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Abstract

The Australian monsoon delivers seasonal rain across a vast area of the conti-
nent stretching from the far northern tropics to the semi-arid regions. This arti-
cle provides a review of advances in Australian monsoon rainfall (AUMR)
research and a supporting analysis of AUMR variability, observed trends, and
future projections. AUMR displays a high degree of interannual variability
with a standard deviation of approximately 34% of the mean. AUMR variability
is mostly driven by the El Nifio-Southern Oscillation (ENSO), although sea sur-
face temperature anomalies in the tropical Indian Ocean and north of
Australia also play a role. Decadal AUMR variability is strongly linked to the
Interdecadal Pacific Oscillation (IPO), partially through the IPO’'s impact on
the strength and position of the Pacific Walker Circulation and the South
Pacific Convergence Zone. AUMR exhibits a century-long positive trend,
which is large (approximately 20 mm per decade) and statistically significant
over northwest Australia. The cause of the observed trend is still debated.
Future changes in AUMR over the next century remain uncertain due to low
climate model agreement on the sign of change. Recommendations to improve
the understanding of AUMR and confidence in AUMR projections are pro-
vided. This includes improving the representation of atmospheric convective
processes in models, further explaining the mechanisms responsible for AUMR
variability and change. Clarifying the mechanisms of AUMR variability and
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change would aid with creating more sustainable future agricultural systems
by increasing the reliability of predictions and projections.

This article is categorized under:
Paleoclimates and Current Trends > Modern Climate Change

KEYWORDS

Australian monsoon, climate change, climate variability, ocean-atmosphere interactions,
rainfall, rainfall driver, rainfall projection

1 | INTRODUCTION

There are eight tropical monsoon systems on Earth, providing water for over two-thirds of the world's population
(Wang et al., 2021). Four of them are located across Asia/Australasia, two in the Americas and two in Africa. The
majority of fresh water for the sparsely populated northern Australia (north of ~20° S, see black rectangle in Figure 1)
comes from Australian monsoon rainfall (AUMR, Nicholls et al., 1982). Approximately 80% of the region’s annual rain-
fall occurs during December to March (Suppiah, 1992). The AUMR is integral to northern Australia's ecology and biodi-
versity (Bowman, 2002), livestock (Cobon et al., 2019; McKeon et al., 2021), and cropping (Everingham et al., 2008;
Meinke & Stone, 2005; Mollah & Cook, 1996; Suppiah, 1992).

The origin of the Australian monsoon (AUM) is most similar to that of the North African monsoon (Nie
et al., 2010), as both arise from the seasonal migration of the Intertropical Convergence Zone (ITCZ) and the associated
meridional shift in the overturning (Hadley) circulation, leading to a strong rainfall seasonality. From 60° E to the Date-
line, the area of maximum rainfall varies by up to 20° latitude between austral winter (June to August, JJA) and austral
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FIGURE 1 The main climate drivers and processes that influence Australian monsoon rainfall (AUMR) variability on different
timescales. The AUMR region is indicated by the black rectangle and includes the Australian land area north of 20° S. Dashed lines indicate
a lagged relationship between the driver and AUMR variability. Light green shading highlights atmospheric or oceanic features that
influence AUMR variability. The mean accumulated rainfall from December to March is shown for Australia (1920-2021) using data from
the Australian Water Availability Project (AWAP) dataset (Jones et al., 2009). A red dot indicates the location of Darwin, Northern Territory
(12.4° S, 130.9° E). Acronyms: DJFM, December to March; ENSO, El Nifio-Southern Oscillation; IOBW, Indian Ocean Basin-wide Warming;
10D, Indian Ocean dipole; IPO, Interdecadal Pacific Oscillation; MJO, Madden-Julian Oscillation; SPCZ, South Pacific Convergence Zone;
SSTs, sea surface temperatures. Ningaloo Nifio/Nifa refers to SST anomalies off Australia's west coast.
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summer (December to February, DJF). In summer, the strong rising motion around 10°S indicates the position of the
ITCZ and is associated with large-scale deep convection and rainfall (Gadgil, 2018). A second, more shallow circulation
flows from the subtropics toward the ITCZ region, with a branch of rising motion in the lower troposphere located pole-
ward of the deep convection. This ascending air occurs over the Australian continent at approximately 23°S with peak
potential temperatures in the boundary layer that coincide with meridionally broader rainfall maximums than would
be expected by the ITCZ alone (Nie et al., 2010).

The AUM lies near the Indo-Pacific warm pool area (sea surface temperatures [SSTs] >28°C; Roxy et al., 2019),
which attracts the ITCZ as it tends to follow the warm SSTs (Gadgil, 2018). The warm pool region is characterized by
strong large-scale atmospheric upward motion that is associated with low-level convergent winds from the Indian and
Pacific Oceans. This rising air forms the main ascending branch of the Walker Circulation, which further supports the
existence and location of the AUM (Lau & Yang, 2003). Hence, the AUM is not entirely dependent on the land-ocean
contrast (Chao & Chen, 2001).

There have been several important reviews on the climatology, dynamics, and variability of the AUM on intra-
seasonal to interannual timescales. For example, the interannual relationship between the El Nifio-Southern Oscillation
(ENSO) and AUMR was well established by the early 1990s (Suppiah, 1992). Around the same time, the importance of
intraseasonal drivers such as the Madden-Julian Oscillation (MJO) was emerging (Hendon & Liebmann, 1990a;
Madden & Julian, 1994). Advances in the 2000s uncovered the importance of the MJO phase on the timing of AUM
active and break periods (Wheeler & Hendon 2004), as well as the existence of convectively coupled equatorial waves
(Kiladis et al., 2009). These advances in understanding were followed by a comprehensive review of the climatology
and intraseasonal variability of the AUM (Wheeler & McBride, 2011). In the mid-2000s, Zhang and Moise (2016) pro-
vided a review of the representation of the AUM in climate models in the past, present-day, and future projections,
drawing on results from the Coupled Model Intercomparison Project (CMIP) phases 3 (CMIP3) and 5 (CMIP5). Zhang
and Moise (2016) concluded that there is a large spread between models in representing the climatological features of
the AUM, and that model skill needs to be improved. More recently, Dey, Lewis, Arblaster, and Abram (2019) reviewed
long-term trends in Australian rainfall during pre-instrumental and instrumental periods (Dey, Lewis, Arblaster, &
Abram, 2019). They highlighted the existence of a positive trend in summer rainfall over northwest Australia. Since
then, there has been a concerted effort to better understand and contextualize the onset of the AUM (Lisonbee
et al., 2020). Their analysis showed that 25 different methods are used to define the AUM onset, and that the onset date
varies markedly depending on which method is used.

To date, there has been no specific review focusing on decadal variability of AUMR. Hence, the purpose of this
review is to update what is known about the interannual and decadal drivers of Australian monsoon rainfall variability
(AUMRYV, Figure 1) and we identify where gaps in our understanding of AUMRYV and change remain. The paper is
organized as follows: Section 2 provides the characteristics of the AUM, Section 3 discusses interannual AUMRYV and
associated mechanisms, while Section 4 focuses on decadal AUMRYV and updates observed AUMR trends. Section 5 is
focused on the representation of AUMR and its projected future change in coupled climate models. The main results
are summarized in Section 6. Major research gaps and recommendations for increasing understanding are highlighted
in Section 7. A description of the data and methods employed in this review is presented in Appendix S1.

