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ABSTRACT

In this paper we introduce an objective definition for the onset and the retreat of the northern Australian

rainy season that overlaps significantly with theAustralianmonsoon season.We define onset and retreat dates

of the northern Australian rainy season as being the first and the last day of the year when the daily rain rate

exceeds and falls below the climatological annual mean rain rate, respectively. However, our definition of

onset/demise is not as restrictive as the traditional monsoon season that seeks the arrival of the westerlies and

the equatorward retreat of the trough at its onset and demise, respectively. As defined in this paper, the length

of the rainy season is longer than the monsoon season and includes the pre- and post-monsoon rainfall. It is

noted that an early or later onset date of the northern Australian rainy season is associated with a longer or

shorter, wetter or drier, and colder or warmer season, respectively. Similar relationship is also observed with

demise date variations, which are, however, weaker than the onset date variations. Furthermore, we find that

the relationship of the northern Australian seasonal rainfall variations with ENSO variability becomes

stronger when we account for variations in the length of the rainy season compared to the fixed (December–

February) monsoon season length. We also find a significant linear trend over the time period of the analysis

from 1901 to 2015 toward an increasing length of the northern Australian rainy season that influences the

corresponding rising trend of seasonal rainfall anomalies.

KEYWORDS: Australia; Climate change; Climate variability; ENSO; Interannual variability; Tropical

variability

1. Introduction

In this paper, we propose to introduce a large-scale

rainfall index to define the northern Australian rainy

season, akin to Noska and Misra (2016) for the Indian

summer monsoon. It may be noted that we make a

subtle distinction here between the northern Australian

monsoon season and its rainy season. This is because in

our proposed definition of the season we use only rain-

fall as the variable and do not take the winds into con-

sideration. Therefore, the ‘‘traditional’’ definition of the

monsoon season that warrants the arrival of the west-

erlies in northern Australia (e.g., Troup 1961; Nicholls

et al. 1982; Holland 1986; Drosdowsky 1996; Cook and

Heerdegen 2001; Lo and Wheeler 2007) is not neces-

sarily met in our definition.

The Australian monsoon, also known as the Indo-

Australian monsoon or the Asian–Australian monsoon,

is a phenomenonwhere between themonths of December

and March, enhanced rainfall occurs over the northern

region of the Australian continent (Troup 1961; McBride

1983, 1987; Nicholls 1984; Wang et al. 2003). During the

austral summer months, west to northwesterly winds bring

moist air originating over the warm waters of the Indo–

west Pacific Ocean over northern Australia (Troup 1961;

Murakami and Sumi 1982). Similarly, Holland (1986) de-

fined the onset and demise of the Australian monsoon as

the first and the last days of westerlies at 850hPa over

Darwin in northern Australia. In fact, Holland (1986) in-

dicated significant intraseasonal and interannual variations

in the onset, retreat, rainfall anomalies of the AustralianCorresponding author: Vasubandhu Misra, vmisra@fsu.edu
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monsoon. These monsoon rains are extremely important

for the Australian agricultural productivity and other re-

lated economic activity, especially given the aridity of

Australia (Anwar et al. 2007; Qureshi et al. 2013).

A majority of the prior studies have focused on the

Australian summer monsoon season. Nicholls et al.

(1982) and Nicholls (1984) recognized however, that the

rainy season starts earlier and lasts longer than the

typical northern Australian monsoon season. Cook and

Heerdegen (2001) have argued that the timing of many

ecologically important processes is not determined by

the evolution of the Australian monsoon but by what

they term as extramonsoonal rainfall events. These

events as they define are based on the probability of

occurrence of the 10-day wet and dry events over

northern Australia. Similarly, Lo and Wheeler (2007)

highlight the importance of premonsoon rainfall in

northern Australia and proposed a statistical forecast

model to predict the onset of the early wet-season

rainfall. In a related study, Smith et al. (2008) defined

onset and demise of the wet season over northern

Australia as the date when 15% and 85%of the seasonal

total rainfall is accumulated, respectively. Such a defi-

nition, however, is limited to retrospective analysis of

the season.

The overlap of the rainy season with the monsoon

season in northern Australia is, however, significant.

