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ABSTRACT: In this study, we introduce a localized definition of the onset and retreat of the northern Australian rainy

season that is solely based on gridded rainfall analysis. Our analysis shows that the local onset/retreat of the rainy season has

considerable spatial heterogeneity. Onset is earlier and the length of the rainy season is longer to the west of the Gulf of

Carpentaria than to its east. Furthermore, we also find the local onset/retreat is influenced by the wet and dry spells of the

30–60-day intraseasonal oscillation. Much of the retreat of the rainy season occurs in the dry phases of the intraseasonal

oscillation. However, intriguingly, a majority of the local onset of the rainy season occurs during dry phases of the intra-

seasonal oscillation. The ENSO teleconnection with the variable-length northern Australian rainy season also exhibits

spatial heterogeneity and significant differences from rainfall anomalies using the fixed-length boreal winter season. The

onset, the retreat, the length, and the seasonal rainfall anomalies of the rainy season display a stronger correlation with

theENSOSST anomalies for the region east of 1408E relative to its west. The strong covariability of the local onset date with

the corresponding seasonal length and seasonal rainfall anomalies over northern Australia offers the advantage of moni-

toring the onset of the northern Australian rainy season to provide an outlook for the forthcoming season. The proposed

local definition of onset/retreat of the northern Australian rainy season is simple, objective, and unambiguous and is ideally

suited for real-time monitoring of the evolution of the season.
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1. Introduction

The diagnosis of the onset and retreat of the northern

Australian wet season has a very rich history of investigation

(Lisonbee et al. 2020). As pointed out in Lisonbee et al. (2020),

the northernAustralian climate features a distinct dry from the

wet season. The dry season extends approximately from May

to September, and the wet season is from October to April.

However, despite this clarity in the distinction between the two

seasons, the definition of the onset and retreat of the northern

Australian monsoon has been rather varied. For example,

some studies refer to the shifting of the low-level winds from

easterly to westerly to mark the start and the end of the

monsoon season over northern Australia (e.g., Troup 1961;

Holland 1986; Drosdowsky 1996). Other studies have focused

on the onset and the retreat of the rains to mark the start and

the end of the monsoon season over northern Australia (e.g.,

Nicholls et al. 1982; Nicholls 1984; Lo andWheeler 2007; Smith

et al. 2008a; Uehling and Misra 2020, hereafter UM20). Even

within the monsoon season of northern Australia, a distinction

is drawn between the early and later part of the season (Pope

et al. 2009). In the early part of the season between October

and December, rainfall patterns are categorized as isolated

mesoscale thunderstorms, while in the later part of the season

(January–March), the rainfall is associated with more large-

scale rain systems of the northern Australia. UM20 make a

subtle but important distinction between the monsoon and

the rainy seasons of northern Australia with the former ac-

knowledging the seasonal shift of the kinematic field while

the latter marking the seasonal shift in rainfall. Nonetheless,

UM20 points out that despite these distinctions, the northern

Australian monsoon season and the rainy (or wet) season

significantly overlap with each other with the latter being

longer and showing more robust teleconnections with El

Niño–Southern Oscillation (ENSO).

The onset and the retreat of the northern Australian wet

season are also associated with the intraseasonal variability

(Troup 1961; Hendon et al. 1989; Hendon and Liebmann

1990a,b; Krishnamurti et al. 1995; Wheeler and Hendon 2004).

For example, some studies indicate that majority of the onset

of the northern Australian monsoon season occurs during the

wet phase of the Madden–Julian oscillation (MJO; e.g., Pope

et al. 2009; Wheeler and McBride 2012). In this study, we will

reexamine this relationship of the intraseasonal variations with

the proposed new definition of local onset and local retreat of

the northern Australian rainy season (NARS). In UM20 we

introduced a definition of the onset and retreat of the wet

season based on the area average rainfall over northern

Australia. This definition had the advantage of being objective

and simple (solely based on rainfall), which can be adopted

operationally for real-time monitoring. In this study, however,Corresponding author: John Uehling, juehling@fsu.edu

DECEMBER 2021 UEHL ING ET AL . 3995

DOI: 10.1175/MWR-D-21-0093.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by FLORIDA STATE UNIVERSITY | Unauthenticated | Downloaded 11/30/21 08:15 PM UTC

mailto:juehling@fsu.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


we extend our previous work to offer a localized definition to

the onset/retreat of the wet season over northernAustralia that

will naturally lend itself to display the spatial heterogeneity of

the seasonal evolution.