2 | CHARACTERISTICS OF THE AUSTRALIAN MONSOON

Generally spanning December to March (DJFM), the AUM is often defined over northern Australia using rainfall
(Jourdain et al., 2013), zonal winds (Kajikawa et al., 2010) or a combination of the two. Onset is indicated by a reversal
of winds in the lower troposphere (e.g., 850 hPa) from easterly to westerly over the city of Darwin (Figure 1), equator-
ward of the monsoon trough or ITCZ (Drosdowsky, 1996; Hendon & Liebmann, 1990b; Holland, 1986) and often trig-
gered by the MJO (Hung & Yanai, 2004; Kawamura et al., 2002). The winds reverse from easterly pre-onset to westerly
post-onset (Figure 2a,b). At the same time, a deepening of the monsoon trough over northwest Australia and enhanced
precipitation over northern Australia and the Timor, Banda and Arafura Seas occurs (Figure 2c,d). The warm SSTs to
the north of Australia during the pre-onset months play an important role for generating convective instabilities that
favor the AUM onset (i.e., they are highly correlated to northern Australian rainfall; Hendon et al., 2012). Once the
AUM commences, the SSTs in the Timor and Arafura Sea cool as a result of westerly wind stress, enhanced evaporation
and cloudiness (Kawamura et al., 2002), and the SST-rainfall correlation breaks down (Hendon et al., 2012).
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FIGURE 2 Atmospheric conditions during the week prior to (a,c) and post (b,d) onset of the Australian monsoon based on observations
from 1948 to 2005. Shown are mean sea level pressure (MSLP, shading), 850 hPa winds (arrows) (a,b) and rainfall (c,d). Onset dates obtained
are described in Appendix S1. Daily data for all displayed variables are taken from the NCEP/NCAR reanalysis version 1 dataset (Kalnay

et al., 1996).

The winds associated with the AUM onset can be in the form of westerly bursts. These are short (>2 days) periods
of intense (>5 m s ') westerlies that extend across the western Pacific (Sullivan et al., 2021). The wind bursts are
accompanied by several consecutive rain days (Moise et al., 2020), which are interspersed by break periods of easterly
anomalies that dampen convection (Troup, 1961). The cycle of rainfall (and accompanying wind) bursts and break
periods is usually observed between late December and the AUM retreat in mid-March (Drosdowsky, 1996; Hendon &
Liebmann, 1990b; Holland, 1986; Pope et al., 2009). The onset, retreat, and accumulated AUMR are highly variable on
intraseasonal (Moise et al., 2020; Wheeler & McBride, 2007), interannual to multiyear (Sharmila & Hendon, 2020), and
decadal timescales (Meehl & Arblaster, 2011).

While northern Australian rainfall bursts peak between mid-November and mid-December (Berry & Reeder, 2016),
peak AUMR occurs in DJF (e.g. Kajikawa et al., 2010; Nagaraju et al., 2018; Narsey et al., 2020; Wang et al., 2004) and
can extend into March (Cowan, Wheeler, Sharmila, Narsey, & de Burgh-Day, 2022). In this review, we describe the
AUMR over the extended summer season (DJFM) for the Australian land region north of 20° S (Narsey et al., 2020)
over the period January 1920 to March 2021. In contrast to the AUM season, the northern Australian wet season runs
from November to April (Ghelani et al., 2017). We exclude higher latitude AUM definitions (Ashok et al., 2014;
Marshall & Hendon, 2015) that encompass desert regions as identified by the Képpen vegetation class.' Similar to stud-
ies that use terrestrial rainfall (e.g. Jourdain et al., 2013), we divide the AUM region into northwest and northeast
Australia at 135° E. Northwest Australia (NW) is a sparsely populated area that has experienced significantly wetter
summers since the early 20th century (Dey, Lewis, Arblaster, & Abram, 2019), while northeast Australia (NE) is a
region strongly influenced by ENSO (Sharmila & Hendon, 2020; Webster et al., 1998). Both are impacted by the MJO,
which in turn can combine with ENSO during austral spring to enhance or weaken the intraseasonal rainfall signal
(Lim et al., 2021). In contrast, rainfall over northern Australia during convective MJO phases appears to be less affected
by ENSO during summer (Cowan, Wheeler, & Marshall, 2023).

To summarize, the key characteristics of the AUM are (1) an onset around late December that is often triggered by
the MJO, (2) burst periods of westerly winds and rainfall during the monsoon season interspersed by break periods,
and (3) a retreat around mid-March.
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3 | AUMR:INTERANNUAL VARIABILITY

Before we review links between large-scale climate drivers and AUMR, we firstly characterize its variability. The left
panels of Figure 3 show statistics that characterize interannual AUMRYV such as the standard deviation and coefficient
of variation. AUMR has a high degree of interannual variability, as indicated by the standard deviation (¢) being 34% of
the mean (u) AUMR (780 mm). Northern Australia and the eastern seaboard show the highest absolute o, but the low-
est coefficient of variation (C, = ¢/u) for DJFM rainfall, in comparison to the higher C, but lower o in central, southern,
and western Australia (Figure 3a,c). The C, over northern Australia is much higher in the drier austral winter months
(Mollah & Cook, 1996). AUMRYV is of similar magnitude to variability in rainfall over much of the continent, as far
south as the southern Murray-Darling Basin (Figure 3e). About 28% of interannual AUMRY is associated with oceanic
variability in the tropical Pacific and Indian Oceans (R> = 0.28 obtained by multiple linear regression [MLR]). This
largely arises from the oceanic link with NE AUMR (26%; Table 1) as the link with NW AUMR is weaker (18%;
Table 1). Compared to the Asian, African and American monsoon regions, the AUM appears to exhibit the highest coef-
ficient of variation (Figure 3g). In monsoon regions, the C, is generally lower in the Northern Hemisphere than the
Southern Hemisphere (Figure 3g).

Oceanic feedback processes increase rainfall variability by approximately 30% over Australia, a finding based on a
comparison between ocean—atmosphere coupled and atmospheric-only model simulations (Taschetto et al., 2016). Not-
ing the mentioned study relied on a single model with known variability and equatorial Pacific biases (Taschetto
et al., 2014), it nonetheless suggests the majority of interannual variability in AUMR is driven by nonoceanic variability.
This includes internal atmospheric variability and atmosphere-terrestrial feedbacks.

In the following sections, we review the Indo-Pacific climate processes and feedbacks that influence AUMR on
interannual timescales focusing on ENSO (Section 3.1), Indian Ocean modes of variability (Section 3.2), as well as ter-
restrial processes and internal atmospheric processes (Section 3.3).

3.1 | ENSO and AUMR interannual variability

ENSO has a strong imprint over northern and eastern Australia (Forootan et al., 2016; Sharmila & Hendon, 2020).
Nevertheless, the state of ENSO makes little difference to rainfall burst activity across northern Australia in January and Feb-
ruary (Cowan, Wheeler, Sharmila, Narsey, & de Burgh-Day, 2022) due to the reliability of the MJO. The correlation coeffi-
cient between detrended AUMR and the Nifio 3.4 index (used to represent ENSO) is strongly significant (R = —0.53,
p < 0.001; see Table 1). The stronger influence of equatorial Pacific SST anomalies (SSTa) on NE AUMR (e.g. Sharmila &
Hendon, 2020) is reflected in the statistically significant correlations with all three Nifio indices (Table 1), consistent with
results acquired using the Southern Oscillation Index (SOI; Chung & Power, 2017). Based on the regression coefficients (f3)
obtained through MLR analysis (Table 1), AUMRYV is mostly driven by ENSO (Nifio 3.4). This finding is consistent with Zhu
(2018) who found that the first Empirical Orthogonal Function (EOF) mode of all-Australian summer rainfall from 1960 to
2015 is linked to central Pacific SSTa and accounts for 30% of all-Australian summer rainfall variability, while the second
EOF mode shows contrasting loadings over eastern and western Australia. Ocean—-atmosphere interactions in the Indian
Ocean enhance the impact of ENSO on the AUM (Taschetto et al., 2011; Wu & Kirtman, 2007), noting that the variability in
the Indian Ocean is partly driven by ENSO (Zhong et al., 2005). SSTs in the Nifio 3.4 region are also positively correlated with
SSTs north of Australia between December and April, with the strongest correlation occurring in February (Catto
et al., 2012). This contrasts with the presence of negative correlations between May and November.

Two types of El Nifio events are distinguishable based on the zonal SSTa location in the equatorial Pacific (Ashok &
Yamagata, 2009). These El Nifio types have distinct impacts on AUMR (in DJFM) and Australia-wide rainfall in other seasons
(e.g. Freund et al., 2021; Taschetto & England, 2009). We next review the impacts of these different ENSO event ‘flavors’ on
AUMR. Monthly rainfall anomalies over NW and NE Australia during ENSO events are included in Figure 4 and the relation-
ship between Eastern Pacific and Central Pacific indices by Ren and Jin (2011) and AUMR is shown in Figure 5.

