The El Nifio episode with its maximum
SSTA concentrated in the CP is referred to as CP El Nifio
(Kao and Yu 2009). More details about the properties,
dynamics, predictability and impacts of ENSO diversity can
be seen in reviews of Yeh et al. (2014) and Santoso et al.
(2019). Given that large-scale atmosphere teleconnections
are sensitive to the critical details of the equatorial SSTA
pattern (Barsugli and Sardeshmukh 2002; Capotondi et al.
2015), one might deduce that the influence of an El Nifio
event depends on its particular flavour (Weng et al. 2007,
Alizadeh-Choobari 2017). Specifically, CP ENSO tends to
be associated with a more widespread rainfall deficit in Aus-
tralia than EP- (Ashok et al. 2007; Lim and Hendon 2015;
Watterson 2020). Consequently, recent seasonal predictions
on Australian rainfall using dynamical models and statistical
models focus on predicting both the EP and CP ENSO and
their associated influences (O'Kane et al. 2020; Lim et al.
2021b; Watterson et al. 2021). Investigating the cause for the
different influences between EP and CP episodes is still an
open field of research. But based on the investigation using
observations and simulations from dynamical models, the
closer forcing center is probably the reason for CP events’
more severe influence (Wang and Hendon 2007; Taschetto
et al. 2009). For instance, the 1997/98 EP El Nifio was near
record strength, yet Australian rainfall was near normal. In
contrast, the modest 2002/03 CP EI Nifio event was associ-
ated with a severe drought across most parts of Australia
(Wang and Hendon 2007). Therefore, investigating the dif-
ferent impacts of both CP and EP EI Nifio is essential for
improving the predictive skill of Australian seasonal rain-
fall. Also, whether the influence mechanisms of CP and EP

El Nifio on Australian rainfall are differential needs further
investigation, other than simply analyzing their differences
in the induced water vapor conditions as many studies do
(e.g., Taschetto et al. 2009). The twenty-first century has
witnessed 2 EP El Niflo, 2 EP La Nifia, 6 CP El Nifio and 7
CP La Niiia events, revealing that CP ENSO has occurred
more frequently during the recent two decades (Lee and
McPhaden 2010). Moreover, the warming background cli-
mate can result in an increased frequency of ENSO events
(Power et al. 2017) as well as an enhancement of ENSO
teleconnection and thus its impact (Cai et al. 2015; Power
and Delage 2018). Given the higher occurrence frequency
of CP El Nifio, and its more substantial impact on Australian
rainfall compared with EP El Nifio in recent two decades,
it is important to do further research on CP ENSO-Austral-
ian rainfall relationship, which is the core of this article.
This article is organized as follows. Section 2 describes the
datasets and methods. Section 3 introduces the prolonged
drought and reveals the dominant forces of regional rainfall
variability on the interannual timescale. Section 4 discusses
the specific influence of these dominant forces on Austral-
ian spring rainfall. In Sect. 5, analysis is conducted on the
mechanisms associated with the distinct influences of CP
and EP ENSO on rainfall. The article ends up with summary
and discussion in Sect. 6.

2 Data and methodology
2.1 Data description

All datasets in this article range from 1979 to 2020 when
more reliable observations are available, except for the
SST and Australian rainfall with a period of 1948-2020.
We restrict the studied months to austral spring, during
which ENSO and IOD are strongly correlated and can have
a mutual influence on the Australian climate. ENSO and
IOD are monitored by tropical SST variations from the
Hadley Centre Global sea ice and SST analyses (HadISST
1.1; Rayner et al. 2003) on an 1° X 1° longitude-latitude
grid. The Nifio 4, Nifio 3.4 and Nifio 3 indices are calcu-
lated from the average SSTAs of (5°S—5°N, 160°E-150°W),
(5°S-5°N, 170°W-120°W), (5°S-5°N, 150°W-90°W),
respectively. The IOD is measured by the Dipole Mode
Index (DMI), which is the difference between the average
SSTAs at IODW(10°S—10°N, 50°E-70°E) and IODE(10°S-
Eq, 90°E-110°E).

Geopotential height anomalies at the upper troposphere
ascribed to tropical convection variations acting as a
Rossby source, are used to diagnose the circulation varia-
tions induced by the propagation of barotropic Rossby wave
trains. Specific humidity and wind anomalies at the lower
troposphere are used to monitor the moisture transport
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over the Australian region. The 850 hPa specific humid-
ity, 850 hPa wind and 200 hPa geopotential height (Z200)
are provided by the ECMWF Reanalysis version 5 (ERAS;
Hersbach et al. 2019) dataset available on the 0.25° % 0.25°
grid. We depict the Australian rainfall using the Australian
Water Availability Project (AWAP; Jones et al. 2009) data-
set provided by the Bureau of Meteorology (BoM). AWAP
is a daily reanalysis data with a high spatial resolution of
0.05° % 0.05° based on station observations, which major
meteorological organizations have widely used to analyze
rainfall. Here we use its monthly total rainfall for analysis.
All the time series have been previously detrended over their
time periods to avoid the disturbance of long-term trends and
focus on their interannual variations. Seasonal anomalies are
constructed by subtracting the corresponding climatology of
1981-2010 throughout this article.