In the following section, we describe the datasets used in the

study, followed by a discussion of the adopted methodology in

section 3. The results are discussed in section 4, followed by

concluding remarks in section 5.

2. Datasets

The rainfall analysis based on the Australian Bureau of

Meteorology’s rain gauge network across theAustraliancontinent

(http://www.bom.gov.au/climate/how/newproducts/IDCdrgrids.shtml;

Grant 2012) are the primary data used in this study. The dataset

is available on a 0.58 grid over the entire Australian landmass

and is available over a 114-yr period beginning on 1 January 1900

and ending on 31December 2015 (with one year, 1958, missing).

The rain gauge data are gridded using the optimized Barnes

successive correction technique (Jones et al. 2009). This gridded

rainfall analysis has a root-mean-square error of 3.1mm and a

mean absolute error of 0.9mm (Grant 2012). The daily rainfall is

nominally measured each day at 0900 local time. One potential

limitation of using this rainfall data is that the observational

network across theAustralian outback is quite sparse. This study

is, however, focused on northernAustralia, which is north of the

outback and has a higher density of rain gauges. We also make

use of NOAA reconstructed SST (Smith et al. 2008b) for com-

puting the Niño-3.4 SST index for ENSO variations.

3. Methodology

a. Diagnosis of local onset/retreat of the northernAustralian

rainy season

The onset and the retreat of the aggregate (area-averaged

rainfall over northern Australia) NARS was diagnosed in

UM20. Themethodology used inUM20 allows for an objective

and robust definition of the NARS, which is primarily based on

rainfall following the methodology described in Liebmann and

Marengo (2001). In the study, the daily rainfall is averaged over

the northern Australian domain (all land grid points in a box

defined by longitudes 1208–1508E and latitudes 208–108S), from
which the cumulative anomaly curve [Eq. (1)] of daily rainfall

is computed for each individual year:
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where Am(n) is the cumulative anomaly of the area averaged

precipitation for day n of year m, rm(n) is spatially averaged

rainfall over northern Australia for day n of year m, and r is

the area average and annual mean climatology of rainfall:
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where the summation over i is for area average by averaging

over allK grid points over northern Australia, summation over

n is averaging over allN days of the year for getting the annual

mean, and the summation over m is over all M years (1901–

2015) to obtain the climatology of the annual mean. It may be

noted that in the summation over n in Eq. (2), n 5 1 is 1 July

of a given year and N is 30 June of the following year. The

minima and maxima in the Am(i) curve correspond to aggre-

gate NARS onset (d) and retreat (g) date, respectively. Such a

definition marks the onset and the retreat as the first and the

last day of the year when the daily rain rate exceeds and falls

below the annual mean climatological rain rate, respectively.

The definition of the rainy season introduced in UM20 is,

however, for the aggregate northern Australian region. In this

study, we introduce a local definition for the onset/retreat of the

NARS, akin to Misra et al. (2017a) used for the Indian summer

monsoon. In the local definition, we define local onset/retreat of

the season at every discrete grid point of the rainfall analysis

over northern Australia using a similar methodology as elabo-

rated in Eqs. (1) and (2) but applied at every grid point.

However, to avoid the likelihood of detecting false onset/retreat

dates on account of synoptic- or mesoscale variability that may

be unrelated to the seasonal evolution, we anchor the diagnosis

of the local onset and retreat dates to the climatological local

onset and retreat dates following Misra et al. (2017a).

To diagnose the local onset, we first compute the climato-

logical local onset/retreat first in the following manner.