3.1.1 | Eastern Pacific El Nifio

During an Eastern Pacific (EP) El Nifio event (see Heidemann et al., 2022 for definition using ENSO indices developed
by Ren & Jin, 2011), the maximum SST warming is in the eastern equatorial Pacific (Rasmusson & Carpenter, 1982)
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FIGURE 3 Legend on next page.
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TABLE 1 Correlation coefficients (R) between detrended SST indices (for December to March [DJFM]: Nifio 3.4, Nifio 4, Nifio 3, Tripole
index [TPI], Indian Ocean Basin-wide warming [IOBW] index; and for September to November [SON]: Dipole mode index [DMI]) and
detrended Australian monsoon rainfall (AUMR) anomalies over northern, northwest (NW) and northeast (NE) Australia, from 1920 to 2021

NW Australia NE Australia Northern Australia

SST index R f (MLR) R f (MLR) R f (MLR)
Nifio 3.4 —0.42 —0.34 —0.51 —0.46 —0.53 —0.45
Nifio 4 —0.43 —0.53 —0.54
Nifio 3 —0.36 —0.44 —0.46
TPI —0.33 —0.50 —0.47
TPI (13-yr low-pass) —0.04 —0.47 —0.28
DMI (SON) —0.29 —0.09 —0.30 —0.03 —0.34 —0.07
I0OBW —0.35 —0.05 —0.42 —0.06 —0.44 —0.06

R*=0.18 R?*=0.26 R*=0.28

Notes: The indices are described in Appendix S1. R is noted as significant when p < 0.05 (italic R value) and highly significant as p < 0.001 (bold R value).
Regression coefficients (p) are derived from multiple linear regression (MLR) analysis with AUMR as the response variable and the respective SST indices
(Nifio 3.4, DMI, IOBW) as predictors. The coefficient of determination (R?) for the MLR analysis is included.

and lower tropospheric zonal winds over northern Australia in summer weaken (Kajikawa et al., 2010). Consequently,
the first active monsoon phase or burst event is often delayed, leading to a below-average and shorter AUM season
(Evans et al., 2014). During an EP EI Nifio's mature phase (October to March), northern Australia typically experiences
below average rainfall (Freund et al., 2021), confirmed in this review using observations from 1920 to 2021 (not shown).

EP El Nifio events drive rainfall deficits in the November to April wet season across NW (Figure 4a) and NE
Australia (Figure 4b). The exception is January in the NW, when rainfall is close to climatology. Stronger amplitude El
Nifio events do not necessarily lead to a greater rainfall reduction, due to the nonlinear ENSO-AUMR relationship and
an insignificant correlation between the SOI and summer rainfall over northern Australia during El Nifio years
(Chung & Power, 2017; Power et al., 2006). The correlations between EP El Nifio events, represented by a positive EP
index, and AUMR are weak and insignificant over northern Australia (Figure 5a, red circles). The large spread of pre-
cipitation anomalies associated with the positive EP index suggests that other factors are more influential on precipita-
tion over northern Australia, for example, local SSTa, as observed in austral spring (Van Rensch et al., 2015, 2019).
Nonlinearity in the relationship is linked to large-scale shifts in rainfall patterns, and a weak decrease in AUMR during
El Nifio events (Chung & Power, 2017). Furthermore, strong El Nifio events do not necessarily translate to a later AUM
onset (Lisonbee & Ribbe, 2021).

3.1.2 | Central Pacific El Nifio

During a Central Pacific (CP) El Nifio event, the maximum SSTa are located nearer to the Dateline (Ashok et al., 2007)
and through their teleconnection with northern Australia, they can influence both the AUM onset timing and retreat
(Taschetto et al., 2009). During January and February, enhanced rainfall is caused by anomalous diabatic heating in the
central Pacific, which triggers an atmospheric Rossby wave through a Gill-Matsuno mechanism (Taschetto
et al. 2010a). This mechanism is seasonally phase-locked and only occurs when the South Pacific Convergence Zone
(SPCZ) strengthens in austral summer (Taschetto et al. 2010a). Subsequently, an anomalous cyclonic circulation is

FIGURE 3 Characterizing variability of detrended December to March (DJFM) rainfall over Australia between 1920 and 2021, (a,b)
standard deviation of Australian monsoon season rainfall on (a) interannual and (b) decadal timescales. (c,d) Coefficient of variation on (c)
interannual and (d) decadal timescales. (e) Correlation coefficient between AUMR and Australian rainfall in DJFM. Black stippling marks
significance for p < 0.001. Brown contours indicate the location of the Murray-Darling Basin (MDB). (f) Ratio of decadal to interannual
variance of DJFM rainfall. g) Coefficient of variation for rainfall in monsoon regions globally, from the ERA5 dataset (Hersbach et al., 2020)
for the Northern Hemisphere (JJAS) and the Southern Hemisphere monsoon season (DJFM).
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FIGURE 4 Composite annual cycle of spatially averaged northern Australian rainfall anomalies (northwest (NW) Australia: a,c,e;
northeast (NE) Australia: b,d,f) during El Nifio-Southern Oscillation (ENSO) events between 1920 and March 2021 using AWAP data. The
time sequence begins in August of the developing ENSO event until July after the event termination. The anomalies are linearly detrended
before the composite calculation. Error bars indicate the standard error (Jiﬁ) of the composite rainfall anomaly for each month.

formed off NW Australia, and the anomalous moisture convergence strengthens the mean monsoon circulation
(Taschetto et al. 2010b). This leads to a reversal of the negative October-December rainfall anomalies to positive anom-
alies in January and February over NW Australia (Figure 4c). For NE Australia, rainfall is only weakly above average
in January and below average for the remaining AUM months (Figure 4d).

3.1.3 | LaNifia

Questions have been raised about whether CP and EP La Niiia events (Ren & Jin, 2011) are distinguishable due to their
similar SST patterns (Kug & Ham, 2011). Therefore, here we analyze the impact of La Nifia events on AUMR as one
single flavor, noting the well-established link between La Nifia events and anomalously wet conditions over northern
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FIGURE 5 Relationship between December to March rainfall anomalies (mm) for northern Australia (a,b), NW Australia (c,d), and NE
Australia (e,f) and the Ren and Jin (2011) ENSO Eastern Pacific (EP; a,c,e) and ENSO Central Pacific (CP; b,d,f) indices for the period 1920-
2021 (blue circles: La Nifia, red circles: El Nifio). Both the rainfall and ENSO indices are linearly detrended.

Australia. In general, La Nifia is associated with stronger zonal winds over northern Australia (Kajikawa et al., 2010),
an earlier AUM onset (Evans et al., 2014), and above average AUMR (Wu & Kirtman, 2007). During strong La Nifia
events, the AUM tends to arrive about 14 days earlier than the climatological average (29 December), while for weak
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La Nifia events, the AUM onset is close to the climatology (Lisonbee & Ribbe, 2021). Except for January, where weak
rainfall anomalies are observed, the composite rainfall over NE and NW Australia during La Nifia events is well above
average during the AUM season and shoulder months (Figure 4e,{).

While the SOI is significantly positively correlated with summer rainfall over northern Australia during La Nifia
events, stronger (weaker) La Nifia events lead to larger (smaller) positive rainfall anomalies than a linear fit would
imply (Chung & Power, 2017). The rainfall increase during La Nifia can be attributed to a large-scale westward shift of
anomalous rainfall over the equatorial Pacific (Chung & Power, 2017). We also find that AUMR over entire northern
Australia, NE and NW Australia is significantly correlated to La Nifia (Figure 5; blue circles). Warm SSTa north of
Australia can supply additional moisture and enhance the impact of a La Nifia event on NE Australia, as observed in
2010-2011 (Evans & Boyer-Souchet, 2012) when exceptionally high rainfall anomalies were recorded (Cai & Van
Rensch, 2012). La Nifia events are often associated with an anomalously wet austral autumn (Allen et al., 2020), and
AUM-related rainfall bursts occur later in the wet season (i.e., April). This extends the AUM season (Cowan, Wheeler,
Sharmila, Narsey, & de Burgh-Day, 2022).

