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ABSTRACT: In this paper, we introduce a novel strategy to robustly diagnose the onset and demise of the rainy sea-
son using daily observed rainfall over seven specific regions across Australia, as demarcated by the Natural Resource
Management (NRM) agency of Australia. The methodology lies in developing an ensemble spread of the diagnosed
onset and demise from randomly perturbing the observed daily time series of rainfall at synoptic scales to obtain a
measure of the uncertainty of the diagnosis. Our results indicate that the spread of the ensemble in the diagnosis of
the onset and demise dates of the rainy season is higher in the subtropical region than the tropical region. Secular
change of earlier onset, later demise, longer length, and wetter season are also identified in many of these regions. The
influence of the PDO at decadal scale, ENSO and Indian Ocean dipole at interannual scale, and MJO at intraseasonal
scale also reveals significant influence on the evolution of the rainy season over these regions in Australia. Most im-
portant, the covariability of the onset date with the length of the season and seasonal rainfall anomaly of the season is
highlighted as a valuable relationship that can be exploited for real-time monitoring and providing an outlook of the
forthcoming rainy season, which could serve some of the NRM regions.

SIGNIFICANCE STATEMENT: We document the rainfall variability during the rainy season over tropical, sub-
tropical, and semiarid regions of Australia and relate them to modes of climate variability spanning from intrasea-
sonal to secular time scales. The study highlights the varied influence of the modes of climate variability on various
aspects of the evolution of the rainy season, such as its onset and demise dates and the seasonal rainfall anomaly over
these Australian regions. The study uses 114 years of data and shows that the variations in the length of the rainy season
and its seasonal rainfall anomaly are strongly dictated by variations of rainy-season onset date. This provides a quick
seasonal outlook of the forthcoming rainy season by just monitoring the onset-date evolution in these regions.
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1. Introduction the monsoonal low-level winds (e.g., Troup 1961; Holland
1986). In this study, as in UM20 and U21, the rainy season
is defined by the first day of the year when the rain rate ex-
ceeds the annual mean climatology and ends on the first
day of the following year when the rain rate falls below the
annual mean climatology for the location. This definition
of the rainy season normally tends to commence earlier,
before the onset, and extends after the demise of the mon-
soon season (Nicholls et al. 1982; UM20; U21). In UM20,
U21, and this study, the onset and demise of the rainy sea-
son are based purely on the seasonal cycle of rainfall and
do not consider the seasonal cycle of other upper-air varia-
bles (e.g., circulation fields). In UM20, the onset and demise
of the rainy season were diagnosed for the aggregate continen-
tal region of northern Australia (north of 20°S). In UM21, the
onset and demise of the rainy season were calculated at
each grid point of the gridded rainfall dataset to provide
an understanding of the local variations and spatial het-
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Northern Australia is well known for its distinct rainy season
(Nicholls et al. 1982; Nicholls 1984; Lo et al. 2007; Lisonbee
et al. 2020; Uehling and Misra 2020, hereinafter UM20; Uehling
et al. 2021, hereinafter U21). The variability of the onset, de-
mise, and intensity of the Australian monsoon season is of great
significance to those who depend on the seasonality of the rainy
season (e.g., practitioners in water and energy sectors, agricultu-
rists, and graziers). As noted in Lisonbee et al. (2020) and U21,
the definition of the rainy or the wet season in Australia is
varied. In many instances, the seasons are fixed to calendar
months [e.g., Lo et al. (2007) and the Bureau of Meteorology
(2023) recognize October to the following April as the wet
season of northern Australia, north of 26°S]. Alternatively,
other studies associate the rainy season with the shift of
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FI1G. 1. The seven regions for which the analysis of their rainy season
is conducted in this study.