The daily cumulative anomaly curve for day i [lcx(i)] of the

local daily rainfall climatology is
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where rx is the climatological daily rain at grid point x for day n,

and cx is the annual mean rainfall climatology at grid point x.

The cx was computed using the following formula:
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where n is the number of days in a year, andm is the number of

years in total (in this case, 114). Figure 1 shows an example of

how the cumulative anomaly curve can be calculated from the

daily rainfall climatology for a given grid point (for instance,

over Darwin, Australia). The climatological local onset tx and

retreat fx for a grid point x is diagnosed as the minimum and

the maximum in the cumulative anomaly curve (Fig. 1). The

above procedure is repeated at each of the grid points of the

rainfall analysis to diagnose tx and fx of NARS. Similarly,

the local onset tx and retreat fx of the NARS for every year is

computed but from the cumulative rainfall anomaly curve of a

given year. To avoid the diagnosis of false local onset/retreat

dates of the rainy season, we ensure that tx and fx are diag-

nosed as the closest minimum and maximum to tx and fx,

respectively.

b. Diagnosis of the intraseasonal variations on the evolution
of the northern Australian rainy season

To understand the potential influence of the intra-

seasonal oscillations (ISOs) or the MJO on the variations

of the NARS, a multichannel singular spectrum analysis
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(MSSA; Ghil et al. 2002) was performed. MSSA, a spa-

tiotemporal, data-adaptive filtering technique, has been

widely used for isolating intraseasonal variations (e.g.,

Krishnamurthy and Shukla 2007; Karmakar et al. 2017).

The advantage to using the MSSA technique rather than a

simpler harmonic analysis or Fourier transform is that the

shape and bandwidth of the MSSA filters are themselves

functions of the input data.

The input data to the MSSA are the daily rainfall anomalies

after removing the daily climatology and applying a 5-day

moving mean. A window length of 60 days is used to make

lagged copies of the rainfall data to construct the lag-covariance

matrix that is diagonalized to obtain space–time empirical or-

thogonal functions (EOFs) and principal components (PC).

Oscillations in the bandwidth of 30–60 days is isolated if the

associated eigenvalues are nearly equal and the phase of the two

EOFs are in quadrature.

Using theMSSA technique, the phase composites of the ISO

are computed for each year from 1900/01 to 2014/15. Only the

rainfall data from the time surrounding and including the

NARS were used [from Julian day 290 (17 October) to Julian

day 120 (30 April) of the following year], rather than for the

entire year. This ensures that the signals that are originating

from ISOs during the rainy season were isolated. The sinu-

soidal oscillations of the ISO are divided into eight phases

following Karmakar and Misra (2020). The first four phases of

the ISO will be nearly opposite in phase to the following four

phases. These phases are computed to develop corresponding

composites to understand the evolution of the NARS in rela-

tion to the propagation of the ISO.

To examine the statistical significance of some of our re-

sults we use the nonparametric bootstrapping technique for

statistical significance (Wilks 2011). This has been widely

used for significance tests (e.g., Mo 2010; Yuan et al. 2015;

Misra et al. 2017b).

4. Results

a. Climatological local onset/retreat of the northern
Australian rainy season

The onset/retreat dates of the NARS are computed for 114

years at every land grid point of the domain. The red curve in

Fig. 1 shows the climatological cumulative rainfall anomaly

curve over Darwin (12.48S and 130.88E), with the minima of the

curve being the onset date and themaximabeing the retreat date

of the rainy season. Climatologically, the onset date of the rainy

season over Darwin occurs on Julian day 329 (;25 November),

whereas the climatological retreat date over Darwin is around

Julian day 98 (;8April of the following year). It can also be seen

that the definition used for calculating the local rainy season

over Darwin corresponds to the period of highest rainfall during

the year (Fig. 2).

Figures 2a and 2b show the spatial distribution of the local

climatological onset and retreat dates of NARS, respectively.