The strongest effects of the Australian monsoon are felt

in the domain covered, approximately 108–208S, 1208–
1508E, where the annual peak of the rainfall coincides

with the monsoon season (Atkinson 1971; Davidson

et al. 1983, 1984; Holland 1986). Numerous studies have

been conducted about the seasonality of the Australian

monsoon, with different indexes being developed using

various methodologies (e.g., wind based, rainfall based)

to determine the onset and the demise of the Australian

monsoon (Troup 1961; Murakami and Sumi 1982;

Nicholls et al. 1982; Davidson et al. 1983, 1984; Holland

1986). The readers are encouraged to see Lisonbee et al.

(2020) for a very detailed comparison of these indices of

the Australian monsoon/rainy season.

These previous studies were, however, all limited

somewhat in the scope of their analysis. For example,

indices that are developed based on data over a single

station location likeDarwin undermine the wider region

of northern Australia that is impacted by the monsoon.

In terms of real-time application, monitoring the onset/

demise of the monsoon from such single station indices

can become challenging when a false onsets/demise

could be triggered by isolated weather events that are

unconnected to the large-scale seasonal evolution of the

monsoon. Furthermore, Lisonbee et al. (2020) indicate

similar shortcomings and highlight the inadequacy of

most current indices for adapting to real-time monitor-

ing or prognostic applications. However, the advantages

of an index for the northern Australian rainy season as

defined in this paper are as follows: 1) it is based on

single rainfall variable that is now observed more ex-

tensively, both from a wide and a relatively dense net-

work of in situ rain gauge observations and remotely

sensed satellite platforms that would be available for

real time application; 2) it is less susceptible to false

onset/demise as it is based on an area average over a

large northern Australian monsoon domain (Fig. 1a);

and 3) many sectors such as agriculture, public health,

and tourism are affected by variations in the rainy sea-

son and therefore it is a worthwhile endeavor to monitor

the season by such an index. Moreover, rainfall over

northern Australia is available over a longer period than

the upper-air observations, which becomes critical to

FIG. 1. (a) The continental region outlined by the red box is used

to define the rainy season of northernAustralia. (b) The time series

of daily rainfall averaged over northern Australia (black line)

overlaid with the corresponding cumulative anomaly curve (green

line). The minimum in the cumulative anomaly curve is diagnosed

as the onset date (indicated by blue line; 18 Nov 1989) and the

maximumas the demise date (indicated by red line; 21Apr 1990) of

the Australian rainy season for the year 1989–90.
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assess and diagnose the climate change signal.

Furthermore, the consistency of such an index with the

overall evolution of the monsoon and its variations will

be presented in the paper to repose more confidence in

the index and to show that it does overlap significantly

with the Australian monsoon season. In addition, this

study will show that the consideration for varying length

of the northern Australian rainy season is important in

gauging its teleconnections with ENSO.

The onset and the demise of the wet season are rec-

ognized to be spatially nonuniform processes (Tanaka

1994; Murakami and Matsumoto 1994; Misra et al.

2017). Nonetheless, large-scale indices offer a relatively

simple metric to the seasonal variations of the wet sea-

son that display very rich temporal variations across

many time scales. These large-scale indices are relatively

less sensitive to the temporal variations of the density of

observations and are therefore useful in robustly diag-

nosing the existence of any climate change signal.

Moreover, as Misra et al. (2017) demonstrated in the

case of the Indian summer monsoon, such large-scale

indices of the rainy season can be further leveraged to

anchor the definitions of local onset and demise of the

season. In the next section we present the details of the

datasets followed by the description of the methodology

in section 3. The results are discussed in section 4 fol-

lowed by final concluding remarks in section 5.

2. Datasets

The data used in this study were sourced from the

Australian Bureau ofMeteorology’s rain gauge network

across the Australian continent (http://www.bom.gov.au/

climate/how/newproducts/IDCdrgrids.shtml; Grant 2012).

The dataset is available on a 0.58 grid over the Australian

landmass. The data range from 1 January 1900 through

until 31December 2015 for a total time period of 115 years

of data. The rain gauge data were gridded using an opti-

mized Barnes successive correction technique (Jones et al.