The NRM clusters are based on broadscale climate and bio-
physical regions of Australia. To sustain the country’s unique
and diverse natural resources, these clusters are in focus to
develop a response to potential impacts of climate change.
Many of these clusters (Fig. 1) have been further subdivided
into subclusters [e.g., monsoonal north to monsoonal north-
west (MNW) and monsoonal northeast (MNE); east coast to
east coast north (ECN) and east coast south (ECS); rangelands
to rangeland north (RLN) and rangeland south (RLS; not
shown in Fig. 1)] to provide a more refined level of climate pro-
jection. We have adopted many of these subclusters in our pre-
sent study that are known to display a very strong seasonal
cycle of rainfall that is associated and nearly coincident with the
Australian monsoonal season. In relation to UM20 and UM21,
this study offers several variations, including the change in the
granularity of the analysis, inclusion of a perturbation method
to assess the uncertainty in the diagnosis of the onset and de-
mise dates of the rainy season, and the relation of their varia-
tions to several modes of climate variability spanning from the
intraseasonal to the secular time scales. The granularity of the
analysis has a significant bearing on the interpretation of the re-
sults because the associated NRM activity is dependent on the
scale of the climate analysis (Bardsley and Rogers 2010; Adams
et al. 2017). For example, Cowan et al. (2020) provide a motiva-
tion for their study by suggesting that forecast products from
the Bureau of Meteorology targeted to graziers of northern
Australia do not exist, who critically depend on the onset of the
rainy season. On the other hand, they indicate that there are
specific forecast products for southern Australian horticultural
regions, management of the Great Barrier Reef to the east, and
fisheries, that are significantly used by the stakeholders. Like-
wise, the subclusters in Fig. 1 support varied land-use activities
(e.g., agriculture, forestry, nature conservation, pastoralism, oil
and gas exploration, mining, tourism), which demand subcluster-
specific climate information that this paper is attempting to tar-
get. Additionally, contrasting the variability of the rainy seasons
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in these regions will provide a perspective on the relative chal-
lenges of anticipating these variations and developing appropri-
ate adaptation plans to mitigate impacts.

There has been considerable work related to the variability of
the Australian monsoon from intraseasonal scales (e.g., Holland
1986; Hendon and Liebmann 1990; Evans et al. 2014), interan-
nual scales (e.g., McBride and Nicholls 1983; Kajikawa et al.
2010; Catto et al. 2012) to decadal scales (e.g., Power et al. 1999;
Meehl and Arblaster 2011; Heidemann et al. 2022), and secular
time scales (Hennessey et al. 1999; Taschetto and England 2009;
Freund et al. 2017). Hence, this study spans these variations
for the rainy season over the specific subclustered regions of
Australia shown in Fig. 1.

In this study we also introduce an ensemble approach to the
diagnosis of the observed variations of the rainy season in these
subclusters of tropical, semiarid, and subtropical Australia that
provides a measure of the uncertainty of the results. The ac-
counting of the uncertainty of the rainfall data is very important
given the objectivity and the preciseness of the diagnosis of
the onset and demise of the rainy season. However, even rain
gauge-based observations like the one used in this study, follow-
ing Grant (2012), are susceptible to observational errors (Jones
et al. 2009). For example, Jones et al. (2009) find that the num-
ber of rain gauge stations reporting daily in Australia increased
from around 3200 in 1900 to around 6500 around 2010. Further-
more, the distribution of the rain gauge station network across
Australia is uneven, with eastern and southwestern Australia
having the densest coverage in comparison with central Austra-
lia and parts of northern Australia (Jones et al. 2009). Further-
more, the errors of the rain gauge measurements are a cause of
observational rainfall uncertainty (Adam and Lettenmaier 2003;
Sevruk et al. 2009; Schneider et al. 2014). Ehsani and Behrangi
(2022) suggest that the systematic errors in rain gauge measure-
ments essentially arise from influence of winds and evaporation
losses, leading to undercatch. Finally, the definition of the onset
and demise of the rainy season adopted in this study hinges on
the seasonal cycle of rainfall; therefore, the uncertainty of its di-
agnosis from synoptic variations of rainfall needs to be assessed.

2. Datasets and methodology

In this study, we make use of the Australian Bureau of Me-
teorology’s rain gauge analysis available across the Australian
continent (Grant 2012). The daily dataset is available on a
0.05° X 0.05° grid from January 1900 to 31 December 2015.
Like any other gridded dataset, the underestimation of peak
values reported at stations and inevitable smoothing of data
are some of the immediate limitations of this rainfall dataset
(King et al. 2013; Evans et al. 2020). The Bureau’s rainfall
analysis is an outcome of a rigorous quality control on the
station data and is done in several layered approaches, includ-
ing manual, automated quality control procedures, and an in-
tegrated cross-validation procedure before the final analysis is
produced (Evans et al. 2020). It is further reported that for
much of Australia, the fractional area that contains at least
one monthly reporting station has remained above 20% since
1900 (Evans et al. 2020). The methodology of determining the
onset and demise of the rainy season is based on the daily time
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FI1G. 2. Illustration of the methodology of the diagnosis of onset and demise of the rainy season
for MNW for the year 2000/01, showing the daily time series of rainfall (mm day~'; black line)
for the year overlaid with the corresponding daily cumulative anomaly curve (mm; red line). The
onset and demise dates are marked on the daily cumulative anomaly curve. The horizontal gray

dotted line is the annual mean climatology of the rainfall.

series of precipitation area averaged over the subcluster regions
of Australia (weighted by the cosine of the latitude) indicated in
Fig. 1. A daily cumulative anomaly curve of precipitation is cre-
ated for a given subcluster (Fig. 2) from which the minimum and
the maximum in the curve are marked as the onset and the de-
mise dates of the rainy season, respectively (e.g., UM20; UM21).