3.2 | Indian Ocean climate modes and AUMR interannual variability

Wind-evaporation feedbacks in the Indian Ocean, the Indian Ocean Basin-wide Warming (IOBW), Ningaloo Nifio and
the Indian Ocean dipole (IOD) can also influence the AUM. We discuss their links with interannual AUMRYV in further
detail in the following section.

3.2.1 | Wind-evaporation feedbacks

Wind-evaporation feedbacks in the tropical south-eastern Indian Ocean (SEIO) are a dominant driver of interannual
AUMRV over NW Australia. These feedbacks are a stronger cause for NW AUMRV than local or remote SSTa
(Sekizawa et al., 2018). Enhanced westerly winds over the SEIO lead to a strengthening of the cyclonic circulation and
monsoonal winds off NW Australia, which intensify evaporation and drive a further increase in NW rainfall during the
wet season (Sharmila & Hendon, 2020). This rainfall-wind-evaporation feedback acts to maintain wet conditions for
several years over NW Australia, making it an important mechanism for NW interannual AUMRV.

3.2.2 | Indian Ocean Basin-wide Warming

The impact of ENSO on the AUM can be reinforced by SST variability in the Indian Ocean. In coupled climate model
targeted experiments, the influence of ENSO on the AUM is significantly reduced when the Indian Ocean is decoupled
from the atmosphere (Wu & Kirtman, 2007). This is due to the IOBW mode (Chambers et al., 1999) that amplifies the
impact of El Nifio on AUMR (Taschetto et al., 2011). While El Nifio induces IOBW through surface heat flux anomalies
(Klein et al., 1999), the IOBW mode in turn feeds this signal back into the EP by dampening SSTs (Zhang et al., 2021).
The forced response of the Indian Ocean to EP El Nifio events enhances atmospheric subsidence and leads to a decrease
in late summer rainfall over northern Australia (Taschetto et al., 2011). We find here that the IOBW mode and ENSO
are highly correlated (R = 0.76, 1920-2021), consistent with a previous estimate (R > 0.7, 1949-2005; Taschetto
et al., 2011). The strong ENSO-IOBW co-variability infers that the IOBW's impact on AUMR (R = —0.44) is due to
ENSO, as confirmed from the MLR in Table 1 (p = —0.06). Subsequently, ocean-atmosphere interactions in the Indian
Ocean play an important role in transmitting the ENSO signal across northern Australia.

3.2.3 | Ningaloo Nifio

Ningaloo Nifio events are characterized by warm SSTa and negative mean sea level pressure (MSLP) anomalies along
Australia's west coast, which affect the large-scale atmospheric circulation and rainfall over Australia (Feng
et al., 2013). The opposite applies to Ningaloo Nifia events (Tozuka et al., 2014). Ningaloo Nifio events peak in summer
and are caused by wind-evaporation feedbacks in spring and anomalous poleward heat advection through the Leeuwin

85UB017 SUOWILLIOD) SAIERID 3ol jdde 8Ly Aq peusenob ake 9 VO '8sN 10 S9|NI 0} AR1q1T8UIIUQ AB]1M UO (SUOTIPUOD-PUe-SUWLBIALID" A8 | 1M ARe.q 1 uljuo//SAny) SUONIPUOD pue WS | 81 89S *[£202/80/90] UO Aleq18UIIUO AS|IM *[10UNOD UD1e8say [BIIPBIN PUY Yl[eoH [UDIEN AQ £28"09M/Z00T 0T/I0P/W0D A8 | AIq 1 jpulju0'sa1ivy/sciy Wouy pepeo|umod '€ ‘€202 '664L/5.T



HEIDEMANN ET AL. WIREs Wl LEY. 11 of 28

current in summer. These events sometimes coincide with CP La Nifia or even El Nifio events (Marshall et al., 2015).
Ningaloo Nifio events can also amplify the strength of the trade winds during a La Nifia event due to the anomalously
low MSLP over the SEIO (Zhang & Han, 2018). Further, Ningaloo Nifio events are linked to increased rainfall over
western and northwestern Australia in January and February, associated with radiative heating and moisture advection
(Zheng et al., 2020). Northern Australia can be affected in March and April (Marshall et al., 2015). In contrast, Ningaloo
Nifa events lead to decreased summer rainfall over NW Australia (Tozuka et al., 2014). To summarize, Ningaloo Nifio
(Nifia) events have the potential to cause increased (decreased) rainfall especially over NW Australia.

3.24 | Indian Ocean dipole

The IOD is a prominent large-scale driver of Australia's climate, particularly in the southeast (Risbey et al., 2009), typi-
cally peaking in the austral spring. Being seasonally phase-locked (Saji et al., 1999), IOD events have a stronger impact
on Australian spring rainfall and diminish before the AUM onset (Jourdain et al., 2013; Yoo et al., 2006). Given the
strong ENSO-IOD relationship (Cai et al., 2011), when the co-varying ENSO signal is removed, the influence of the
IOD on AUMR is negligible (Table 1). A positive IOD is defined when cool SSTa in the tropical SEIO and warm SSTa
in the western Indian Ocean develop, encouraging anomalous easterly flow (Saji et al., 1999). Such easterlies to the
north/northeast of Australia can occur from November to January (Chongyin & Mingquan, 2001), and can delay the
AUM. Recent analysis suggests that there is a trend toward more positive IOD events since the mid-20th century
(Abram et al., 2020), which has likely contributed to AUM onset delays in recent years (Lim et al., 2021; Lisonbee &
Ribbe, 2021). In contrast, a negative IOD has a negligible impact on AUM onset timing (Lisonbee & Ribbe, 2021).
Although the IOD has a weak impact on total AUMR, a positive IOD can influence the timing of the onset.

3.3 | Terrestrial processes and internal atmospheric variability

Terrestrial processes are considered important in influencing AUMRYV, especially over NW Australia where the influ-
ence of ENSO is weak (Sharmila & Hendon, 2020). These processes are reviewed in the following section.

On a 5-year timescale, wet season rainfall variability is predominantly related to feedbacks between soil moisture
and rainfall and a local rainfall-wind-evaporation feedback (Sharmila & Hendon, 2020). Higher soil moisture during
anomalously wet years helps to drive increased evaporation over the NW in the following year, enhancing rainfall and
sustaining the already wet conditions over multiple years (Sharmila & Hendon, 2020). The opposite is true for lower
antecedent soil moisture conditions. Terrestrial variables such as the leaf area index and soil moisture anomalies
account for about a third (36%) of the variance of northern Australian climate from January to March (Yu &
Notaro, 2020). By climate, the authors are referring to convection, precipitation, total precipitable water, cloud cover,
sea-level pressure and monsoon circulation over northern Australia. For comparison, oceanic influences explain 14% of
the AUM variance in summer, which increases to 39% in autumn (1982-2015; Yu & Notaro, 2020). Therefore, oceanic
influences and terrestrial feedbacks appear to be of similar importance for AUMV in late summer and autumn (Yu &
Notaro, 2020).

In addition to tropical Indo-Pacific oceanic variability, atmospheric perturbations can also lead to extremely wet or
dry conditions over Australia (Taschetto et al., 2016). By conducting coupled and atmosphere-only general circulation
model experiments with a focus on east and west Australia, Taschetto et al. (2016) found that these wet or dry periods
were less intense when oceanic variability was removed. Whether internal atmospheric processes are just as important
for AUMR remains an open question.

In summary, interannual variability of AUMR is a clearly linked to ENSO, particularly over NE Australia. This has
been confirmed across many studies (e.g., Evans et al., 2014; Forootan et al., 2016; Sharmila & Hendon, 2020; Wu &
Kirtman, 2007). La Nifia events are a major source for AUMR predictability due to their strong connection to early
AUM onset and above average rainfall, while the relationship between El Nifio and below average AUMR is weaker
(Chung & Power, 2017). The strong teleconnection with ENSO makes NE Australia the region with most predictable
AUMR. Over NW Australia, feedbacks involving local wind-evaporation and soil moisture play a more substantial role
in summer rainfall (Sekizawa et al., 2018), and potentially maintain anomalous wet or dry conditions for consecutive
years (Sharmila & Hendon, 2020). Variability in the Indian Ocean mostly influences AUMR through its co-variability
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with ENSO (Taschetto et al., 2011). We find that interannual variability in AUMR and its associated drivers are well
understood. In the next section, we delve into what influences decadal variations and multidecadal trends in AUMR.