It is noteworthy that the evolution of NARS varies markedly

across the domain (Figs. 2a,b). Figure 3a shows that the onset

of NARS begins in the western portion of northern Australia

earlier than in the eastern portion (Fig. 2a). The earliest onset

dates on average, occur in the northern Territories of north-

ern Australia in a band around 1308E longitude. The onset

generally occurs in this band around the 315th–325th Julian

day of the year. The land areas to the west of the Gulf of

Carpentaria generally have earlier onsets than land areas to

FIG. 1. Daily climatological rain rate (in blue) over Darwin (12.48S and 130.88E). The cor-

responding daily cumulative anomaly of rainfall (in red) and the diagnosed onset (indicated by

the green vertical line) and retreat (indicated by the orange vertical line) dates are diagnosed by

the minimum and maximum in the red curve, respectively.
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the east and south of the Gulf of Carpentaria (Fig. 2a). In the

eastern part of northern Australia, the average onset date of

the rainy season ranges between the 330th and 350th days of

the year (Fig. 2a).

Similarly, Fig. 2b shows the spatial distribution of the cli-

matological local retreat dates of the NARS. The spatial

distribution of the climatological retreat date of the rainy

season reflects the ‘‘lifting out’’ of the monsoon trough over

northern Australia. As the monsoon season draws to a close,

the contrast between the ocean and land temperatures re-

duces as the monsoon trough moves to the north away from

the Australian continent. This is reflected in Fig. 2b, which

shows the earliest retreat dates on average occurring to the

south and the latest retreat dates occurring in the northern-

most regions of northern Australia (Fig. 2b). It may be noted

that the monsoon trough generally appears to translate out

of the region from southwest to northeast, as the retreat

dates occur later in the season, moving from southwest to

northeast.

Figures 2c and 2d show the climatological seasonal length of

NARS for each grid point, as well as the climatological sea-

sonal rainfall that accounts for the changing length of the

season, respectively. The length of the rainy season generally

increases from south to north. This follows from the monsoon

trough appearing in each season by moving south over the

region and then lifting back out meridionally toward the end of

the season. It may be noted that the region just to the west of

the Gulf of Carpentaria exhibits the earliest and the latest

climatological onset and retreat dates, which results in the

longest climatological rainy seasons over northern Australia

(Fig. 2c). This region has rainy seasons that last on average

longer than 140 days. Most of the rest of northern Australia

experiences rainy seasons that last on average around 115–

130 days (Fig. 2c). Figure 2d shows the northernmost regions of

Australia receiving the most rainfall, with a general progression

FIG. 2. The climatological (a) onset and (b) retreat date (in Julian days), and (c) length (in days) of the NARS

defined at every grid point of the Australian Bureau of Meteorology gridded rainfall dataset at a 0.58 grid interval

(Grant 2012). (d) The climatological seasonal mean rainfall (mm), accumulated between the climatological local

onset and retreat date of the NARS at each grid point.

FIG. 3. The difference of the climatological date of (a) local onset

from the onset date of the aggregate NARS and (b) local retreat

from the retreat date of the aggregate NARS.
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of less rainfall as one moves further south toward the

Australian interior. Near the northern and eastern coasts of

northern Australia, climatological rainy season rainfall av-

erages over 500mm per season. These values decrease as one

moves south to the southern reaches of the domain, with the

climatological seasonal rain reaching around 100–200mm

per season.