The daily anomalies of the rainfall are obtained by subtract-
ing the annual mean climatology from the daily values of rain-
fall. This objective criterion of the diagnosis of onset and
demise of the rainy season marks the first and the last day of
the year in which the daily rainfall is exceeding and receding
from the annual mean climatological rainfall, respectively. This
methodology has been widely adopted in many other regions,
e.g., South America (Liebmann and Marengo 2001), India
(Misra and DiNapoli 2014), and Africa (Dunning et al. 2016).
Lisonbee et al. (2022) observe false onset of the rainy season
over northern Australia, which appears as a period of drought
immediately after the onset rains leading to rapid drying of the
soil. By definition, and as illustrated in Fig. 2, the diagnosis of
the onset and demise of the rainy season is based on the sea-
sonal cycle of the rainfall. The robustness of our methodology
stems from the area average of the rainfall over the NRM sub-
clusters that are relatively large, which reduces spurious increases
in daily rain rates from isolated rain-bearing systems that may
not be part of the seasonal cycle. However, the diagnosis of the
onset dates from our methodology does not preclude instances
of flash droughts, after onset of the rainy season, as reported in
Lisonbee et al. (2022). This will have to be examined in a future
study by analyzing the daily distribution of rainfall across the
rainy season as defined in this paper for the NRM subclusters,
especially in the light of the discovery of trends in short-duration
(1-2 day) and long-duration (>3 day) rain events over Australia
(Dey et al. 2020).

Given the observational uncertainty in the daily rainfall
measurements as delineated in the previous section, we sug-
gest a perturbation of the observed, area-averaged daily pre-
cipitation for each of the seven subclusters to produce an
ensemble of time series to account for the uncertainty. In ad-
dition, the uncertainty of the diagnosis of the onset and de-
mise dates to isolated synoptic and subsynoptic rain-bearing
systems also needs to be ascertained. To illustrate this point,
take, for example, a null hypothesis that the onset and demise
of the rainy season are time invariant and will follow the
sinusoidal-like annual cycle, year after year. One way to inter-
pret the perturbations proposed to the time series of the
observed daily rainfall here is to find the likelihood of how
true or false is such a null hypothesis from the ensemble
spread of the diagnosis of the onset and demise dates by perturb-
ing the rainfall at synoptic scales. The perturbations are con-
ducted by randomly perturbing the original time series over a
time scale of *=3 days (synoptic scales) to generate 100 perturbed
time series. The ensemble mean of 101 such time series of daily
rainfall, including the original time series, is shown in Fig. 3 as an
illustration of the spread of the time series for MNW.

We also conduct a time-series analysis of the daily, area-
averaged rainfall for each subcluster to decompose the temporal
variations, using the ensemble empirical mode decomposition
(EEMD) following Wu and Huang (2009). This is a data-
adaptive methodology that has several advantages over other
time-series analysis techniques like the Fourier analysis that, a
priori, assume the signal to be described by sine and cosine
functions. EEMD isolates the local temporal variations into
complete sets of near-orthogonal components called intrin-
sic mode functions (IMFs). The IMFs can be viewed as basis
functions of EEMD that are data adaptive and not predetermined
kernels. The IMFs of the EEMD can isolate the Madden—Julian
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FIG. 3. Daily perturbations of the daily time series of rainfall for
MNW for the period 1 Jul 2000-30 Jun 2001. The ensemble mean
(“EM”) of all the 101 perturbed time series of rainfall is shown in
black, and the corresponding 1 standard deviation of daily pertur-
bation (“Spread”) is shown in the bounding red shading.

oscillation (MJO) in the 20-70-day time scale from which,
over each season, we are able to discern the dry and wet spells
from the sign of the anomalies. However, we recognize an
MIJO event only if the amplitude exceeds 0.5 mm day ™' of the
filtered MJO time series for each region; otherwise, it is char-
acterized as a weak MJO without identifying its dry or wet
spells. The threshold of 0.5 mm day ! was selected to ensure
adequate samples of MJOs and yet remove the very-low-
amplitude MJOs.