2009). There are, however, some limitations to this dataset,

which include the sparseness of the rain gauge data in the

outback and other rural areas that limits accuracy of the

data (Grant 2012). But in our study, it should not be of a

major concern due to the relatively denser observation

network over the area of northern Australia (Grant 2012),

which is the focus of this study (Fig. 1a). Furthermore, by

using the area average of rainfall over the northern

Australian domain (Fig. 1a) we make our index less sen-

sitive to temporal variations in the density of the rain gauge

observation network. Grant (2012) also points out that in

regions with a high observational density, or where there

are strong gradients, the data-smoothing technique applied

to the data could potentially result in certain gridpoint

values that differ from the rainfall amounts at the con-

tributing stations. Grant (2012) further claims that the

daily rainfall values have a root-mean-square error of

3.1mm and a mean absolute error of 0.9mm. The daily

rainfall is nominally measured each day at 0900 local time.

Additionally, other atmospheric variables were also

analyzed from the Climate Forecast System Reanalysis

(CFSR; Saha et al. 2010), which has global atmospheric

data dating back to 1979. The atmospheric reanalysis

data valid at 0000 UTC were used to contrast the sea-

sonal cycle of other kinematic and thermodynamic var-

iables with rainfall over the evolution of the Australian

rainy season. The SST dataset used in this study was also

obtained from CFSR.

3. Methodology

The onset and demise of the northernAustralian rainy

season were diagnosed following Liebmann et al. (2007)

and Noska and Misra (2016). The highlight of this

methodology is one can objectively define the onset/

demise of the rainy season to the day of the year. The

daily rainfall is averaged over northern Australia (out-

lined in Fig. 1a). Many studies (e.g., Atkinson 1971;

Davidson et al. 1983, 1984; Holland 1986; Kajikawa et al.

2010) indicate that the heaviest rainfall associated with

the Australian monsoon occurs roughly over this do-

main outlined in Fig. 1a. A cumulative anomaly curve of

the daily area averaged precipitation is then com-

puted as

A
m
(i)5 �

j

n51

(r
m
(n)2 r ), (1)

whereAm(i) is the cumulative anomaly curve of the area

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

spatially averaged rainfall over northern Australia

(Fig. 1a) for day n of year m, and r is the area average,

annual mean climatology of rainfall, which is given by

r 5
1

MNK
�
M

m51
�
N

n51
�
K

i51

r(m, n, i), (2)

where the summation over i is for area average by av-

eraging over all K grid points over northern Australia,

summation over n is averaging over all N 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, n 5 1 and N in Eq. (1) is 1 September

of a given year and 31 October of the following year,

respectively. Theminima andmaxima in theAm(i) curve

correspond to the onset and demise dates of the rainy
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season, respectively. This is illustrated with an example

in Fig. 1b for the year 1989–90. The onset date as defined

here is the first day of the year when the area averaged

daily rainfall over northern Australia exceeds the cor-

responding annual mean climatology (r ). In Fig. 1b, the

onset date happens to be on 18 November 1989.

Likewise, the demise date as defined here is the last day

of the year when the area averaged rainfall over north-

ern Australia falls below the corresponding annual

mean climatology. In Fig. 1b, the demise date is diag-

nosed as 21 April 1990. The diagnosis of these dates is

robust because it is based on 115 years of data, which

provides for a good estimate of the annual mean cli-

matology. Furthermore, area average over a large re-

gion like northern Australia avoids diagnosis of false

onset and demise dates. These false onset/demise dates are

often triggeredby small-scale rain events thatwould be less

impactful on the cumulative anomaly curve of the daily

rainfall averaged over a large area like northern Australia.

4. Results

a. Linear trends in the evolution of the rainy season

The onset/demise dates of the northern Australian

rainy season were computed for 113 years (1900/01 to

2014/15). The climatological seasonal length of the rainy

season is 115 days with a standard deviation of 29.5 days

(see Table 1). In the time series, the shortest season was

only 31 days long (1901/02 season) and the longest sea-

son was 191 days long (2010/11 season). The climato-

logical onset and demise date of the northern Australian

rainy season is 7 December and 1 April, respectively.

The standard deviation of the onset and the demise

dates about their corresponding means are 18 and

19 days, respectively. The earliest and latest onset dates

were 8 October 2010 and 26 January 1906, respectively.

Similarly, the earliest and the latest retreat dates of the

northern Australian rainy season occurred on 11 February

1905 and 27 May 1968, respectively.