2.2 Methodology

Our fundamental analysis techniques involve cluster analy-
sis, composite analysis and correlation analysis. There is a
distinctive regional feature in Australian rainfall between
that in tropical region and extratropical region, as well as
coastal region and inland region. So we employ cluster anal-
ysis to partition the Australian rainfall into several clusters
based on its interannual variations to find out the distinctive
forces of rainfall in each cluster region. Cluster analysis is
widely used to group items. Commonly used cluster analysis
algorithms are widely categorized into: model-based, grid-
based, division-based, centroid-based, hierarchy-based,
density-based and subspace-based methods. The K-Means
algorithm applied in this article is a centroid-based cluster-
ing method (Lloyd 1982) which is the most commonly used
grouping algorithm for its simplicity and efficiency. It has
been widely implemented in various fields for scientific and
industrial applications (Kodinariya and Makwana 2013).
K-Means can clearly partition the dataset into K pre-defined
non-overlapping subgroups and ensure a high similarity of
different objects in the same cluster and a low similarity
among different clusters. Its main objective is to minimize
the sum of distances (which is defined with squared Euclid-
ean distance here) (Hartigan and Wong 1979).

The way K-Means algorithm works is as follows (Lloyd
1982):

The first step, randomly select K points from the dataset
as centroids.

The second step, assign all the points to their closest clus-
ter centroids.

The third step, for each cluster, recompute its centroid by
taking the average of all data points that belong to it.

The fourth step involves repeating the second and third
steps until there is no change to the centroids and points
remain in the same cluster. It needs to be noted that K-Means
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is sensitive to the initialization of prototypes and requires a
specific clustering number in advance (Naldi et al. 2011).
So we apply the K-Means + +algorithm (Arthur and Vassil-
vitskii 2007) for cluster center initialization, and the elbow
method (Nainggolan et al. 2019) to determine the optimal
value of K. Elbow method is one of the most popular cluster
optimization methods. Its idea is to run K-Means on the
data for a series of K values, and for each K value compute
the sum of squared error (SSE). As K increases, there will
be fewer points in each cluster, and the distances of points
and their respective centroids will decrease, SSE will conse-
quently decrease. The value of K at which SSE declines the
most is called the elbow, which indicates the optimal cluster
number. The SSE formula is as follows:

SSE = Z;ijeqllxj — il (1)

Here x; is the object in the cluster C;, y; is the cluster’s
centroid, and K is the clustering number. In this study, we
first choose the appropriate clustering number with elbow
method, then apply K-Means clustering algorithm to the
standardized Australian total rainfall and classify the grid-
ded rainfall data into 3 parts, in preparation for the analysis
of the key forces of each partition.

Different types of ENSO are quantified by two ENSO
indices following the definition of Ren and Jin (2011), with
the Nyp index measuring the intensity of the CP ENSO
and the N1 Index measuring the intensity of the EP ENSO
events. The two ENSO indices are introduced here not only
because they are able to differentiate the CP and EP types
of ENSO (Heidemann et al. 2022), but also because they
are basically unrelated so that the Australian rainfall-ENSO
relationship of either type will not have the interference of
the other one (Ren and Jin 2011). The Ny,» Index and Ny
Index are calculated here utilizing the Nifio 3 and Nifio 4
indices with a nonlinear transformation:

{ Nyp =N, — aN; a:{ 2/5,N;N, >0 @

Nep=N;—aN,’ 0, otherwise.

Here, N5 and N, refer to the Nifio 3 and Nifio 4 indices,
respectively. The N; and N, indices are strongly correlated
with a correlation coefficient of 0.76. Thus, in the N5—N,
phase space, there is an evident linear relationship between
the N; and N, indices. While after the linear combination
of the N; and N, indices, the correlation between the Ny
and Ny, index declines to nearly 0. This is because that
this transformation methodology is virtually an orthogonal
coordinate transformation from the N;—-N, into the N;—Nyp
phase space. The previous coordinates in the N;—N, space
with high values of both N; and N, will relocate near the
horizontal and vertical axes in the new N;—Ny,p space after
the transformation (Ren and Jin 2011).
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ENSO is strongly correlated with the IOD in austral
spring, so we employ partial correlation to isolate the
respective influence of ENSO and IOD on rainfall, in
order to investigate the relative role of ENSO and IOD.
In statistics, partial correlations are often used to examine
the actual correlation between two factors and eliminate
the impact of a third factor. After excluding the impact of
factor c, the partial correlation coefficient between factor
a and factor b is:

Rab - Rac ! Rbc
\/(1 — R, Rac)(l =Ry - Rbc)

Here R, is the partial correlation coefficient between
a and b, R, R,., Ry is the Pearson Correlation Coef-
ficient between a and b, a and c, b and c, respectively.
Based on this equation, we achieve a measure of the
actual correlations between rainfall and ENSO indices
that are independent of DMI, denoted Nyplpyy, Nifio
3.41ppg and Neplpyyg. Similarly, we define the actual cor-
relations between rainfall and DMI that are uncorrelated
to both types of ENSO indices, denoted DMlIly;;, 3 4 (Cai
et al. 2011). The direct Pearson Correlation Coefficients
between rainfall and these indices are also calculated as
comparisons with the partial ones, to show the mutual
effect of the ENSO and the IOD on Australian rainfall.