Figures 3a and 3b show the progression of the climatological

local onset and local retreat with respect to the aggregated

NARS onset and retreat dates, respectively. In Fig. 3a, we see

that the earliest climatological local onsets occur nearly 10 days

before the climatological onset of the aggregate NARS in the

northern tip of the Northern Territory and the northeastern tip

of the Western Australia. Then the climatological local onset

slowly progresses eastward and southward before a majority of

northern Australia attains its climatological local onset by

around 8 days after the aggregate NARS climatological onset

(Fig. 3a). Furthermore, by day 19, after the climatological onset

of the aggregate NARS onset, the remaining portion of the

horn of Australia also achieves its climatological local onset

(Fig. 3a). Similarly, the climatological local retreat date ap-

pears first along the southern tip of the northern Australian

domain almost 10 days before the climatological retreat date of

the aggregate NARS is reached (Fig. 3b). The climatological

local retreat date then slowly progresses northward before all

of the domain attains the climatological retreat by the 19th day

after the climatological retreat of the aggregate NARS is

reached. In comparing Figs. 3a and 3b it can be noted that

the spatial distribution of the climatological onset and the

retreat dates of NARS is largely symmetrical, with earlier

and later onset regions corresponding to later and earlier

retreat of the season. However, the climatological local

onset dates exhibit a stronger zonal gradient (Fig. 3a) while

the climatological local retreat dates display a stronger

meridional gradient (Fig. 3b).

b. Interannual variability

There is a strong relationship between the variations of

the local onset date and the local seasonal length of NARS

(Fig. 4a). The negative correlations between the onset date

and the seasonal length in Fig. 4a suggest that earlier or later

onset date at a given grid point is associated with longer or

shorter rainy season, respectively. Figure 4a shows the

strongest negative correlations are in the northern part of

Australia, which is also the region with the earliest onset

dates in the domain (Fig. 2a). Similarly, Fig. 4b shows the

correlation between the local onset date and the corre-

sponding seasonal rainfall anomaly. This figure demon-

strates that there is a generally strong negative correlation

between the onset date and the seasonal rainfall anomaly,

suggesting that early or later onset is associated with wetter

or drier rainy season, respectively. Therefore, Figs. 4a and

4b strongly suggest that monitoring the variability of the

local onset date of the rainy season over northern Australia

can serve as a good seasonal outlook for the following rainy

season in terms of its seasonal length and seasonal rainfall

anomaly.

Figures 5a and 5b show the correlations of the variations of

the retreat date with the seasonal length and seasonal rainfall

anomalies of NARS, respectively. The correlations in Figs. 5a

FIG. 4. The correlation of the local onset date of NARS with

corresponding (a) local length of the NARS and (b) local seasonal

rainfall anomaly of NARS. Only significant values at 5% signifi-

cance level by the bootstrap method are shaded.

FIG. 5. The correlation of the local retreat date of theNARSwith

corresponding (a) local length of the NARS and (b) local seasonal

rainfall anomaly. Only significant values at 5% significance level by

the bootstrap method are shaded.
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and 5b are positive, suggesting that early or later retreat of the

rainy season is associated with shorter and drier or longer and

wetter rainy season, respectively. Figures 5a and 5b suggest

that monitoring the retreat date variations of NARS could be

useful to posteriorly analyze the season. Interestingly, the

correlations between the local onset and the corresponding

local retreat date variations are statistically insignificant

(not shown).

The ENSO teleconnection with NARS is significant

(Holland 1986; UM20). UM20 showed that this telecon-

nection becomes stronger when the variations of the length

of the aggregated NARS are considered. Figure 6a shows

that there is a strong positive correlation between the September–

November (SON) seasonal mean Niño-3.4 (ENSO) SST anom-

alies and the local onset date suggesting that warm or cold ENSO

SST anomalies are associated with later or early local onset of

NARS, respectively. This relationship tends to be strongest east

of the Gulf of Carpentaria (east of 1408E; Fig. 6a). The opposite

relationship is shown between the SON seasonal mean ENSO

SST anomalies and the local retreat date of NARS (Fig. 6b). The

correlations between Niño-3.4 SST anomalies and the corre-

sponding retreat date variations are, however, weaker (Fig. 6b)

relative to variations with the onset date variations (Fig. 6a). This

relationship also manifests in and is reflected by the negative

correlation between the SON seasonal mean ENSO SST anom-

alies and the local seasonal length variations (Fig. 6c). The cor-

relation in Fig. 6c implies that warm or cold SON seasonal

mean ENSO SST anomalies are associated with shorter or

longer seasonal length of the rainy season over northern

Australia, respectively. Again, the variability between the

ENSO SST anomalies and seasonal length are comparatively

stronger to the east of Gulf of Carpentaria (Fig. 6c). Finally,

FIG. 6. The correlation of September–November (SON) seasonal mean Niño-3.4 (ENSO) SST anomalies with