The time series of the length (Fig. 2a), corresponding

onset date (Fig. 2b), and retreat date (Fig. 2c) of the

northern Australian rainy season clearly indicate strong

linear trends whose slopes pass the Mann–Kendall sta-

tistical significance test at a 99% confidence interval

(Hirsch and Slack 1984; Table 2). Table 2 also indicates

the corresponding nonparametric Sen slope of these

trends (Sen 1968). These figures and Table 2 suggest that

length of the season is increasing at the rate of

0.34 days yr21 (Fig. 2a), the onset date of the Northern

Australian rainy season is occurring earlier at the rate of

0.18 days yr21 (Fig. 2b), and the demise date is occurring

later at the rate of 0.15 days yr21 (Fig. 2c). On account

of these changes to the evolution of the northern

Australian rainy season there is also a consequent in-

creasing linear trend in the accumulated seasonal rain-

fall, which displays a slope of 2.85mmyr21 (Fig. 2d).

However, it is not obvious if this linear trend in seasonal

accumulation of rainfall in Fig. 2d is a result of the in-

creasing length of the season or a result of an increasing

daily rain rate or a combination of both. To resolve this

issue, we examined the time series of the seasonal rain in

units of daily rain rate in Fig. 2e and found a similar

increasing trend of 0.01mmday21 yr21. This result in

Fig. 2e clearly suggests that the northern Australian

rainy season has an increasing trend of the seasonal

accumulation of rain from a combination of both in-

creasing length of the season and an increasing mean

daily rain rate.

A concern with long-term analyzed datasets such as

the precipitation analysis used in this work is that the

density of observing stations vary with time, which can

introduce artificial trends. Jones et al. (2009) indicate

that the density of rain gauge stations contributing to the

rainfall analysis over Australia vary from just over 3000

to well over 6000 in 2010. This is one of the reasons that

we developed the rainfall index by area averaging over a

large area like northern Australia (Fig. 1a). Further, to

allay this concern we examined the trends of the sea-

sonal rainfall over theDarwin airport station in northern

Australia, which had longest uninterrupted observations

of daily rainfall from 1941 to 2020. We performed the

analysis on this station data similar to that in Fig. 2 and

TABLE 1. Highlights of the Australian rainy season.

Feature Value

Climatological length of the rainy season 115 days (standard deviation5 29.5 days)

Shortest season 31 days (year: 1901/02)

Longest season 191 days (year: 2010/11)

Climatological onset date of rainy season 7 Dec (standard deviation 5 18 days)

Climatological demise date of rainy season 1 Apr (standard deviation 5 19 days)

Earliest onset date of the rainy season 11 Feb 1905

Latest demise date of the rainy season 27 May 1968
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found that similar trends were observed as with the ag-

gregated data over northern Australia (not shown). This

further confirmed that the trends seen in Fig. 2 are not

an artifact of the changing density of observations in

the region.

It may be noted that many earlier studies have also

indicated a rising trend in the daily rain rates over

northern Australia during the wet season (e.g., Suppiah

and Hennessy 1996, 1998; Smith 2004; Nicholls and

Collins 2006; Taschetto and England 2009; Catto et al.

2012; Gallego et al. 2017; Dey et al. 2019; Hassim and

Timbal 2019). Taschetto and England (2009) attributed

the trend to corresponding changes in the tropical

Pacific and Indian Ocean SST. Catto et al. (2012) find

that the rising trend in the summer rainfall over northern

Australia is a result of corresponding circulation

changes occurring during the buildup and the demise of

themonsoon season in which the low-level northeasterly

FIG. 2. (a) Length (days), (b) onset (Julian) day, (c) demise (Julian) day, (d) seasonal accumulation of rainfall

(mm), and (e)mean seasonal rain rate (mmday21) of the northernAustralian rainy season. The least squares fit line

(dashed line) is overlaidwith the 95%confidence interval (dotted lines). The slope of the regression line is indicated

in each panel with appropriate units.

15 OCTOBER 2020 UEHL ING AND M I SRA 8961

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8957/5001330/jclid190592.pdf by FLO
R

ID
A STATE U

N
IVER

SITY user on 30 Septem
ber 2020



flow transports moist air into the northern Australia

region, which result in the lengthening of the season.

This is consistent with the diagnosis of earlier onset and

later onset of the rainy season shown in Fig. 2.