We make use of the observed time series of the mean Nifio-
3.4 SST index for September-November (SON) and for
December-February (DJF), and the SON dipole mode index
for the Indian Ocean dipole (IOD), all of which are available
from the Physical Sciences Laboratory of NOAA (https://psl.
noaa.gov/gcos_wgsp/Timeseries/DMI/; accessed 20 September
2022). These indices are estimated based on the HadISST1.1
SST dataset (Rayner et al. 2003). For both the indices, the
1981-2010 climatology was removed to estimate the monthly
anomalies. The filtered tripole index (TPI) for the Interdeca-
dal Pacific Oscillation index (IPO) follows from Henley et al.
(2015) (http://psl.noaa.gov/data/timeseries/IPOTPI; accessed
20 September 2022 from). Similarly, the PDO index is based
on the leading pattern of EOF of SST anomalies in the North
Pacific (Mantua et al. 1997) and was accessed on 20 September
2022 (https://psl.noaa.gov/pdo/). Both these indices are estimated
from the Extended Reconstructed SST (ERSST), version 5
(Huang et al. 2017), and the 1981-2010 climatology was re-
moved to estimate the monthly anomalies.

3. Results
a. Onset-date variations

In Fig. 4, we show the variability of the diagnosis of the onset
date over the seven subclusters in the form of a box-and-whisker
plot. These box-and-whisker plots in Fig. 4 show the median,
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25th, and 75th percentiles, and the extreme values that are
not outliers (which are defined by values that are greater
than 1.5 times the interquartile range) are shown by dots
and the outliers by whiskers for the onset date of each rainy
season from the ensemble of 101 time series of daily rainfall.
From the box-and-whisker plots in Fig. 4, we observe that
the ensemble spread of the onset date of the rainy season in
the lower latitude regions like MNW, MNE, and wet tropics
(WT) is comparatively less relative to the other subclusters.
This feature is suggestive of the potential impact of more active
(synoptic) weather systems prevailing in the higher latitudes
around the start of the rainy season relative to the tropical sub-
clusters. The larger variance in the onset date of the central
slopes (CS), ECN, and ECS rainy season in comparison with
the tropical clusters in Fig. 4 also suggests that the seasonality of
rainfall in the former regions is less robust. This feature mani-
fests with a varied impact on the uncertainty in the diagnosis of
the onset dates of the rainy season between the subtropical and
tropical NRM subclusters of Australia.

Furthermore, we observe the onset date is strongly corre-
lated with the length of the season and seasonal rainfall anom-
alies in all the subclusters (Fig. 5). In most regions, except for
RLN and MNW, the onset date is insignificantly related to
demise-date variations. Figure 5 reveals that early or later
onset-date seasons in these subclusters are associated with
longer or shorter length of the season and wetter or drier
rainy season, respectively. This could be leveraged to provide
the rainy season outlook at the beginning of the season from
just monitoring of the onset date. A similar approach to provide
seasonal outlook by monitoring the onset date of rainy season
has been adopted in real time over Florida (Misra et al. 2022).

The long-term trend of earlier onset date as measured by
Sen’s slope is significant over CS, MNW, and RLN (Fig. 4).
At MNW and RLN, the slope of the trend in the onset date
occurring earlier at the rate of 0.16 and 0.33 days yr ! is sig-
nificant at the 99% confidence interval (Fig. 4). In the case of
CS, the trend of earlier onset date is 0.23 days yr~', which is
significant at the 90% confidence interval (Fig. 4). In the other
regions (ECS, MNE, WT, and MNW), the trends in the onset
date of the rainy season are statistically insignificant (Fig. 4).

b. Demise-date variations

The variations of the demise date of the rainy season over
these seven subclusters over Australia are shown in Fig. 6.
Like Fig. 4, the box-and-whisker plot in Fig. 6 shows the me-
dian, interquartile range, extremes, and outliers of the demise
date of the rainy season. Once again, we observe that the low-
latitude regions of MNW, MNE, and WT show less spread in
the demise date than other clusters in comparatively higher
latitude regions.

Interestingly, the spread in the demise date (Fig. 6) is
higher in all regions relative to the spread in the onset date
(Fig. 4). This feature is suggestive of the potential seasonality
of the synoptic rainy systems that are more prevalent around
the demise date than around the onset date of the rainy sea-
son. The correlations in Fig. 5 reveal that the demise-date var-
iations also have a close relationship with the length of the
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FIG. 4. The box-and-whisker plot (with the boxes indicated by pale red, and the whiskers
indicated by blue) of the onset date (yearday) of the rainy season for (a) CS, (b) ECN, (c) ECS,
(d) MNE, (e) MNW, (f) RLN, and (g) WT. showing The median values are given by the hori-
zontal line within the boxes, the bottom and top edges of the boxes represent the 25th and the
75th percentiles, whiskers represent the extreme data points of the ensemble spread, and ma-
genta dots represent outliers (which are more than 1.5 times the interquartile range). The red,
solid least squares fit line through the median value is overlaid. The variance of the ensemble
spread (V; days®) within the interquartile range is also indicated in the legend. The Sen’s slope
S (days yr~ ') of the trend line is also shown, with three, two, and one asterisk indicating that
the slope is significant at the 90%, 95%, and 99% confidence intervals, respectively.