R

ab-c

3

SST

(a) 2018

3 Climate drivers of Australian regional
rainfall variability

3.1 Brief introduction of the 2017-early 2020
drought

The drought was started southern Queensland and northern
New South Wales with moderate intensity in 2017. In 2018
it worsened and propagated to the southeastern quarter of
Australian mainland including the southern Queensland,
New South Wales, Victoria and eastern South Australia.
Then in 2019, Australian rainfall reached its dip at 40%
below the average (BoM 2020). New South Wales, SAU,
and the MDB have seen the driest year on record (Wittwer
2020). Besides, bushfires burned large areas of Australia
with unprecedented intensity and scale from June 2019 to
March 2020 (Wittwer and Waschik 2021). From February
to April 2020, the rainfall deficits largely reversed through
large parts of southeastern Australia and EAU (BoM 2020).
As shown in Fig. 1, the most extreme spring rainfall defi-
ciencies during 2018-2019 occurred in the southern inland
Queensland and adjacent northern New South Wales located
in EAU, leaving people particularly interested in the climate
drivers of rainfall in this region, and it will be shown to asso-
ciate with CP ENSO in the following sections.

Rainfall

40°N{~
N\
20°N A\
0°1,
20°51"{/ T 35054
40°5- it
= 45°5
4 15°5+

25°5

T 3505

40°s . K j
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Fig.1 SSTA and monthly mean total rainfall anomaly (mm/
month) for austral spring in a 2018 and b 2019; the left column is
SSTA (shaded) and the right column is Australian rainfall anomaly

(shaded). The black contours indicate the climatology of monthly
mean total rainfall for austral spring. The boundary of the MDB is
marked in red
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3.2 Crucial tropical drivers of the interannual
variability of Australian regional rainfall

Since the rainfall deficiencies in austral spring in 2018 and
2019 are known to have close relationship with the long-
term rainfall variability, the climate drivers of this rainfall
variability are investigated. Considering that the interan-
nual variability of Australian rainfall is regionally specific,
we divide the Australian gridded rainfall data into sub-
groups based on K-Means cluster analysis and investigate
its regional characteristics. The determination of clustering
number 3 here is defined through elbow method. As shown
in Fig. 2b, the elbow is at K =3, which indicates the optimal
clustering number. Based on the interannual variances of
rainfall series, the gridpoints are separated into 3 partitions
(Fig. 2a), namely western Australia (WAU), SAU and the
rest, consisting of NAU, EAU and central inland of Aus-
tralia. The correlation coefficients between rainfall in these
three Cluster regions are further calculated, to examine the
coherency and discrepancy of regional rainfall variability
across Australia (Table. 1, the first row). The correlation
between rainfall in Cluster region 1 and 2 is 0.26, and that
between Cluster region 1 and 3 is 0.12. This indicates that
rainfall in Cluster region 1 has significantly different inter-
annual variation features with region 2/3. Rainfall in Clus-
ter region 2 and 3 have a significant correlation of 0.67,
which means that rainfall variations in these two regions
are somewhat consistent. However, if we divide the rain-
fall time series into two partitions (pre-2000 and post-2000)
and employ cluster analysis on them respectively, the cor-
relation between Cluster region 2&3 using pre-2000 data is
unsignificant, whereas that of post-2000 data is as high as
0.85 (Table. 1). The pre-2000 and post-2000 cluster analysis
results are shown in Fig. S1. Note that the spatial pattern
of the pre-2000 period is quite similar to that of the whole

Table 1 Correlation coefficients between Australian area-averaged
spring rainfall in three Cluster regions divided by cluster analysis
based on AWAP data with three different time periods

Cluster region Cluster region Cluster
1&2 1&3 region
2&3
1979-2019 0.26 0.12 0.67
Pre-2000 0.27 0.21 0.41
Post-2000 0.21 0.11 0.85

The correlation coefficients in bold are significant at the 95% level

period, while that of the post-2000 period manifests a great
transformation in the previous Cluster region 2&3. The new
Cluster regions 2&3 seem to mix up with each other. This
result highlights a transformation on the Australian regional
rainfall variability after 2000. Before 2000, rainfall variabili-
ties in Cluster region 2 and 3 are distinct from each other,
which means that their drivers and corresponding mecha-
nisms are different. After 2000, they become highly consist-
ent, implying that they might share the same drivers.

Then, we compute the correlation coefficient between
rainfall and SST to find out the vital SST areas that can force
the interannual variations of rainfall in different regions of
Australia. As shown in Fig. 3a, rainfall in WAU (Cluster
region 1) is much less affected by SST forcing compared
with other regions. It mainly exhibits a moderate negative
correlation with SST variations in the off-equatorial central
Pacific, with a correlation of —0.48 between rainfall anoma-
lies in WAU and Ny,p Index (Table 2). Rainfall in NAU, EAU
and central inland (Cluster region 2) are substantially forced
by the remote SSTs in tropical CP (Fig. 3b). The correlation
coefficient spatial pattern of Cluster region 2 resembles the
SSTA pattern of CP La Nifia, indicating CP ENSO might be
a major forcing of interannual rainfall variability in EAU,