(a) local onset date, (b) local retreat date, (c) local seasonal length, (d) local seasonal rainfall anomalies, and

(e) fixed-length December–February (DJF) seasonal rainfall anomalies of NARS. All correlations significant at

95% confidence interval according to the bootstrap method are shaded.
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the correlations between the SON Niño-3.4 SST anomalies

and seasonal rainfall anomaly (Fig. 6d) nearly mimic the

correlations with seasonal length (Fig. 6c), suggesting that

warm or cold ENSO anomalies are associated with the drier

or wetter season. In comparison, the correlations of the SON

ENSO SST anomalies with fixed length December–February

seasonal rainfall anomalies over northern Australia are

largely confined to east of 1408E (Fig. 6e). The comparison of

Figs. 6d and 6e clearly illustrate the importance of accounting

for the spatial heterogeneity of NARS. More importantly, we

conclude that acknowledging the variations of the local sea-

sonal length of NARS in computing the seasonal rainfall

anomaly is critical to diagnose the ENSO teleconnections

over the region.

c. Intraseasonal variations

By utilizing the MSSA methodology described previously,

rainfall phase composites of the ISO rainfall during November–

May 1900–2015 were generated. These phase composites reveal

that during the first four phases of the ISO, on average, there is

enhanced precipitation over the northern Australian domain,

suggesting a wet spell while the remaining four phases represent

the dry spell (not shown). A spatial distribution of the frequency

of the local onset and retreat dates of NARS in each of the eight

phases of the ISO is shown in Fig. 7. The largest density of local

onset of NARS occurs around the Gulf of Carpentaria in phases

4 and 5 of the ISO (Fig. 7a). In the first four (wet) phases of the

ISO, the frequency of local onset is lower (44.65%) than in the

latter four (dry) phases of the ISO. This feature is also illustrated

by the relative frequency (5 number of onset in each phase in

statistically significant/total number of local onsets in all phases

in statistically significant regions) in Fig. 7b. Figure 7b indicates

that most local onset occurs in the wet spell phases of 1 and 4 of

the ISO and in phases 5 and 8 of the dry spell of the ISO. We

observe from the spatial distribution of local onsets in Fig. 7a

that there is no coherent pattern of local onset occurring in the

wet and dry spells of the ISO to suggest that one region of the

domain is more conducive than the other for local onsets to

occur in the wet/dry phases of the ISO.

Similarly, the spatial distribution of the frequency of the

local retreat date within the different phases of the ISO is

shown in Fig. 8a. We observe that some of the highest density

of local retreat occurs in phases 7 and 8 of the ISO, while in

the remaining phases of the ISO the frequency of local retreat

is more uniform across the domain (Fig. 8b). In contrast to the

frequency of local onset, the local demise of NARS occurs

71.31% in the dry spells (phases 5–8) of the ISO.We find from

Fig. 8a that most of the local demise of NARS during dry spell

of the ISO occurs around the Gulf of Carpentaria and in the

southeast region of the domain. The southwest region of the

domain uniquely exhibits a high density of local demise of

NARS during Phase 3 (wet spell) of the ISO.

FIG. 7. (a) Spatial distribution of the frequency of local onset dates of NARS occurring in of the eight phases of ISO across northern

Australia. The hatched regions indicate statistically significance at 5% significance level by the bootstrap method. (b) Histogram showing

the relative frequency (percentage) of local onset dates of NARS occurring during each phase of the ISO. The frequency is computed only

in statistically significant regions [hatched regions in (a)].
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5. Conclusions

The local definition of NARS, as introduced in this paper, is

an attractive complement to the aggregate evolution of NARS

in UM20. The spatial heterogeneity observed in the evolution

of the rainy season over northern Australia with early onsets

and longer length of the season occurring to the west of Gulf of

Carpentaria necessitates a local definition for the onset and the

retreat of NARS.