4 | AUMR: DECADAL VARIABILITY, AND TRENDS

Statistics to characterize decadal AUMRYV are shown in the right panels of Figure 3. Similar to interannual timescales,
decadal variability is highest over northern Australia and near-coastal eastern Australia (Figure 3b). The standard devi-
ation of decadal variability (¢ gecadar) ranges from 14 mm in southwest Western Australia to over 100 mm near the east-
ern seaboard. Over the AUM region ¢ gecadar i 85 mm in the NW and 98 mm in the NE, leading to an average of
89 mm over the AUM region. The coefficient of (decadal) variation is 0.14 (Figure 3d).

The relative importance of decadal variability in rainfall to total variability has been previously investigated (Power,
Tseitkin, Mehta, Lavery, Torok, & Holbrook, 1999). They found that decadal variability in annual precipitation was
most influential over parts of northern Australia and next most influential over parts of central Australia and coastal
New South Wales. We update this analysis and focus on the monsoon season. The resulting ratio (6°gecadal/c”;
Figure 3f) shows that decadal variability accounts for the largest fraction of variability in central western Australia and
in pockets of central Queensland. Over the AUM region, the ratio is slightly lower over the NW compared to the NE
and overall averages to 0.17.

In the following subsections, we review links between decadal variability of SSTs and the AUM, with a specific focus
on the Pacific Ocean (Section 4.1), other ocean basins (Section 4.2) and conclude in Section 4.3 with a discussion of
multidecadal AUMR trends.

4.1 | Pacific Ocean decadal variability and AUMR

The Pacific Ocean exhibits a great deal of decadal variability, and much of this is linked to the Interdecadal Pacific
Oscillation (IPO; Power et al., 2021). The relationship between Pacific decadal variability and AUMR is a topic of ongo-
ing research and interest (e.g. Choi et al., 2016; Heidemann et al., 2022; Latif et al., 1997; Meehl & Arblaster, 2011).
Decadal variability in northern Pacific SSTs is associated with the Pacific Decadal Oscillation (PDO; Jaffrés et al., 2018;
Mantua & Hare, 2002), while the IPO is the larger-scale manifestation of decadal variability across the tropical and sub-
tropical Indo-Pacific Oceans (Power, Casey, Folland, Colman, & Mehta, 1999). Both the IPO and PDO co-vary
(e.g. Henley et al., 2015; Power, Casey, Folland, Colman, & Mehta, 1999) and are linked to the strength of the AUM cir-
culation (Choi et al., 2016), variability in the AUM-ENSO teleconnection (Meehl & Arblaster, 2011) and decadal rainfall
variations over NE Australia (Klingaman et al., 2013; Latif et al., 1997; Sharmila & Hendon, 2020). In fact, 22% of
decadal variability in AUMR anomalies over NE Australia can be explained by the IPO, compared with 0.2% over the
NW, based on a correlation between decadal variability (using a 13-year low-pass filter) in both the AUMR and the IPO
Tripole index (TPI) (see Table 1).

The IPO is characterized by negative (nIPO) and positive (pIPO) phases, which are observed on a timescale from
approximately 15-30 years (Folland et al., 2002; Power, Casey, Folland, Colman, & Mehta, 1999). The mean SSTa, as
well as large-scale atmospheric conditions during nIPO and pIPO phases are shown in Figure 6, while AUMR anoma-
lies are included in Figure 7. During nIPO phases, cool SSTa in the equatorial Pacific extend into the subtropical regions
and are flanked by warmer SSTa to the north and south (Figure 6a). The opposite is true during pIPO phases
(Figure 6b). Here we define the timeframes 1945-1976 and 1999-2014 as nIPO epochs, and 1924-1944 and 1977-1998
as pIPO epochs following Henley et al. (2015). The current IPO phase is unclear (Meehl et al., 2019), with more recent
data indicating a potential return or continuation of a nIPO phase (Lim et al., 2021). In the following, we describe the
relationship between pIPO and nIPO phases with AUMR as well as the decadal modulation of the ENSO-AUMR
teleconnection.

During pIPO periods, warm SSTa extend towards the western tropical Pacific, shifting the major region of convec-
tion eastward and subsequently leading to subsidence and rainfall deficits over northern Australia (Arblaster
et al., 2002) (Figure 7a). Both pIPO phases from 1924-1944 (Figure 7b) and 1977-1998 (Figure 7c) have resulted in
AUMR deficits (Robertson et al., 2006), despite the weak relationship between AUMR and EP El Nifio (and La Nifia)
events during these phases (Figure 8c,d) (Heidemann et al., 2022). To explain this, we show MSLP and 850 hPa wind
anomalies averaged over the last two pIPO periods (Figure 6d), which indicate westerly anomalies in the central Pacific.
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FIGURE 6 Sea surface temperature (SST) anomaly composites averaged over December to March during (a) negative (cool, 1945-1976
and 1999-2014) and (b) positive (warm, 1924-1944 and 1977-1998) Interdecadal Pacific Oscillation (IPO) phases; SST data were obtained
from the Hadley Centre Global Sea ice and sea surface temperature (HadISST) v1.1 dataset (Rayner et al., 2003); MSLP (shading) and 850 hPa
wind (vectors) anomalies during (c) negative and (d) positive IPO phases. Vertically integrated moisture flux convergence (VIMFC; shading) and
integrated moisture flux (vectors) anomalies during (e) negative and (f) positive IPO phases. Monthly meridional and zonal winds, specific
humidity and MSLP from the 20th century reanalysis version 3 dataset (Slivinski et al., 2019) were used for data shown in panels (c-f).

As such, the Walker Circulation shifts eastward and the easterly trade winds weaken, leading to decreased ocean-
atmosphere coupling (Meehl & Arblaster, 2011). Anomalously high MSLP and anomalous divergence of moisture over the
Maritime Continent and Australia (Figure 6d.f) support an eastward shift in convective activity, which even in La Nifia
conditions has little impact on Australia (Cai et al., 2010). Hence, northern Australia is disconnected from the tropical
Pacific ENSO influence (Meehl & Arblaster, 2011) and the ENSO-AUMR teleconnection is weak (Arblaster et al., 2002), as
shown during the most recent (1977-1998) pIPO phase (Suppiah, 2004; Yu & Janiga, 2007; Zhu, 2018).

As Figure 7d shows, decadal AUMR is above average during nIPO phases as it is over most of eastern Australia
(Power, Casey, Folland, Colman, & Mehta, 1999). Positive rainfall anomalies are prominent over NE Australia in the
nIPO epoch from 1945 to 1976. This is in contrast to the negative anomalies over the western half of the continent
(Figure 7e) and consistent with Robertson et al. (2006). It is during the second nIPO epoch from 1999 to 2014 that posi-
tive anomalies spread to a wider area of northern Australia (Figure 7).

During the two aforementioned nIPO phases, negative MSLP anomalies in the Indo-Australian region are accompa-
nied by a weak cyclonic circulation over northern Australia, anomalous westerly winds in the western equatorial
Indian Ocean and anomalous easterly winds in the central Pacific (Figure 6¢c). As a consequence, anomalous moisture
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FIGURE 7 Observed Australian rainfall anomalies for December to March (DJFM) using AWAP data, averaged over the last two
historic positive Interdecadal Pacific Oscillation (IPO) phases (a), and averaged over the last two historic negative IPO phases (d) using
detrended data; for each individual IPO phase (b,c,e,f), and for the 2015-2021 period (g) in which the IPO phase is unclear.

flux convergence is observed over the Maritime Continent and over NE Australia along with a band of anomalous mois-
ture convergence that stretches south-eastward into the South Pacific (Figure 6e). This reflects the following nIPO
phase-specific features as found in previous studies: A westward shift and strengthening of the Pacific Walker Circula-
tion (Meehl & Arblaster, 2011; Sharmila & Hendon, 2020) with its ascending branch located and convection center
moving closer to northern Australia (Arblaster et al., 2002), a southwestward shift of the SPCZ (Folland et al., 2002) as
well as a strengthening of the AUM circulation. The combination of all these factors favors rainfall especially over NE
Australia during nIPO phases.
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FIGURE 8 Asin Figure 5, but separated into negative (a,b) and positive (c,d) Interdecadal Pacific Oscillation (IPO) phases for the
Eastern Pacific (EP) index.