10°S T T T T T T T

* Clusterl
* Cluster2

15°S -

Cluster3H

20°S

25°S -

30°S

35°S

40°S

115°E  120°E  125°E  130°E  135°E  140°E 145°E  150°E

Fig.2 a K-Means cluster analysis on standardized rainfall for austral
spring ranging from 1979-2020. The black, red and yellow dotted
points are categorized into the first, second and third cluster, respec-
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tively. Only 1°Xx1° AWAP data is used here. b The sum of squared
error (SSE) for a range of clustering number K
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Fig.3 a-c are the correlations between SST and averaged rainfall for
austral spring in Cluster region 1-3, respectively. The SST and Aus-
tralian rainfall have been detrended prior to the correlation analysis,

Table2 The correlation coefficients between several indices and
area-averaged rainfall anomalies (mm/month) in Cluster region 1-3,
all-Australia for austral spring, with the time periods of 1979-2020

Nyp Index Ncr Index DMI
Cluster region 1 —0.48 —0.01 —-0.07
Cluster region 2 —0.67 —0.45 - 043
Cluster region 3 —0.39 —0.37 —0.53
All-Australia — 0.68 —0.44 - 047

The correlation coefficients in bold are significant at the 95% level

central inland Australia and NAU. Naturally, the correla-
tion between rainfall in this region and the Ny, Index is the
strongest (-0.67) among all Cluster regions. Rainfall in Clus-
ter region 2 also appears to be moderately correlated with
the IOD, though it is considered to be contributed by the
strong covariation of the IOD with ENSO in austral spring
rather than the independent influence of IOD itself because
the effect of the IOD is only confined in extratropical Aus-
tralia (Cai et al. 2011). Rainfall in SAU (Cluster region 3)
has a noticeable relationship with SSTs in the two dipoles
of IOD (Fig. 3c), revealing that a positive phase of the IOD
(pIOD) would bring rainfall deficiencies to SAU, and vice
versa for a negative phase of the IOD (nIOD), confirming
the result of Cai et al. (2011). There is no doubt that the cor-
relation between rainfall anomalies in SAU and IOD is the
strongest (-0.53) among all Cluster regions. Rainfall in Clus-
ter region 3 is also shown to moderately feel the impact from
SST variations in equatorial CP (Fig. 3¢), which might stem

-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

with the time periods of 1979-2020. Only correlations significant at
the 5% level are shown

from the strong coherence between ENSO and 10D during
austral spring (Cai et al. 2011). Furthermore, local SSTs off
the coast of NAU also have a considerable coherence with
rainfall in NAU, EAU and SAU, though some suggested that
the north Australian SSTs act as an agent for conveying the
impact of variability coherent with CP ENSO (van Rensch
and Cai 2014). It should be noticed that, the CP ENSO has a
more severe impact on Australian rainfall in all three regions
of Australia as well as the whole Australia than EP- (Table.
2). This is particularly evident in WAU, with correlation
of WAU rainfall-Ny,, Index being significant while that of
western Australian rainfall-N Index close to zero. In gen-
eral, Australian spring rainfall is highly consistent with the
tropical Indo-Pacific SSTs across most regions of Australia,
with rainfall in WAU, NAU and EAU closely correlated with
CP ENSO and rainfall in SAU more correlated with the IOD.

These correlation results imply that the 2018-2019 rain-
fall decline is probably attributed to CP El Nifio and pIOD
if they occurred. Here we define a pIOD event using +0.7
times the standard deviation (s.d.) of DMI in austral spring
as the threshold to achieve more event samples for composite
analysis following the definitions of many research (e.g.,
Yuan and Yamagata 2015). According to Ren and Jin (2011)
and Heidemann et al. (2022), the years in which Ny, index/
Nerindex for austral spring greater than+ 1 s.d. are regarded
here as years of the CP El Nifio/EP El Nifio. According to
this definition, the years of pure pIOD, CP El Nifio&plOD,
EP El Niflo&plOD ranging from 1948-2020 are shown in
Table 3, with the values of associated indices for austral
spring listed in the brackets. Notably, 2018 and 2019 are
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Table 3 Pure pIOD years, CP El Nifio&pIOD and EP El Nifio&pIOD
co-occurring years defined by Nyp / N Index and DMI of austral
spring; the values in the brackets indicate the DMI for pure pIOD,
Nyp Index & DMI for CP-El Nifio&plOD, and N, Index & DMI for
EP-El Nifio&plOD in austral spring

Pure pIOD CP-El Nifio & plOD EP-El Nifio & pIOD
1961 (0.77) 1987 (0.45 & 0.38) 1951 (1.08 & 0.36)
1963 (0.59) 1994 (0.59 & 0.65) 1972 (1.79 & 0.71)
1967 (0.40) 2002 (0.42 & 0.36) 1982 (2.09 & 0.65)
2006 (0.57) 2018 (0.40 & 0.60) 1987 (1.00 & 0.38)
2011 (0.34) 2019 (0.58 & 0.90) 1997 (2.70 & 1.10)