season and the seasonal rainfall anomalies. In all the subclus-
ters, we find that early or late demise of the season is associ-
ated with shorter or longer and drier or wetter rainy season,
respectively (Fig. 5). The prediction of the variability of demise-
date variations of the rainy season is equally important as the
onset date, with many impactful applications, like deciding on
the last grain harvest of the season (Mollah and Cook 1996)
and for the beef sector in northern Australia for planning herd
mustering (Chudleigh et al. 2019). However, monitoring of the
demise date, unlike the onset date, can only provide a posterior
analysis of the evolved rainy season.

The long-term trends in the gradual delay of the demise date
of the season over MNW and RLN are 0.13 and 0.28 days yr™ !,
which are statistically significant at the 95% and 99% confidence

intervals, respectively (Fig. 6). The trends of earlier onset and
later demise in MNW and RLN also manifest in the correspond-
ing trends of longer (Fig. 7) and wetter (Fig. 8) seasons in MNW
and RLN. In other subclusters, the trends of the demise dates
are insignificant.

c. Variations in the length of the season

It is worthwhile to examine the variations in the length of
the season since its variations seem to be related to corre-
sponding variations in onset and demise date in many of the
subclusters. In Fig. 7, we show the box-and-whisker plots for
the length of the rainy season for the seven subclusters. Yet
again, the spread of the length of the season is larger in the
higher-latitude regions of RLN, CS, ECS, and ECN relative
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(d) MNE

to the lower latitude regions of MNE, MNW, and WT (Fig. 7).
This is not surprising given that both onset- and demise-date
variations displayed a smaller spread in the lower-latitude re-
gions than in the higher-latitude regions. Furthermore, the in-
terquartile spread of the length of the season is larger than the
corresponding spread in the demise and the onset dates. There-
fore, it can be suggested that predicting the variations in the
length of the season could be more challenging than predicting

(b) ECN
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(c) ECS

(f) RLN

FIG. 5. The correlations between the parameters of onset date (OD),
demise date (DD), seasonal length (SL), and season rain (SR) of the wet
season for (a) CS, (b) ECN, (c) ECS, (d) MNE, (e) MNW, (f) RLN, and
(g) WT. The statistically significant correlations at 95% confidence inter-
vals are denoted by an asterisk. Linear trends in all variables have been
removed before the correlations are computed.

the onset or the demise dates. We find a robust trend of in-
creasing length of the season over MNW and RLN at 0.29
and 0.68 days yr~!, which is significant at the 99% confi-
dence interval (Fig. 7).

Over ECS, the trend of increasing length (at 0.33 days yr™")
of the rainy season is significant at the 90% confidence interval
despite insignificant trends in onset and demise date (Fig. 7).
This is possible because ECS displays a weak trend toward
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FIG. 6. As in Fig. 4, but for the demise date of the rainy season. For S, three, two, and one
asterisk indicate that the slope is significant at the 90%, 95%, and 99% confidence intervals,

respectively.

earlier onset and later demise dates that ultimately result in
the combined influence of lengthening the season. Corre-
spondingly, ECS also displays a trend of a wetter season at
1.64 mm yr~!, significant at the 95% confidence interval
(Fig. 8). Similarly, WT and CS show a wetter season trend
of 1.6 and 0.9 mm yr ' significant at the 95% and 90% confi-
dence intervals, respectively. In Fig. 8, we also observe that
MNW and RNL display significant increasing trends of 3.94
and 1.46 mm yr~ ! of the seasonal rainfall at the 1% signifi-
cance level, respectively. This trend is consistent with the
corresponding increasing trend of the length of the season
from earlier onsets and later demise in the two subclusters.
The features of the ensemble spread in the seasonal rain
(Fig. 8) are like those of the other variables with subtropi-
cal subclusters showing more spread than the tropical
subclusters.