Furthermore, we also find, consistent with the reported

observations of Catto et al. (2012), a trend of stronger

easterly anomalies at 850 hPa on the day of the onset and

demise (not shown). Some studies have suggested that

some of these changes in circulation over northern

Australia stem from increased aerosol emissions

(Rotstayn et al. 2012), while Lin and Li (2012) argue that

they are manifestations of the remote impact of warm-

ing in the tropical Atlantic.

b. Seasonal evolution of the rainy season

In this subsection we will relate the evolution of the

rainy season over northern Australia as defined in this

paper with the more familiar seasonal evolution of the

Australian summer monsoon. The similarity in the two

seasons are quite apparent given the fact that the annual

peak of rainfall over northern Australia is coincident in

both seasons.

A composite of the daily area-averaged rainfall over

northern Australia was calculated for the period from

30 days prior to 30 days after the onset date of each rainy

season. Figure 3 shows the composite spatial distribution

of rainfall over northernAustralia (in mm) for 30, 25, 20,

15, 10, and 5 days and for 1 day prior to the onset, and for

the day of the onset, as well as for 1 day and 5, 10, 15, 20,

25, and 30 days after the onset of the rainy season. These

composites show the gradual appearance of stronger

precipitation rates over northern Australia as the day of

onset is approached. For example, days before the onset

of the rainy season the rain rate is around 1–4mmday21

over northern Australia. On the day of the onset and

thereafter, rain rates exceeding 9mmday21 are ob-

served over northern Australia (Fig. 3).

The same type of composite of the daily rainfall is

created around the demise date of the Australian rainy

season in Fig. 4. The panels in Fig. 4 clearly show that

rain rates exceeding 9mmday21 over major portions of

northern Australia persist through the day of demise

date of the rainy season. But thereafter the rain rates

begin to decline, with regions exceeding a rain rate of

9mmday21 appearing more sporadic spatially.

Similarly, the evolution of the composite 850-hPa

wind, centered around the onset date of the rainy sea-

son, is displayed in Fig. 5. The subtropical anticyclonic

flow dominates over continental Australia while zonal

easterlies are predominant over northern Australia in

days prior to the onset. The monsoon trough1 does not

appear over northern Australia (;138S) until about

15 days after the onset date (Fig. 5). Thereafter, the

trough remains at around the same latitude. At the same

time, the westerlies begin to gradually accelerate over

the Flores Sea around 5 days after the onset date and

gradually expand their acceleration poleward and east-

ward in the subsequent days (Fig. 5). In the meanwhile,

the anticyclonic flow over continental Australia be-

comes weaker and transient in the post-onset period

(Fig. 5). It should be noted that the westerlies at 850hPa

do not appear over northern Australia until about

10 days after the onset date (Fig. 5). These differences

between the composites of the low-level winds and daily

rain rate highlight the differences between our definition

of the rainy season and the traditional monsoon season

over northern Australia.

Likewise, the monsoon trough begins to gradually

move equatorward almost 30 days before the demise

date of the rainy season (Fig. 6). By 15 days prior to the

demise date, the trough is well north of Australia and

easterlies prevail over all of Australia (Fig. 6). Again,

this points to the potential lengthening of the rainy

season by our definition relative to the traditional

monsoon season over northern Australia that is based

on changes in wind circulation. The zonal easterlies over

northern Australia begin to accelerate even 30 days

before the demise and continue to accelerate even fur-

ther in the 30-day period post-demise date (Fig. 6). In

the meanwhile, the westerlies, which are confined to the

Flores and the Banda Sea region, begin to decelerate

from around 30 days before the demise date.

A heuristic model of the monsoons it that it is a giant

sea breeze driven by a hot land surface and relatively

cool surrounding ocean (Murakami andNakazawa 1985;

Kawamura et al. 2002; Hung and Yanai 2004; Hendon

2005). The basis for such an analogy to the sea breeze is

that the sensible heating over the hot land surface in

the pre-monsoon season leads to the reversal of the

temperature gradient that leads to the onshore monsoon

flow (Hendon 2005). The evolution of the surface

TABLE 2. Sen slope and z-score values for Mann–Kendall test of

linear trends shown in Fig. 2. The scores are calculated for a5 0.01.

Sen slope z-score

Length of season 0.3 3.86

Onset 20.2 22.78

Demise 0.2 2.68

Seasonal rainfall accumulation 2.6 7.80

Seasonal rainfall rate 0.01 6.41

1 The monsoon trough in Figs. 5 and 6 is drawn along the axis of

minimum wind speed and marking the boundary between reversal

of wind direction.