2015 (1.89&0.40)

both CP EI Nifio&plOD years. The SSTA spatial distribu-
tion for austral spring in 2018 and 2019 is shown in the left
column of Fig. 1, exhibiting a typical pIOD-SSTA pattern
over the tropical Indian Ocean in both two years. In par-
ticular, from 2018 to 2019, both of the CP ENSO and IOD
have substantially increase in their magnitudes (Table 3),
together contributing to a more severe drought across the
whole Australia in SON 2019 (Fig. 1b; Table 4). Therein, the
2019 pIOD event is amongst the most severe IOD events on
record (Wang et al. 2020), with a DMI anomaly of +0.90 °C
for austral spring, more than two times the s.d. (0.38 °C).
The 2018 pIOD was not that extreme, but still fairly strong,
with the DMI at+0.60 °C for austral spring. And SAU expe-
rienced severe rainfall deficiencies in austral spring in both
2018 and 2019. In austral spring of both years, there is also
a CP El Nifio-SSTA pattern in the CP (Fig. 1b) (Wang and
Cai 2020; BoM 2020), despite its weak strength in 2018 with
a magnitude of +0.40 °C (Table 3). Rainfall in EAU, central
inland Australia and NAU significantly decreased in austral
spring of both years (Table 4), underlining a possible con-
nection of CP ENSO to rainfall anomalies in these regions.

4 The influences of CP ENSO and IOD
on Australian spring rainfall

The previous section has shown that austral spring rainfall
in SAU is significantly associated with the IOD, and rain-
fall in NAU, EAU and central inland of Australia is signifi-
cantly associated with CP ENSO. To further understand the

Table 4 Area-averaged rainfall anomalies (mm/month) of Cluster
region 1-3 and All-Australia for 2018 and 2019 in austral spring

Year Cluster region Cluster region Cluster region All-Australia
1 2 3

2018 0.29
2019 —-11.22

—5.00
-21.35

-5.70
—-16.17

-3.69
- 17.50
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footprints of CP ENSO and IOD, we first examine the cor-
relation patterns of rainfall anomalies associated with DMI,
ENSO indices, and partial correlation patterns based on
Eq. (3) (shown in Fig. 4). Note that the correlation between
Nyp and N index is only about 0.18, so the relationship of
either CP or EP El Nifio with Australian rainfall can be seen
as being independent of the other one. Since the correla-
tions of DMI and ENSO indices do not exclude the influence
of each other, their correlation coefficients consist of their
covariant part. In contrast, the partial correlation coefficients
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st
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Fig.4 Correlation coefficients between DMI, Ny, Index, Nifio 3.4,
Ner Index and total rainfall (mm/month) for austral spring are shown
in panels a, c, e, g, respectively; partial correlation coefficients are
shown in panels b, d, f, h. Only correlations statistically significant
at the 95% confident interval are plotted here. DMIlyyo3 4 denotes the
partial correlation coefficient between DMI and Australian rainfall
independent of Nifio 3.4; Nyplpyg, NINO3.4lpy and Nep Iy denote
the partial correlation coefficient between Ny, Index, Nifio 3.4, Ner
Index and Australian rainfall independent of DMI, respectively
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reflect the independent correlations of the IOD or ENSO
with precipitation. When calculating the partial correlation
coefficient between DMI and rainfall, the Nifio 3.4 index's
impact is removed from the DMI-rainfall correlation as a
representation of the intermediate state of CP and EP ENSO.

As presented in the correlation/partial correlation results,
there is a significant CP ENSO-rainfall teleconnection across
most of Australia (Fig. 4d), yet the teleconnection of EP
ENSO is much weaker and appears to be insignificant in
large areas of Australia (Fig. 4h). The cooperation with
the IOD can largely enhances the influence of EP ENSO
(Fig. 4g), but only has subtle effect in extending the influ-
ence of CP ENSO towards far south. There are broad rain-
fall responses, including tropical and extratropical ones, to
Nyp Index across EAU, NAU and central inland of Australia
(Fig. 4d). Nevertheless, the response to Nr Index is quite
limited to NAU (Fig. 4g), indicating that only tropical effects
associated with EP ENSO exist, although far less than CP.
In particular, rainfall shows correlation of up to -0.5 with
Nyp Index in EAU (Fig. 4d), indicating that variations of
rainfall in this region are dominated by CP ENSO. Gener-
ally speaking, no matter whether an IOD event is coexist-
ing with ENSO event or not, the closer the forcing center in
the equatorial Pacific is to Australia, the stronger its effect
is on spring rainfall over Australia (Fig. 4c-h). Both the

tropical and extratropical effects of CP ENSO are much
stronger than EP’s.

Unlike ENSO whose impact is distributed in lower lati-
tude of Australia, the IOD mainly impacts rainfall in higher
latitude. Both ENSO and IOD have little impact on most of
WA except for the southwest corner (Fig. 4). The IOD and
ENSO tend to increase each other's impact intensity and
extent in austral spring. With the participation of ENSO,
IOD can extend its influence scope towards lower latitude.
So does ENSO, with IOD’s assistance, the scope of its influ-
ence extends towards higher latitude, in agreement with the
results of Watterson (2020). Together with pIOD, CP El
Niflo is able to bring severe and broad rainfall deficiencies
in EAU, SAU and NAU, which is mostly the condition of the
Australian spring drought in 2018 and 2019.