It is apparent that ENSO is more strongly connected to the AUM in nIPO phases compared to pIPO phases.
This is because warm SSTa to the north and northeast of Australia are associated with the westward shift of the
ascending branch of the Pacific Walker Circulation, which enables ENSO events to directly influence AUMR
(Cai & Van Rensch, 2012). Cooler background SSTs in the tropical Pacific in nIPO phases are conducive for La
Nifa events to develop (Mantua & Hare, 2002). This more frequent occurrence of La Nifia likely contributes to the
reinforcement of the ENSO-AUMR teleconnection (Power & Colman, 2006), because La Nifla events more strongly
impact rainfall over northern (Chung & Power, 2017) and eastern Australia than El Nifio events (King
et al., 2013). The interannual intensification and southwest shift of the SPCZ during La Nifia (Cai & Van
Rensch, 2012), in combination with the nIPO influence on the SPCZ contributes to the anomalous NE rainfall
response. Their combined effect leads to a further southwestward-located SPCZ compared to other combinations
of IPO phases and ENSO events (Folland et al., 2002).

The increased likelihood of above average AUMR during La Nifia within a nIPO phase is confirmed by the signifi-
cantly strong negative correlations between AUMR and the negative CP (= Nifio 4) and EP (= Nifio 3) indices
(Figures 8a,b and 9a,b). During La Nifia events where cool SSTa peak in the central Pacific, a significantly positive
AUMR response centered over NE Australia is recorded (Heidemann et al., 2022). CP El Nifio events also impact
AUMR more strongly during nIPO phases due to an anomalous anticyclone to the NW Australia and moisture flux
divergence driving rainfall deficits (Heidemann et al., 2022).
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FIGURE 9 Asin Figure 8, but for the Central Pacific (CP) index.

4.1.1 | Ningaloo Nifio/Nifia

Decadal variability of Ningaloo Nifio/Nifia events might be linked to AUMRYV and the IPO. The connection of these
events with western Australian summer to autumn (January to March) rainfall was relatively weak in the 1970-
1990 period in contrast to the preceding and proceeding decades (Su et al., 2019). Ningaloo Nifio events occur more fre-
quently during nIPO phases due to warm SSTa off NW Australia and also exhibit a stronger local ocean-atmosphere
coupling (Tanuma & Tozuka, 2020). This can lead to increased rainfall over NW Australia (Marshall et al., 2015). An
nIPO-related increase in the frequency of Ningaloo Nifio events might therefore contribute to decadally above-average
rainfall over NW Australia during nIPO phases.

4.2 | Indian and Atlantic Ocean decadal variability and AUMR

Decadal SST variability in the Indian Ocean is much less explored than in the Pacific Ocean and has not explicitly been
linked to AUMRV. It has been known for over two decades that the dominant EOF pattern of decadally (8-year low-
pass) filtered Indian Ocean SST is in phase and significantly correlated with annual rainfall variability over eastern Aus-
tralia (Power, Tseitkin, Mehta, Lavery, Torok, & Holbrook, 1999). Decadal variability of SSTs in the SEIO may indeed
impact rainfall over NW Australia, in a similar manner to warm and cool Ningaloo Nifio/ Nifia events (i.e., via local
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ocean-atmosphere interactions; Li, Han, Zhang, & Wang, 2019). Being negatively correlated with CP ENSO, the phases
of the SEIO mode appear to respond to remote SST forcing in the central Pacific. A warm phase of the SEIO mode
induces an anomalous cyclonic circulation in the southeast Indian Ocean, promoting above-average rainfall over NW
Australia. This is not explicitly restricted to the AUM season though (Li, Han, Zhang, & Wang, 2019). The lack of
research on the SEIO mode and its impact on regional rainfall should pave the way for future observational and model-
ing studies.

While the interannual influence of the IOBW on AUMR has been explored (Taschetto et al., 2011; see Section 3.2),
any decadal modulation of this relationship due to the IPO remains uncertain. In pIPO phases, the correlation between
Indian Ocean SST and AUMR is weak, as opposed to nIPO phases when the negative correlations are significant
(Heidemann et al., 2022). IPO-related SST variability in the Indian Ocean and its impact on the Australian climate, also
during ENSO events, is a topic that needs further attention.

The importance of the Atlantic Ocean for tropical climate variability and its teleconnection with other ocean basins
is an emerging area of research (Cai et al., 2019). The warm Atlantic Multidecadal Oscillation (AMO) phase from 1932
to 1966 is hypothesized to have remotely impacted the atmospheric circulation over Australia (Nagaraju et al., 2018),
when the influence of the Nifio 3 SSTa and the IOBW on AUMR was weak despite the relatively strong AUM circula-
tion (Ashok et al., 2014). Consequently, no significant negative rainfall anomalies were recorded over NE Australia dur-
ing El Nifio events (Ashok et al., 2014). The suggested mechanism for the warm AMO phase remotely influencing the
AUM is as follows: warm SSTa over the extratropical north Atlantic are associated with increased vertical velocities
(Nagaraju et al., 2018), which triggers a Rossby wave train that crosses the equator through the western Atlantic win-
dow. This is a region with mean upper tropospheric westerlies that allows a wave duct from the Northern to the South-
ern Hemisphere (Li, Feng, Li, & Hu 2019). The wave train is thought to induce upper-level divergence over northern
Australia that strengthens the monsoonal westerlies and offsets the impact of El Nifio events on AUMR (Nagaraju
et al., 2018). However, these results are derived from only one warm AMO period, and it is speculative that the mecha-
nism occurs across all warm AMO phases. Therefore, while the AMO could modify the impact El Nifio imparts on the
AUM circulation, further research is necessary to confirm this, especially as the influence of EP El Nifio on AUMR is
generally weak. We finally note that AMO variability is associated with variability in the IPO in one modeling study
(Rashid et al., 2010) and this might provide a causal path by which Atlantic decadal variability could influence decadal
AUMRV.

4.3 | Observed AUMR trends and proposed causality

Here, we expand on a review of all-Australian rainfall trends up to 2019 by Dey, Lewis, Arblaster, and Abram (2019) by
including recent AUMR research. Rainfall over northern Australia during DJFM increased over the period 1920-2021
at a rate of 18 mm decade ' (Figure 10a) and has accelerated to 24 mm decade ' since 1950. The positive trend is gen-
erally weak over NE Australia (Figure 10c), but significantly strong over NW Australia (Figure 10b). In some parts of
the northeast wet tropical climate zone, the trend is statistically significant, in contrast to long-term rainfall declines
along the eastern Queensland coastal strip. The northern Australian rainfall increase has also been observed in the pre-
ceding months October and November (Freund et al., 2017). The multidecadal trend since the late 1970s (October to
March) stands out particularly in comparison to previous multidecadal trends from proxy data reconstructions since
1600 (Freund et al., 2017). This highlights the sensitivity of trends and trend estimates to short observational records.
The question as to what is driving these long-term trends has generated numerous studies and hypotheses. One of
those relates to the frequency of westerly wind bursts, that since the early 19th century have increased significantly
(and accelerated since the 1950s) during mid-summer to the northwest of Australia (Gallego et al., 2017). Monsoon
bursts lasting longer than 6 days have also become more frequent and prolonged over northern Australia since 1911
and shown the same acceleration since the 1950s (Dey et al., 2020). Another possible contribution to the increasing
rainfall may be the more frequent occurrence of tropical cyclones and monsoon lows over NW Australia in the recent
post-1980 decades. The increase in occurrence of synoptic systems that lead to heavy rainfall is responsible for the
majority (70%) of the rainfall increase. Its cause needs to be further studied (Clark et al., 2018). A trend toward an ear-
lier wet season onset has been recorded for the western and southwestern parts of northern Australia since the 1960s
(Drosdowsky & Wheeler, 2014), consistent with a significant increase in early monsoon season burst days over the NW
(Cowan, Wheeler, Sharmila, Narsey, & de Burgh-Day, 2022). Consistent with later retreat dates, the length of the wet
season has significantly increased by +3.4 days decade ', meaning the wet season is 38.8 days longer in the present-
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FIGURE 10 (a)Observed December to March (DJFM) rainfall trend between 1920 and 2021 using AWAP data; stippling indicates
significance (p < 0.05) based on the nonparametric Mann-Kendall test. Timeseries of DJFM rainfall anomalies with respect to the 1981 to
2010 climatology for (b) NW Australia, and (c) NE Australia. The blue line indicates the linear trend.