The local definition of onset/retreat of NARS is based on

daily rainfall analysis, which is defined at individual grid points.

This definition requires a robust seasonal cycle of rainfall so

that onset and retreat can be defined as the first and the last day

of the year when the daily rain rate exceeds and falls below the

climatological annual mean rain rate. However, to avoid false

onset/retreat dates that are not associated with the rainy sea-

son, we anchor our local definition of onset/retreat to the cli-

matological evolution of the local rainy season with respect to

the corresponding aggregate NARS evolution. This local def-

inition provides an unambiguous, objective definition of the

onset/retreat of NARS defined locally, at the individual grid

points of the rainfall analysis.

The proposed definition of local onset/retreat NARS has

many advantages. Foremost it accounts for local variations in the

length of the season, which is an important variant of the season.

Second, it is based solely on rainfall, which makes it convenient

to implement in case of real-time monitoring of the season. We

tested this methodology over a century-long rainfall analysis,

which showed the efficacy of this objective definition in pro-

viding unambiguous local onset/retreat dates throughout the

period. In the future, this definition could be adopted on re-

motely sensed rainfall products that are available on shorter

periods of time at potentially higher spatial resolution and

available in real time. Furthermore, the introduced methodol-

ogy for diagnosing local onset and retreat of NARS is easily

adaptable to the available resolution of the rainfall analysis.

Our study finds that local onset/retreat variations have an

implication on the corresponding length of the season and

seasonal rainfall anomaly. We find that early or later local

onset of the rainy season is associated with longer and wetter or

shorter and drier seasons, respectively. This relationship can be

exploited to provide a localized seasonal outlook of the rainy

season by monitoring the local onset. Similarly, the linear re-

lationship of the variations of the local retreat of the season

with the corresponding length of the season and seasonal

rainfall anomaly provides an understanding of the local evo-

lution of the season posteriorly.

The frequency of the local onset and retreat of NARS is

prominent in the wet and dry phases of the ISO, respectively.

There is a far greater frequency of local demise (71.31%)

during the dry spells of the ISO relative to the wet spells of the

ISO. However, the frequency of local onset during wet spells of

FIG. 8. (a) Spatial distribution of the frequency of local retreat dates of NARS occurring in each phase of the ISO across northern

Australia. The hatched regions indicate statistically significance at 5% significance level by the bootstrap method. (b) Histogram showing

the relative frequency (percentage) of local retreat dates of NARS occurring during each phase of the ISO. The frequency is computed

only in statistically significant regions [hatched regions in (a)].
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the ISO is 44.65%, which is less than the local onset occurring

in the dry spells of the ISO. This observation is intriguing but

nonetheless important to note, while future studies examine

the subseasonal predictability of the evolution of NARS. The

spatial distribution of the frequency of local demise of NARS

during the various phases of the ISO exhibit coherent areas of

high frequency during dry phases of ISO around the Gulf of

Carpentaria. However, such spatial patterns are less discerning

with regard to local onsets of NARS and ISO phases.

The ENSO teleconnections show that there is a strong re-

lationship with the local variations of NARS. Early local

onset, later local retreat, longer local length, and local wetter

rainy season anomalies are associated with negative ENSO

Niño-3.4 SST anomalies. Likewise, later onset, early local

retreat, shorter local length, and local drier rainy seasonal

anomalies are associated with positive ENSO SST anomalies.

These teleconnections exhibit some spatial heterogeneity,

with the eastern part of northern Australia exhibiting stron-

ger correlations with ENSONiño-3.4 SST anomalies than the

regions to the west of 1408E. Furthermore, in comparison to

the fixed-length seasonal rainfall anomalies of DJF, the cor-

relations with ENSO Niño-3.4 SST anomalies with locally

varying length of NARS rainfall anomalies display a stronger

and more widespread correlation to the west of 1408E over

northern Australia. This suggests that the seasonal predict-

ability of NARS with a variable seasonal length in relation to

its variation with ENSO could be potentially exploited fur-

ther than by using a fixed-length season of NARS.
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