d. Intraseasonal variations

U21 noted a robust relationship of the onset- and demise-
date variations of the rainy season over northern Australia

with the MJO. Similarly, we examined the frequency distribu-
tion of the onset date in either of the wet and dry spells of the
MJO. We used EEMD to isolate the wet and dry spells of the
MJO (Fig. 9a). As noted in U21, the onset date is more fre-
quent during the dry spells over the low-latitude regions of
MNW, MNE, and WT. Although, this result seems counterin-
tuitive, U21 found that onset of the rainy season in northern
Australia occurs in the last phases of the dry spell of the MJO
as it begins to transition to the wet spell of the MJO. We find
a similar result in Fig. 9a, with the majority of the onset dates
in MNW, MNE, and WT occurring in the dry spells of the
MJO. In the subtropical regions of RLN and CS, most of the
onset dates occur during the weak MJO period, although in
the latter region, wet spells of the MJO also have a significant
impact on the onset date of the rainy season (Fig. 9a). How-
ever, the conditional distribution of the onset dates to wet,
dry, and weak or neutral spells of the MJO for RLN in Fig. 9a
is found to be statistically insignificant. Over the eastern
coastal regions of ECN and ECS, most of the onset dates oc-
cur in the wet spells of the MJO (Fig. 9a).
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FIG. 7. As in Fig. 6, but for the length (days) of the rainy season.

Unlike the onset-date variations, the MJO phases seem to
dictate the variations of the demise date more strongly except
over RLN, where the demise date prevails during weak MJO
periods (Fig. 9b). With the exception of WT and MNW sub-
clusters, all other regions (besides RLN) exhibit most demise
dates in the wet spell period of the MJO. Again, the argument
here is that the demise dates mark the transition from the wet
to the dry spells of the MJO (U21). The varied influence of
MIJO on the onset and demise dates of the rainy season in
Figs. 9a and 9b potentially suggests the dominance of the sea-
sonal cycle over the MJO in the following manner: Since the
demise date marks the day of rain rates decreasing to values
below the annual climatological mean for the region, the cul-
mination of the wet spell of MJO with the end of the seasonal
cycle of the rainy season will make the large-scale environ-
ment far less conducive for sustained and strong atmospheric
convection beyond the diagnosed demise date. Therefore,
MIJO has a strong influence on the demise date. In contrast,
even in the absence of a favorable MJO phase, an onset date
characterized by rain rates above the annual mean climatologi-
cal rainfall could be induced by favorable phase of the sea-
sonal cycle. Figure 9 raises the prospect of potentially

predicting the onset- and demise-date variations of the rainy
season in many of these subclusters at subseasonal scales by
leveraging the skills of the MJO prediction in the region.

e. Interannual variations

The most robust interannual variability of our climate sys-
tem is ENSO, which has significant influence on the north-
ern Australian monsoon season (Holland 1986; McBride
1987; Lisonbee et al. 2020). We examine the covariability of
the rainy season over these seven subclusters with the sea-
sonal mean SON Nifio-3.4 SST index in Fig. 10a. We find
that the linear correlation of the ENSO index with the onset
date of the rainy season is robust in all seven subclusters,
suggesting that early or later onset is likely associated with
warm or cold ENSO conditions, respectively.

In contrast, the correlations of the mean SON ENSO index
with demise date are much weaker and are only statistically
significant in the MNE and MNW regions (Fig. 10a). These
correlations remain weak and insignificant even with the use
of mean DJF or the mean March-April-May (MAM) Nifio-3.4
index (not shown). The correlations of the SON ENSO index
with length of the season also shows a robust relationship with
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warm or cold ENSO events associated with shorter or longer
seasons in ECS, MNE, MNW, RLN, and WT (Fig. 10a). Fi-
nally, the seasonal rainfall anomaly shows a strong relationship
with the SON ENSO index across all seven subclusters with
warm or cold ENSO events more likely to be associated with
drier or wetter rainy seasons. The dominating influence of the
SON ENSO index on the onset date is a result of the peak
ENSO variability in SON, while it has less of an influence
on the demise date that occurs in February or March, a period
when ENSO variability is weakest during the year (Tziperman
et al. 1998; Neelin et al. 2000).

In comparison with the ENSO influence, the influence of
the IOD on the variations of the rainy season over these sub-
clusters is subtle (Fig. 10b). It may be noted that some studies
have pointed to the relatively strong covariation between the
ENSO and IOD (Saji et al. 1999; Krishnamurthy and Kirtman
2003). Figure 10b shows that a positive or a negative IOD is
likely to be associated with later or earlier onset of the rainy
season over WT, MNE, ECN, and CS, which make up the
eastern tropical and subtropical parts of Australia. The corre-
sponding influence of IOD on demise date, length of the

season, and seasonal rainfall is much weaker (Fig. 10b), given
that the annual peak of IOD variations is in the SON season.

f- Decadal variations

The PDO is sometimes claimed as the North Pacific man-
ifestation of the IPO (Heidemann et al. 2022). However,
Newman et al. (2016) argue that the IPO is not identical to
the PDO. They suggest that the IPO represents a reddened
ENSO driven both by interannual and decadal variations
of ENSO, while PDO is driven by a multitude of processes,
including remote tropical forcing and local North Pacific
ocean—atmosphere interactions. Therefore, Newman et al.
(2016) claim that the difference between the IPO and PDO is
due to chaotic variability internal to North Pacific processes.
We examined the relationship of the variability of the rainy
season across these seven subclusters in Figs. 11a and 11b with
both the IPO and PDO indices.