day than in 1900 (Uehling & Misra, 2020). The increasing rainfall trend over NW Australia may partly be forced by
anthropogenic aerosols (Rotstayn et al., 2012). Using aerosols-only simulations from CMIP5, Ha et al. (2020) find that
anthropogenic aerosols over Asia induce a north-south thermal gradient that leads to southward cross-equatorial flow
and a strengthening of the AUM. Dey, Lewis, and Abram (2019) suggest a strong role of aerosols as well, as the trend
was not captured in CMIP5 historical greenhouse gas only (hist-GHG) and natural forcing only runs, but was better
represented when all forcings where included. This also rules out the influence of greenhouse gases as a driver for the
trend, which we can confirm for hist-GHG simulations in CMIP phase 6 (CMIP6), with 12 CMIP6 models capturing no
significant trend in AUMR over NW Australia. Further process-based research is needed to confirm the role of aerosols
in the increasing rainfall trend over the NW (Dey, Lewis, & Abram, 2019).

Another proposed contributing factor to the increasing rainfall trend over NW Australia is an SST warming trend in
the tropical Atlantic Ocean. The warmer tropical SSTs help promote anomalous ascending air over the tropical Atlantic,
which potentially triggers an anomalous atmospheric mid-latitude Rossby wave train in the southwestern Atlantic. The
wave train travels eastward with the Southern Hemisphere westerly jet in austral summer and veers northeast toward
Australia where the westerly jet exits. This induces upper-level divergence and wet conditions over NW Australia (Lin &
Li, 2012). The wave train is therefore called the South Atlantic and South Indian Ocean pattern. It is associated with
ascending motion and a negative surface temperature anomaly in the eastern Indian Ocean as well as convergence in the
lower troposphere and strengthened westerly winds towards NW Australia (Lin, 2019). It has been suggested that the pat-
tern may be caused by internal, interannual atmospheric variability that is related to zonal shifts of the South Atlantic
Convergence Zone and is only weakly related to tropical Atlantic SSTs (Lin, 2019), highlighting the uncertainty about
it. Further research is required to clarify the causes of the pattern, its associated variability, long-term changes and impacts
on AUMR.

Finally, the tropical western Pacific may be connected to increasing rainfall over northern Australia. Since the early
1980s, there has been an acceleration in the SST amplitude and size of the Western Pacific Warm Pool, which may be
responsible for slowing the movement of the MJO over the Maritime Continent when convectively active
(in phases 5 to 7). This has led to an increase in the average duration of active MJO phases over the Maritime Continent
by 5-6 days contributing to wetter conditions over northern Australia (Roxy et al., 2019).

In summary, our review of decadal variability and trends in AUMR finds that our knowledge on decadal variability
and trends in AUMR is much more uncertain and speculative than for interannual AUMRYV. One key driver of decadal
AUMRY on which studies agree is the IPO (Klingaman et al., 2013; Latif et al., 1997; Sharmila & Hendon, 2020) and its
influence on the ENSO-AUM teleconnection (Arblaster et al., 2002; Cai & Van Rensch, 2012; Heidemann et al., 2022;
Meehl & Arblaster, 2011). Known key mechanisms for AUMRYV due to the IPO generally include zonal shifts in the
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Pacific Walker Circulation as well as its western rising branch (Meehl & Arblaster, 2011; Sharmila & Hendon, 2020)
and the position of the SPCZ (Folland et al., 2002).

Unfortunately, this review finds that our knowledge regarding the influence of the Indian and Atlantic Ocean on decadal
AUM variability is limited to two studies (Li, Han, Zhang, & Wang, 2019; Nagaraju et al., 2018). It further finds that due to
the lack of consensus about the cause(s) of the increasing rainfall trend over NW Australia across the literature, this topic is
yet to be resolved.

In the following section, we will focus on how the AUM is represented in coupled climate models from CMIP6 and
how AUMR is projected to change in a warmer world.

5 | AUSTRALIAN MONSOON IN CLIMATE MODELS: HISTORICAL
SIMULATIONS AND 21ST CENTURY PROJECTIONS

Compared to CMIP5, the CMIP6 modeling suite exhibits an improved representation of daily rainfall intensity over
northern and eastern Australia (Grose et al., 2020). While the simulated mean December to May rainfall over northern
Australia is also better in CMIP6 models, it is still underestimated (Grose et al., 2020) and this dry bias is strongest over
NE Australia. Using the multimodel ensemble (MME) of 15 CMIP6 models, the correlation between the Oceanic Nifio
index and AUMR is slightly weaker than observed (Wang et al., 2020).

Future rainfall projections using the very high fossil fuel usage Shared Socioeconomic Pathway (SSP) 5-8.5 show a
slight increase in precipitation over NE Australia for December to May by the end of the 21st century (2080-2099).
However, there is low intermodel agreement over northern Australia (16 CMIP6 models; Grose et al., 2020). The spread
of future projections for AUMR is lower in the CMIP6 MME than it is in the CMIP5 MME, though there is no consen-
sus among the models on the sign of projected change, as 11 out of 23 CMIP6 models project an increase, 11 project a
decrease, and one projects no change at all in summer rainfall over northern Australia. In models where Southern
Hemisphere precipitation is projected to decrease (increase), AUMR is also projected to decrease (increase) by 2050-
2099. This relationship has strengthened from CMIP5 to CMIP6 (Narsey et al., 2020).

As reported by Lee et al. (2021), the multimodel mean projection of 37 CMIP6 models indicates a statistically insig-
nificant (less than 66% of model agree) increase in summer rainfall of up to 10% over northern Australia for the near
future (2021-2040) under a scenario which implies high fossil fuel usage (SSP3-7.0; Lee et al., 2021). The same insignifi-
cant change and low intermodel agreement applies for the end of the 21st century (Lee et al., 2021). While in some iso-
lated pockets within this broader region there appears to be a degree of agreement among models in each individual
generation (i.e. CMIP3, CMIP5 and CMIP6) that the projected change is small (Grose et al., 2020; Power et al., 2012)
and the locations of the pockets differ from one generation to the next. Subsequently, the confidence about future
changes in AUMR is low (Douville et al., 2021).

6 | SUMMARY

This review provides an overview of the current state of knowledge about interannual and decadal Australian monsoon
rainfall (AUMR) variability (AUMRV), how AUMR changed in the past and how AUMR might change in the future. A
summary of the climate drivers affecting AUMRYV as well as the potential causes for long-term changes is provided in
Figure 11, which also depicts how strongly each driver influences AUMRYV on interannual (upper panel) and decadal
(second panel) timescales. Interactions between the drivers are also indicated. The most important findings are as
follows:

1. Approximately 28% of interannual AUMRYV is driven by oceanic processes (R® = 0.28, see Table 1) with the
remaining variability linked to terrestrial feedbacks and internal atmospheric variability. The El Nifio-Southern Oscilla-
tion (ENSO) is the dominant climate driver for interannual AUMRYV (Chung & Power, 2017), reflecting, in part, the well-
established relationship between La Nifia and rainfall over northeast Australia. In contrast, AUMRYV in northwest
Australia is more strongly related to local terrestrial processes and wind-evaporation feedbacks (Sekizawa et al., 2018;
Sharmila & Hendon, 2020). The impact of ENSO can be amplified or dampened by sea surface temperature anomalies to
the north of Australia and in the Indian Ocean (Catto et al., 2012; Taschetto et al., 2011). Likewise, the Madden-Julian
Oscillation also influences AUMRV (Cowan, Wheeler, & Marshall, 2023), making the accurate seasonal prediction of