To have a clearer picture of the difference between CP
and EP’s imprints, we then carry out the composite analy-
sis to the CP and EP EI Nifio episodes based on the event
years in Table 3. Only the composites of the positive phase
are conducted here because the coherence between nlOD
and La Nifia is much lower than that of the positive phase
(Cai et al. 2012), such that the cases are too few to be com-
pounded. The composite SSTA patterns for CP/EP El Nifio
and pIOD are shown in Fig. 5, with the maximum warming
center situated in the central and eastern equatorial Pacific,
respectively. And the corresponding rainfall patterns of the

SST Rainfall
(a)CP El Nino & plOD
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Fig.5 Composites of SST and total rainfall anomalies (mm/month)
for austral spring in a CP El Nifio&plOD co-occurring years, b EP
El Niflo&plOD co-occurring years. Dotted areas indicate significant

composite at the 95% confident interval. Shaded region in the right
column has significant composite anomalies at the 95% confidence
level
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two types show a noteworthy difference in the subtropical
EAU, where the CP El Nifio is associated with significant
deficiencies while EP El Nifio lacks an extratropical rainfall
response. These composite results are coherent with the rain-
fall-Nyp Index and rainfall-N.; Index correlations above,
confirming that the impact of the CP EI Nifio is distinct from
the EP’s, especially in EAU.

5 Discrepancy on the CP&EP ENSO'’s
influence mechanisms on extratropical
Australian rainfall

Last section has shown that Australian regional rainfall
responses differently to CP and EP ENSO. To be specific,
CP ENSO has a broader and stronger impact on Australian
spring rainfall than EP ENSO with or without the aid of the
10D, and rainfall in EAU can only be affected by the CP

type. Next, we will show the possible mechanisms underly-
ing the influences of the two types.

The correlation patterns of 200 hPa geopotential height
associated with the Ny,p Index, Nifio 3.4, Nr Index, DMI
and Nyplpav Nifio 3.415v Net Ipv DMIlis, 3.4 for austral
spring are shown in Fig. 6. The anomalous high pressure
center near SAU is pronounced during IOD in Fig. 6a, b,
extending from the upper layer to the lower layer (Fig. 6-7a).
This anomalous pressure center still exists under the IOD
and EP ENSO co-occurring situation (Fig. 6g), and is absent
after removing the covariant part of IOD and ENSO from the
ENSO-rainfall correlation (Fig. 6d, f, h). It is also significant
on the surface layer during IOD (Fig. S2a, b), and manifests
as a stretch of the SO west branch towards higher latitude
of Australia when IOD and EP ENSO co-occur (comparing
Fig. S2e, g with Fig. S2f, h). This barotropic anomalous
height center, induced by equivalent-barotropic Rossby wave
trains emanating from the tropical eastern Indian Ocean,
accounts for the rainfall anomaly in SAU during IOD events

-0.4

Fig.6 Correlation coefficients between DMI, Ny, Index, Nifio 3.4,
Ner Index and 200 hPa geopotential height for austral spring are
shown in panels a, ¢, e, g, respectively; partial correlation coefficients

@ Springer

are shown in panels b, d, f, h. Green real contours encompass the sta-
tistically significant correlations at the 95% confident interval
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Fig.7 Correlation coefficients between DMI, Ny, Index, Nifio 3.4,
Ncr Index and the specific humidity (kg/kg), wind (m/s) on 850 hPa
for austral spring are shown in panels a, c, e, g, respectively; partial
correlation coefficients are shown in panels b, d, f, h. The black vec-
tors show significant values in at least one wind component at the
95% confidence level. Shaded regions have correlations significant at
the 95% confidence interval

(Fig. 4a, b, e, g), consistent with Cai et al. (2011). It is worth
noticing that, during CP ENSO the anomalous height center
over SAU is absent, even when CP ENSO is co-occurring
with IOD (Fig. 6¢). This implies that during a CP event, the
Indian Ocean no longer plays a significant role in convey-
ing the impact of CP ENSO to SA as it does in an EP event.
The mechanism of ENSO-IOD-Southern Australian rainfall
teleconnection put forward by Cai et al. (2011) is virtually
only applied to the EP ENSO case. The impact of CP ENSO
on extratropical Australia does not stem from the barotropic
Rossby wave train emanating from the Indian Ocean, but
rather from the remote impact from equatorial CP.

The distribution of 200 hPa geopotential height in the
Southern Pacific features a tropical high-pressure center
and a subtropical low-pressure center stretching across
the Pacific Ocean basin (Fig. 6), constituting part of the