Figures 11a and 11b suggest overall that the IPO and the
PDO have a weaker and a stronger relationship with the rainy
seasons across all subclusters, respectively. For example, the
onset-date variations in ECS, MNE, MNW, RLN, and WT
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FIG. 9. The frequency of (a) onset and (b) demise dates of the
rainy season during the wet (blue) and dry (orange) spells of the
MIJO and during weak MJO periods (gray) for MNW, WT, MNE,
RLN, ECN, CS, and ECS. Asterisks denote that the distribution is
significant for the subcluster at the 90% confidence interval accord-
ing to the bootstrap method.

are significantly modulated by the PDO, with positive PDO
associated with later onsets of the rainy season in these re-
gions (Fig. 11b). In contrast, the correlation of the TPO with
onset date is weaker and significant only in MNW and RLN
(Fig. 11a). Similarly, the demise date, the length of the season,
and seasonal rainfall variations are dominated by the PDO
with a positive PDO associated with earlier, shorter, and drier
rainy season in most of the subclusters. In some of the sub-
clusters like CS, ECN, and ECS, the length and the demise of
the season do not exhibit significant correlations with either
the IPO (Fig. 11a) or the PDO (Fig. 11b).

4. Discussion

This paper establishes the variability of the rainy season
across many of the NRM subclusters associated with the
modes of climate variability spanning from the intraseasonal
to the secular time scales. This study opens the opportunity to
exploit these relationships to explore predictability and useful
prediction of the rainy season onset and demise at all these
temporal scales. The importance of understanding and predict-
ing the variability of the rainy season in Australia to produce
effective management decisions spans across many applied
sectors, including but not limited to water and energy produc-
tion and supply sectors, agriculture, pastoral farming, public
health, and wildfire management. It is already encouraging to
note that a couple of studies like that of Cowan et al. (2020)
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FI1G. 10. The correlations of the SON mean (a) Nifio-3.4 SST and
(b) IOD index with onset and demise dates, length, and seasonal
rainfall anomaly of the rainy season over the seven subclusters in
Australia. Stippling in the bar indicates that the correlation is signifi-
cant at the 95% confidence interval according to a ¢ test. The correla-
tions are computed after linear trends are removed from all variables.

and Drosdowsky and Wheeler (2014) have already found use-
ful seasonal predictability skill from operational climate mod-
els for the onset date of the wet season (defined as in Lo et al.
2007) over northern Australia. Similar studies could be ex-
tended at other time scales and with other definitions of the
onset and demise of the rainy season. Sharmila and Hendon
(2020), on the other hand, point to local sources of northwest-
ern Australian rainfall variability and predictability from land—
atmosphere feedback as opposed to remote teleconnections of
ENSO and IPO with northeastern Australian rainfall varia-
tions, which can lead to varied predictability of the onset and
demise of the rainy season across the continent.

The proposed methodology in this paper could also be ex-
ploited for real-time monitoring of the onset date of the rainy
season as is currently done over Florida (Misra et al. 2022).
The variability of the onset date can provide an outlook of the
forthcoming rainy season, with variations of the onset date
shown to strongly correlate with the length of the season and
the seasonal rainfall anomalies in all the subclusters (Fig. 5).

It is counterintuitive to note in Fig. 11 that the PDO cen-
tered in the North Pacific Ocean has stronger relationships to
the rainy season over NRM subclusters than the IPO with its
SST anomalies centered in the deep tropics, despite several
studies suggesting a strong influence of the IPO on Australian
rainfall (e.g., Power et al. 1999; Meehl and Arblaster 2011;
Heidemann et al. 2022). Heidemann et al. (2022) suggest that
IPO-Australian rainfall teleconnection is dominated by the
modulation of the Australian monsoon rainfall teleconnection
with a specific type of ENSO (the central Pacific type). It is
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possible that such diversity in ENSO teleconnections with onset
and demise dates of the rainy season of the NRM subclusters
may not be as robust and will have to be further investigated.
In addition, with spectral peaks of the PDO and IPO ranging
between 20 and 70 years, adequate sampling of this variation to
establish robust teleconnection is always an issue from contem-
porary observations. Newman et al. (2016) warn that care
should be taken when using the PDO as a forcing function for
nonoceanic processes since PDO is largely an oceanic response
to atmospheric forcing that spans from tropical to extratropical
latitudes.