8962 JOURNAL OF CL IMATE VOLUME 33

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8957/5001330/jclid190592.pdf by FLO
R

ID
A STATE U

N
IVER

SITY user on 30 Septem
ber 2020



temperature in Fig. 7 suggests the warming of the land

surface over continental Australia continues until the

day of the onset and thereafter begins to cool while

maintaining the warm land and cold ocean contrast in

the post-onset period of the evolution of themonsoon. It

is interesting to note that the temperature contrast be-

tween the land surface and the ocean is strongest about

5 days before the onset of the rainy season and there-

after it begins to reduce until about 1 day post-onset of

the rainy season (Fig. 7). Subsequently, the northern

Australian region remains cool relative to the onset-date

temperature but the arid central Australian region re-

mains comparatively warm and maintains the land–

ocean thermal contrast. Similarly, the composite evo-

lution of surface temperature around the demise date of

the rainy season in Fig. 8 shows that while the contrast of

the warm land and cold ocean is maintained prior to

the demise date, in the post-demise period this contrast

decreases with the land surface across continental

Australia cooling significantly. The oceans surrounding

Australia also begin to cool relative to the demise date

of the northern Australian rainy season (Fig. 8).

As noted, our definition of the rainy season tends to be

longer than the Australian monsoon season. The mon-

soon’s iconic features of low-level westerlies and mon-

soon trough appear later and retreat earlier than the

FIG. 3. The composite spatial distribution of rainfall (mmday21) over northernAustralia for 30, 25, 20, 15, 10, and 5 days and 1 day prior

to onset date and for the day of the onset of the Australian rainy season, as well as the composite spatial distribution of rainfall for 1 day

and 5, 10, 15, 20, 25, and 30 days after the onset of the rainy season, computed over the period from 1900 to 2015.
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onset and demise of the rainy season. Some of the earlier

definitions of the onset/demise of the Australian mon-

soon season were based on wind anomalies (e.g., Troup

1961, Holland 1986, Kajikawa et al. 2010). But as

Davidson et al. (1983) indicate, the monsoon rains

usually follow the mass convergence of the winds by a

few days. Therefore, there is a tendency for the wind-

based onset dates to be earlier than the rain-based onset

dates. The mean absolute difference of our diagnosed

onset dates with the 14 other onset dates compared in

Fig. 3 of Lisonbee et al. (2020) that are classified as those

based on rainfall only (four indices), wind only (five

indices), a combination of wind and rain (two indices),

and other parameters (three indices) ranges from 4 to

34.5, 0.5 to 23, 0.5 to 24.5, and 0.4 to 41mmday21,

respectively.

c. Interannual variability

Noska and Misra (2016) and Misra et al. (2017) note

that one of the advantages of diagnosing the onset date

of the Indian monsoon is that its variations are also

closely associated with the variations of the length of the

monsoon season and the seasonal rainfall anomalies.

Therefore, it is possible to leverage this relationship by

monitoring the onset date of the Indian monsoon to

provide an outlook of the evolution of the rest of the

monsoon season (Bhardwaj and Misra 2019). The cor-

relations in Table 3 suggest that an early or later onset

FIG. 4. The composite spatial distribution of rainfall (mmday21) over northernAustralia for 30, 25, 20, 15, 10, and 5 days and 1 day prior

to the demise date and for the day of the demise of the Australian rainy season, as well as the average spatial distribution of rainfall for

1 day and 5, 10, 15, 20, 25, and 30 days after the demise of the rainy season, computed over the period from 1900 to 2015.
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FIG. 5. The composite of the 850-hPa winds (m s21; vectors) over the Australian region for 30, 25, 20, 15, 10, and 5 days and 1 day before

the onset and for11,15,110,115,120,125, and130 days after the onset date of the rainy season. Thewind speed anomalies are shaded