so-called Pacific-South American (PSA; Hoskins and
Karoly 1981) pattern. The PSA pattern is induced by the
propagation of equivalent barotropic waves emanating from
upper-level divergence over the equatorial CP. As presented
in Fig. 6c¢, d, g, h, although the PSA pattern appears to be
notable for El Nifio of both types, the one associated with
the CP El Nifio possesses a more zonal structure and is
more westward compared to EP-. The CP El Nifio-related
negative 200 hPa geopotential height anomalies in the sub-
tropical Pacific stretches to the eastern coast of the Australia
continent. Given that the anomalous height center over SA
related to the IOD is absent during CP ENSO no matter
co-occurring with IOD or not (Fig. 6¢, d), the extratropical
impact of CP ENSO on eastern Australian rainfall (Fig. 4c,
d) can only be conducted through the subtropical PSA. As
for EP ENSO, the Rossby wave train response is trapped in
the Pacific (Fig. 6g, h), and thus little rainfall response is felt
in EAU (Figs. 4h, 5b). This explains why EA lacks a rainfall
signal during EP El Nifio&pIOD events (Fig. 5). Moreover,
the PSA pattern that we focus on also tends to be stronger
during CP EI Nifio because of the interaction of background
and disturbance field. Specifically, the convective center of
CP El Nifo is situated closer to the ascending branch of
Walker Circulation so that it is easier for the perturbation to
be transported to the upper-level atmosphere and propagate
out as a wave train. In contrast, the convective center of EP
El Niflo is situated closer to the descending branch, where
it is difficult for the perturbation to be brought to the upper
atmosphere and neither for the following propagation. Con-
sequently, the equivalent wave trains are able to convey the
impact of CP El Nifio to rainfall in EAU and significantly
contribute to the rainfall variability there, which is yet una-
vailable for EP El Nifio.

With regard to NAU, it is covered by anomalous high
pressure associated with the western pole of SO on the sur-
face for both two types of ENSO (Fig. S2c, d, g, h), indicat-
ing that El Nifo influences rainfall in NAU through weak-
ening the ascending branch of Walker Cell located around
the Maritime Continent. What’s more, the adverse wind
direction in the upper level and lower level above equato-
rial northeastern Australia and western Pacific during ENSO
reveals that the atmosphere here is baroclinic. As such, rain-
fall in equatorial NAU is affected by El Nifio of both types
via SO rather than PSA pattern.

The responses of lower-level atmosphere to CP and
EP ENSO above Australia seem to be more distinct than
the upper level. Figure 7 depicts the correlations between
850 hPa wind and specific humidity with the indices. As
the results exhibit, the CP type has a higher correlation with
atmospheric circulation anomalies than EP- (Figs. 6-7c, d,
g, h), as the atmosphere tends to be more sensitive to SSTAs
in CP with warmer surface and more active atmospheric
convection activities and less responsive to SSTAs in EP
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situated in the cold tongue (Barsugli and Sardeshmukh
2002). Therefore, the rainfall-CP EI Nifio coherence is sub-
stantially higher than the EP type (Fig. 4c, d, g, h), no matter
in the tropical or extratropical Australia. During CP El Nifio,
rainfall in EAU is dominated by significant southerly off-
shore lower-level flow whether co-occurring with the pIOD
or not (Fig. 7c, d), which carries less moisture from the dry
cold higher-latitude region to lower-latitude region, and
results in a dryer-than-normal condition in EAU (Fig. 4c,
d), in agreement with Watterson (2020).

Moreover, the southerly wind in EAU is considered to
be induced by the barotropic Rossby wave train emanating
from CP, because EAU and part of SAU is exactly located
under the western margin of the low pressure associated with
the extratropical PSA pattern (Fig. 6¢, d). But for EP El
Niflo, there is basically little significant southerly wind and
moisture anomalies in EAU (Fig. 7h), associated with little
rainfall signal in this region (Fig. 4h). To the east of New
Guinea, the lower-level wind represents a cyclonic circula-
tion pattern, while the upper-level wind pattern appears to be
anticyclonic (figure not shown). The contrast of lower-level
atmospheric circulation between the two types of ENSO
is ultimately attributed to their different SSTA patterns in
the Pacific. Since the SSTA center of CP El Nifio is closer
to Australia, the associated anomalous convective heating
center is closer, and the emanated barotropic Rossby wave
train response associated with the PSA pattern are closer too.
Thus, the wave train of CP type is able to affect the general
atmospheric circulation above EAU when propagating into
the extratropical Southern Hemisphere. It sparks anomalies
of negative higher-level geopotential height as well as south-
erly lower-level wind associated with the subtropical PSA
pattern over EAU, thereby reducing the water availability
and consequently the austral spring rainfall in this area. In
comparison, the extratropical PSA pattern of EP ENSO is
located too far east to affect the EAU, such that EP ENSO
can only exert influence on SAU with IOD’s assistance (Cai
et al. 2011). Finally, it appears that the rainfall anomaly pat-
terns of CP and EP ENSO in EAU are distinct (Fig. 4c, d, g,
h and the right column of Fig. 5).

When El Nifio and IOD coexist, the southerly flow along
the western edge of the extratropical PSA pattern associ-
ated with ENSO would also contribute to the rainfall deficits
in southeastern Australia (left column of Fig. 7). Although
Cai et al. (2011) had suggested that the rainfall variances in
SAU are caused by IOD-induced high-pressure center that
obstructs the rain-bearing eastward-moving weather systems
moving towards SAU, here the emphasis is made on the role
of ENSO on Australian spring rainfall. As shown in Fig. 7(a,
b), in the absence of ENSO, IOD has little significant cor-
relation with the 850 hPa wind. But in the presence of both
ENSO and IOD, there is not only an IOD-induced high-
pressure center but also remarkable southerly wind over

@ Springer

SAU contributed by the extratropical PSA pattern associated
with ENSO, weakening the transport of moisture to SAU,
consistant with Freund et al. (2021).