The robust, increasing trend of seasonal rainfall—lengthening
of the rainy season from earlier onset and later demise over
RLN and MNW—is consistent with the similar robust, wetter
trends observed over the region by Dey et al. (2019a). We have
somewhat limited understanding of these trends, given that
most contemporary models replicate these historical trends
poorly (Dey et al. 2019a,b). Some studies have suggested the
role of anthropogenic aerosols that strengthen the monsoonal
flow (e.g., Rotstayn et al. 2012; Dey et al. 2019b) and others
point to warming of the tropical Atlantic (Lin and Li 2012).
There is, however, considerable uncertainty to attribute these
trends definitively and this calls for reducing the errors in our
climate models.

5. Conclusions

Australia is rich in natural resources. Understanding the cli-
mate variations across Australia is critical to manage these
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resources in a changing climate. In this study, we have exam-
ined the observed variability of the rainy season across seven
subclusters of Australia that exhibit a strong seasonal cycle in
rainfall that is largely coincident with the Australian monsoon
season. These subclusters are based on the classification made
by the Australian Natural Resource Management agency to
develop focused response to climate change. These subclus-
ters range from tropical to subtropical regions and interior to
coastal regions. Our analysis reveals that the variability in the
evolution of the rainy season manifests distinctly across all
temporal scales from the NWP to the secular scales. The
higher variability of synoptic weather in the subtropical re-
gions is captured in the contrast of their higher ensemble
spread of the onset and demise dates of the rainy season in
the subtropical to the lower ensemble spread in the tropical
subclusters.

At the intraseasonal scales, we observe that demise-date
variations are more strongly modulated than the onset date
by the MJO except in RLN, where the MJO has far less influ-
ence. The onset and demise dates in many of these subclus-
ters, however, as noted in U21, mark the transition from the
dry to wet and wet to dry spells of the MJO, respectively. Sim-
ilarly, the demise-date variations are more likely associated
with the wet spells of the MJO in the CS, ECN, ECS, and
MNE subclusters, while over MNW and WT they are more
strongly influenced by the dry spells of the MJO. Over the
RLN, again, the influence of the MJO on demise-date varia-
tions is weak.

At the interannual scales, ENSO variations are a big driver
of the variability of the evolution of the rainy season in these
clusters. The onset date, length of the rainy season, and sea-
sonal rainfall anomaly across all these seven subclusters are
affected by ENSO variations, with warm or cold events likely
to be associated with a later or early and drier or wetter sea-
son, respectively. The relationship of the ENSO index with
demise date is weaker. The relationship of the onset-date var-
iations with length of the season and seasonal rain is also ro-
bust and stronger than the corresponding correlations with
ENSO index. This provides an opportunity to use the moni-
toring of the onset date to provide potentially a quick and re-
liable outlook of the forthcoming season in these subclusters.
The demise-date variability, independent of the onset-date
variations, has a similar association with the length and sea-
sonal rainfall anomaly of the rainy season. However, the mon-
itoring of the demise date can provide a posterior analysis of
the concluded rainy season.

The influence of the IPO and PDO variations with evolu-
tion of the rainy season was also investigated across all seven
subclusters. The PDO uniformly affects the onset and sea-
sonal rainfall anomaly across all seven subclusters with posi-
tive or negative PDO associated with later or early and drier
or wetter season, respectively. The IPO, on the other hand,
has less uniform impact across the subclusters, with MNW
and RLN rainy seasons exhibiting similar teleconnection as
with PDO. The secular change or the linear trend is found to
be statistically significant in many of the subclusters. There is
a statistically significant trend toward an earlier onset and
later demise resulting in a longer and wetter season in MNW
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and RLN regions. Additionally, WT, CS, and ECS also display
a trend toward a wetter rainy season that is coincident with a sig-
nificant trend of earlier onset in CS and longer season in ECS.

The prediction of the evolution of the rainy season at the
higher-latitude subclusters of Australia could be slightly more
challenging than the in lower-latitude regions given the larger
ensemble spread in the onset and demise of the rainy season
regardless of the external influence of the global modes of cli-
mate variability. For example, climatology or persistence of
onset and demise dates and length of the rainy season are
likely to have higher skill in the tropical subclusters of MNE,
MNW, and WT relative to other subclusters. Furthermore,
the seasonality of the rainfall is weak in some of the subtropi-
cal regions like the ECN and ECS (Drosdowsky and Wheeler
2014), which would make variations of the rainy season met-
rics less applicable in such regions relative to the tropical sub-
clusters. The results of this study are, however, robust given
that 114 years of daily rainfall data are used.
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