(see color bar), with the anomalies computed as the composite difference from the onset date. The black thick line in some panels

represents the trough axis, which is based on the corresponding composite total wind field.
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FIG. 6. The composite of the 850-hPa winds (m s21; vectors) over the Australian region for 30, 25, 20, 15, 10, and 5 days and 1 day before

the demise and for 11, 15, 110, 115, 120, 125, and 130 days after the demise date of the rainy season. The wind speed anomalies are

shaded (see color bar), with the anomalies computed as the composite difference from the onset date. The black thick line in some panels

represents the trough axis, which is based on the corresponding composite total wind field.
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FIG. 7. The composite spatial distribution of the land surface temperature and SST anomalies (8C) over the Australian region for 30, 25,

20, 15, 10, and 5 days and 1 day prior to the onset of the northern Australian rainy season. Also shown are the composite land surface

temperature and SST anomalies (8C) for 1 day and 5, 10, 15, 20, 25, and 30 days after the onset of the rainy season over the period from 1900

to 2015. The anomalies are computed based on the difference from the onset date SST and land surface temperature. The full field of the

SST and land surface temperature are shown for the date of the onset of the rainy season with its color bar on the right. The color bar for

the anomalies is on the left.
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FIG. 8. The composite spatial distribution of the land surface temperature and SST anomalies (8C) over the Australian region for 30, 25,

20, 15, 10, and 5 days and 1 day prior to the demise of the northern Australian rainy season. Also shown are the composite land surface

temperature and SST anomalies (8C) for 1 day and 5, 10, 15, 20, 25, and 30 days after the demise of the rainy season over the period from

1900 to 2015. The anomalies are computed based on the difference from the demise date SST and land surface temperature. The full field

of the SST and land surface temperature are shown for the date of the demise of the rainy season with its color bar on the right. The color

bar for the anomalies is on the left.
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date of the rainy season is associated with longer or

shorter length of the season, wetter or drier, and colder

or warmer northern Australian rainy season, respec-

tively. Similarly, Table 3 indicates that early or later

retreat date of the rainy season is associated with shorter

or longer length of the season, drier or wetter, and colder

or warmer northern Australian wet season, respectively.

A partial correlation analysis [see Eq. (3) below] reveals

that the onset date variations have a stronger bearing on

the seasonal anomalies of rainfall and temperature of

the northern Australian rainy season compared to the

demise date variations (Table 4). It may be noted how-

ever that the bearing of the onset and demise date var-

iations on the length of the northern Australian rainy

season is comparable (Table 4).

The partial correlation is given by

r
ab/c

5
[r

ab
2 r

ac
r
bc
]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 r2ac

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 r2bc

p , (3)

where rab/c is the correlation between two variables a

and b after removing the influence of c on a and b.

Similarly, rab, rac, and rbc are correlations between var-

iables a and b, a and c, and b and c, respectively.

ENSO is one of the most important external influ-

ences on the interannual variations of the Australian

monsoon (Holland 1986; McBride 1987; Suppiah 1992)

and therefore we have explored its influence on the

characteristics of the northern Australian rainy season.

The scatterplot of the September through November

(SON) mean Niño-3.4 sea surface temperature anoma-

lies (used as a proxy for ENSO index and obtained from

the corresponding SST data from CFSR) versus the

onset day of the rainy season in Fig. 9a indicates an R2

value of 0.27, which is significant at 95% confidence in-

terval (according to a t test). This relationship in Fig. 9a

suggests that warm or cold ENSO events in the SON

season is associated with a greater likelihood of the

northern Australian rainy season onset to be later or

earlier than normal, respectively. However, the rela-

tionship between the retreat date of the rainy season

and the ENSO index in Fig. 9b is relatively weak (and

statistically insignificant). But the scatter between

the ENSO index and the length of the northern

Australian rainy season (Fig. 9c; which shows statisti-

cally significant correlation at 95% confidence interval

withR25 0.25) shows that warm or cold ENSOevents in

the SON season are more likely to relate to a short or

long northern Australian rainy season, respectively. The

northern Australian rainy season precipitation anoma-

lies (in mm) show a strong linear relationship with the

SON ENSO index (Figs. 9d,e). The rainfall accumula-

tion anomalies over the fixed December–February

(DJF) Australian monsoon season indicate below- or

above-normal values is associated with warm or cold

ENSO anomalies (Fig. 9d). Similarly, Fig. 9e suggests

that the variable northern Australian rainy season is

likely to be drier or wetter in warm or cold ENSO years,

respectively. It may be noted, however, that the rela-

tionship of the ENSO anomalies with the northern

Australian seasonal rainfall becomes stronger when

variations in the length of the rainy season is accounted

(Fig. 9e) compared to the fixed DJF season (Fig. 9d).