85UB017 SUOWILLIOD) SAIERID 3ol jdde 8Ly Aq peusenob ake 9 VO '8sN 10 S9|NI 0} AR1q1T8UIIUQ AB]1M UO (SUOTIPUOD-PUe-SUWLBIALID" A8 | 1M ARe.q 1 uljuo//SAny) SUONIPUOD pue WS | 81 89S *[£202/80/90] UO Aleq18UIIUO AS|IM *[10UNOD UD1e8say [BIIPBIN PUY Yl[eoH [UDIEN AQ £28"09M/Z00T 0T/I0P/W0D A8 | AIq 1 jpulju0'sa1ivy/sciy Wouy pepeo|umod '€ ‘€202 '664L/5.T



20 of 28 Wl LEY WIREs HEIDEMANN ET AL.
m Australian monsoon variability and change
A
> - . . Boxes
= Pacific Ocean Indian Ocean Terrestrial processes -
o= i Indication of strength of
© i relationship between climate
S i driver and AUM
g - ; ~4 ; e
S [ - loBW Ningaloo 10D i Leaf area : Well-established
2 H / Nifio/ Nifia ‘ : index | relationship
© | - x - Strong local or remote
9 1 (€ EP ! relationship
c o o !
- | El Nifio El '\imo : Established relationship,
but weaker or nonlinear
- |y | impact
3 ! : ]
© | ! i 5 . Weak relationship
S | Pacific.Ocean | Indian Ocean Atlantic Ocean
=] 3 . ; ! | ~.—.—. Relationship
= I o r,,,L,,, ””L”’I i : suggested, but
= 'g 1 | SEIO mode | | AMO i i uncertainty remains
e = T . L DS 0090909090900 i ___._._._ [ S
=c !
% > . | Relationship suggested
S i__ ! butlow confidence
2 due to very small
o number of studies
R i P ——
I Western i o I Tropical i
hors e ,,,: Pacific : i Anthropogenic i : Atlantic :
i warming | i aerosols | | warming |
—_————————————— e i
Arrows T First climate mode/driver affecting teleconnection between second climate mode/driver and Australian monsoon Uncertainty (e.g. due to

" L—» First climate mode/driver affecting or driving second climate mode/driver small number of studies)

FIGURE 11 Summary of climate drivers affecting the Australian monsoon (AUM) on interannual to decadal timescales as well as the
potential drivers for the recorded long-term changes in AUM rainfall. Small boxes represent local or remote climate drivers, which affect the
AUM, divided into three timescales: Interannual variability is shown in the top panel, decadal to multidecadal variability in the middle
panel, and long-term changes in the bottom panel. The color of each box indicates the strength of the relationship between the respective
climate driver and the AUM, and also indicates uncertainty in the relationship with the AUM. The arrows show interconnections between
several climate drivers across timescales: A blue arrow indicates that two climate drivers are connected; the climate driver at the beginning
of the arrow affects or drives the climate driver at the end of the arrow (e.g. Eastern Pacific El Nifio forces/modulates the IOBW). A red
arrow indicates that the first climate driver (beginning of the arrow) impacts on the teleconnection between the AUM and the second
climate driver (end of the arrow; e.g. the Interdecadal Pacific Oscillation, IPO, modifies the teleconnection between La Nifia and the AUM).
The thickness of the arrow indicates the strength of the modifications made to the relationship with the AUM (e.g. the IPO strongly affects
the impact of La Nifa on the AUM). A dashed arrow indicates uncertainty in an interconnection that might arise due to, for example, a
small number of studies on a topic or results acquired through model experiments.

AUMR challenging. The strength of the relationship between AUMR and these climate drivers, including how they inter-
act with each other, is indicated in the upper panel of Figure 11.

2. The AUMR exhibits strong decadal variability, which is primarily linked to the Interdecadal Pacific Oscillation
(IPO). The phases of the IPO are associated with differences in the strength and zonal position of the Pacific Walker
Circulation and the location of the South Pacific Convergence Zone (Folland et al., 2002; Meehl & Arblaster, 2011).
Zonal shifts in maximum convergence across the Indo-Pacific are associated with decadal AUMR deficits (positive
IPO phase) and increases (negative IPO phase) as well as a weakening (positive IPO) or strengthening (negative
IPO) of the teleconnection between ENSO and AUMR.

3. In addition to decadal variability, a significant increasing trend in AUMR is evident, that is centered over northwest
Australia. The increase of 18 mm decade ' is equal to a 24% increase in AUMR from 1920 to 2021. Possible causing
factors are: Western Pacific warming, anthropogenic aerosols and tropical Atlantic warming, as summarized in the
third panel in Figure 11.

4. The representation of AUMR in coupled climate models has improved from CMIP5 to CMIP6. However, rainfall
over northern Australia is still underestimated (Grose et al., 2020). Furthermore, near-term CMIP6 projections for
the AUMR up to 2040 are uncertain (Lee et al., 2021). With a 50-50 split in CMIP6 models projecting an increase or
decrease in AUMR by the end of the 21st century under high emissions scenarios, model agreement remains prob-
lematic (Narsey et al., 2020). Therefore, high uncertainty in relation to future AUMR projections exists due to little
agreement on the sign of change over much of northern Australia.
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7 | FUTURE RESEARCH PRIORITIES

While the mechanisms for interannual AUMRYV are well-researched and understood, much less is known about decadal
drivers of AUMRYV and causes for its long-term trends.

In contrast to the established relationship between Pacific decadal variability and AUMRYV, the decadal influence of
the Atlantic and Indian Ocean on the AUM is highly uncertain. The role of Indian Ocean SSTs in transmitting the
ENSO signal to the AUM region during different IPO phases warrants further investigation. For example, future
research could explore differences in IOBW during El Nifio events between positive and negative IPO phases. Likewise,
the mechanisms that drive decadal AUMRYV associated with CP El Nifio events need further clarification. This can be
explored through targeted climate model experiments, expanding on previous research (Taschetto et al. 2010a). This is
because observational analyses of decadal variability are constrained by short observational data records, sparse obser-
vations, and limitations in data quality in the tropical Pacific prior to the 1960s (Power et al., 2021). It is recommended
that additional attention is given to extending the coral proxy records further back in time, to be able to better study
tropical variability and the modes of variability that drive it. This would also benefit investigations of the AUM by mak-
ing longer records of decadal ENSO-related variability possible.

The cause of the trend in increasing rainfall over NW Australia during the observational period remains unclear, as
highlighted by many studies suggesting different driving mechanisms for it. It is possible that the increasing trend in
AUMR, which is strongest in the northwest (Dey, Lewis, Arblaster, & Abram, 2019), is linked to Indo-Pacific decadal
variability and internal atmospheric variability. However, further research is needed to clarify the factors contributing
to the trend and their relative importance.

With many climate drivers influencing AUMRYV and change, future research should also focus on using a multivari-
ate approach to see how the combination of climate drivers, across various time scales, alter the rainfall response over
Australia (e.g. Lim et al., 2021). An example would be the combination of internal atmospheric and oceanic variability
(e.g., ENSO event type and 10D event), which occur against background decadal variability and long-term mean-state
changes. As explored in this review with a multiple linear regression approach on interannual timescales, we confirmed
the dominant impact of ENSO on AUMR. Further exploration on the IOD's role in delaying or accelerating the AUM
onset, and the associated atmospheric dynamics, is also warranted.

The underestimation of AUMRYV in CMIP6 models reflects a broader issue in the representation of tropical precipi-
tation. Hence, improving tropical convection and rainfall in coupled climate models is a high priority. This includes
achieving a higher model spatial resolution to resolve local convective processes (Fiedler et al., 2020). The multiyear
prediction and multidecadal projection of AUMR also remains an ongoing challenge. In addition, while progress has
been made in understanding how ENSO and its teleconnections will change in the future (Cai et al., 2020; Power
et al., 2021; Power & Delage, 2018) including ENSO teleconnections to Australia (Delage & Power, 2020), many uncer-
tainties regarding the future variability and strength of ENSO events remain. ENSO and its interaction with the lower
tropospheric circulation and rainfall anomalies in regions worldwide, including northern Australia, needs to be further
studied.

A better understanding of processes that drive rainfall variability and change in the monsoonal northern Australia
will—hopefully—lead to improved AUMR predictions and projections. This has the potential to contribute toward
achieving a more sustainable future for agriculture and ecosystems in northern Australia.
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