6 Conclusions and discussions
6.1 Conclusions

To understand the serious 2018-2019 drought in austral
spring on the interannual timescale, this article identifies
the SST sources (ENSO and IOD) of interannual Austral-
ian regional rainfall variability for austral spring. Cluster
analysis result has shown that rainfall variations in different
regions are driven by distinctive SST modes. Specifically,
spring rainfall variability in Cluster region 1 (WAU) and
Cluster region 2 (northeastern half of Australia) is most
closely related to CP ENSO, and that in Cluster region 3
(SAU) is most strongly coherent with the IOD. Then, the
impacts of CP/EP ENSO and IOD on Australian spring
rainfall are discussed, with an emphasis on contrasting the
footprints of CP and EP ENSO. We have argued that the
ENSO-rainfall teleconnection of CP and EP type has distinc-
tive spatial patterns in Australia, especially in EAU. Specifi-
cally, CP El Nifio is associated with rainfall deficits across
the northeastern half of Australia, while the signal of EP El
Nifio is much weaker, almost insignificant at a 95% confi-
dent level after removing its covariant part with IOD. Since
2000, the rainfall variability in many areas of Australia has
changed, which is proven by the substantially higher coher-
ence of rainfall variances in Cluster region 2 and 3 based
on cluster analysis using data after 2000. This could be due
to the occurrence of an abundance of CP El Nifio episodes
in recent decades (Lee and McPhaden 2010), which induce
a shift on the ENSO-related part of rainfall variability in
Cluster region 2.

A critical contribution of the present work is an enhanced
understanding of the mechanism by which CP ENSO signifi-
cantly affects eastern Australian rainfall in contrast to EP-.
Our findings indicate that, since the SSTA patterns differ
between the two cases, the resulting atmospheric circulation
anomalies and their climate effects have distinctive spatial
distributions (Ashok et al. 2007; Weng et al. 2007). Gen-
erally, the response of Australian rainfall to CP ENSO is
greater compared with EP ENSO because the atmosphere
is more sensitive to the SSTA closer to the warm pool, con-
firming the results of Santoso et al. (2019). Compared to EP
ENSO, the CP event is consistent with a more significant and
closer situated ENSO-induced PSA pattern to Australia. The
western edge of the PSA pattern during CP ENSO is associ-
ated with lower-level southerly flow bringing dry cold air
from the higher latitude and induces rainfall deficiencies in
EAU, resulting in a significant CP ENSO-Australian rainfall
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teleconnection in this area. In contrast, during EP ENSO,
little rainfall variance is presented in EAU, associated with
insignificant 850 hPa wind anomalies. This might be attrib-
uted to its corresponding PSA pattern which is weaker and
sits far too east in the Pacific to convey the variability of EP
ENSO to extratropical Australia. Apart from that, our results
indicate that the ENSO-southern Australian spring rainfall
teleconnection mechanism in Cai et al. (2011) can only be
applied to EP ENSO. During CP ENSO, the role of tropi-
cal Indian Ocean as an agency to convey the impact from
ENSO to southern Australia vanishes. This is demonstrated
by the disappearance of the anomalous height center over
SAU when CP ENSO is co-occurring with IOD (Fig. 6¢).
In general, CP ENSO can influence extratropical Australia
directly through the PSA pattern, whereas EP ENSO need
an IOD to convey its impact to SAU.

6.2 Discussions

This study has an important implication that, a detailed sim-
ulation and predictive skill of ENSO diversity from coupled
general circulation models (GCM) is critical for advancing
the predictive capability of Australian seasonal rainfall.
Since CP and EP ENSO have distinctive impact patterns
on Australian spring rainfall, only models that have a good
predictive skill of both CP and EP ENSO can make accurate
forecast on Australian seasonal rainfall. Also, as CP ENSO
manifests itself as a more important driver for Australian
rainfall variability relative to EP-, it seems to be a more criti-
cal source of Australian rainfall predictability. With more
CP events occurring in recent decades (Capotondi et al.
2015), the EAU, which was mostly kept from the influence
of traditional EP ENSO, now are more likely to suffer from
widespread and severe droughts or floods during CP ENSO
in austral spring. Most of Australia, including NAU, the
central inland and EAU, tend to feel a greater impact from
ENSO. As the warming background is conductive to ENSO
teleconnection and consequently its impact (e.g., Santoso
et al. 2019), the NAU also becomes more exposed to extreme
weather associated with CP ENSO. Therefore, predicting the
explicit flavour of ENSO events is beneficial to influence
preparedness over Australia (Dong and Dong 2021).

This study is based on the assumption that the ENSO
and IOD as well as their effects are linear and ignore their
asymmetry. Actually, there is not only a significant skewness
in ENSO and IOD themselves, but also in their relation-
ships with Australian spring rainfall (Power et al. 2006; Cai
et al. 2012; King et al. 2013; Chung and Power 2017), which
warrants further investigations. Additionally, this work only
focuses on the role of ENSO and IOD, while other modes
can also force the interannual variability of Australian rain-
fall, such as the SAM (Watterson 2020; Lim et al. 2021a),
subtropical ridge (Timbal and Drosdowsky 2013) and the

SSTs around NAU which can exert influence on Austral-
ian rainfall through the coherence with ENSO (van Rensch
and Cai 2014). These are additional issues needing further
research in our future work.
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