Additionally, the relationship of the northern

Australian rainy seasonal precipitation expressed in

rain rates (e.g., mmday21) with ENSO becomes weaker

(not shown). This is because the numerator and the

TABLE 3. Correlations of the parameters of the Australian rainy season. The values with single and double asterisks are significant at

95% and 99% confidence interval according to a t test, respectively. The trends were removed in all the variables before the correlations

were performed.

Onset Demise Length

Seasonal rainfall

anomaly

Seasonal surface

temperature anomaly

Onset 1.00 20.18 20.75** 20.65** 0.47**

Demise 20.18 1.00 0.79** 0.41** 20.22*

Length 20.75** 0.79** 1.00 0.68** 20.45**

Seasonal rainfall anomaly 20.65** 0.41** 0.68** 1.00 20.55**

Seasonal surface temperature anomaly 0.47** 20.22** 20.45** 20.55** 1.00

TABLE 4. Partial correlations to determine the relative influence

of onset and retreat date variations on the seasonal rainfall, surface

temperature, and length anomalies of the Australian rainy season.

Double asterisks indicate that values are significant at 99% confi-

dence interval according to a t test.

Seasonal

rainfall

Seasonal

surface

temperature

Seasonal

length

Onset date 20.65** 0.37** 20.998**

Retreat

date

0.42** 20.09 0.998**
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denominator of the mean seasonal rain rate (5seasonal

accumulation of rainfall/length of the season) vary in

compensatory manner during anomalous ENSO years

to yield very weak anomalies of the seasonal rain rate.

The compelling reason for the improved relationship

of the seasonal rainfall anomalies that accounts for

varying seasonal length with the ENSO index follows

from Hendon et al. (2002), who noted the strong ENSO

influence on the pre-monsoon seasonal rainfall in the

late austral spring season. Our results are consistent with

this finding as the onset date variations show the en-

hanced teleconnectivity with ENSO compared to the de-

mise date variations (Fig. 9). Although this pre-monsoon

rainfall over northernAustralia is usually far less intense

than during the monsoon season, it is found to be critical

for agriculture in the region and is far more predictable

by both statistical and dynamical models (Hendon et al.

2002). Hendon et al. (2002) subscribe this enhanced

predictability of the pre-monsoon rainfall from local air–

sea interaction that enhances the teleconnection with

ENSO while the same local air–sea interaction begins

to deteriorate the predictability during the monsoon

season.

5. Conclusions

The definition of the onset and demise of the

Australian rainy season proposed in this paper is a ro-

bust and comprehensive index that is objectively de-

termined. We make a subtle distinction between the

Australian rainy season and the Australian monsoon

season as our definition does not meet the ‘‘traditional’’

definition of the monsoon, which seeks the arrival of

the westerlies over northern Australia for the onset of

the monsoon. Likewise, the equatorward retreat of the

trough at the demise of the season is not sought in our

proposed definition of the season. The definition of the

season as introduced in this paper is solely based on

daily rainfall rates and is therefore appropriately defin-

ing the rainy season. However, the rainy season as

FIG. 9. The scatterplot of the September–November-averaged Niño-3.4 sea surface temperature anomalies with

anomalies of (a) onset date, (b) demise date, (c) length of the season (days), (d) DJF rainfall accumulation (mm),

and (e) seasonal rainfall accumulation (mm) with varying seasonal length of the Australian rainy season. All panels

are overlaid with the least squares fit line (dashed line) of the data along with the 95% confidence interval (dotted

lines). TheR2 value is shown in each panel and is boldface if it is significant at 95% confidence interval according to

a t test. All variables are detrended beforehand.
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defined in the paper significantly overlaps to a large

extent with the monsoon season.

This proposed definition of the rainy season over

northern Australia distinguishes itself from other indi-

ces of the Australian monsoon introduced in earlier

studies. For example, Wang et al. (2004) defined an

Australian monsoon index based on the 850-hPa winds.

Likewise, Kajikawa et al. (2010) defined a similar

monsoon index. Webster (2006) introduced a vertical

shear index between 850 and 200 hPa over northern

Australia to define the Australian monsoon season.

However, as we found in the discussion of Fig. 5 thewind

shift in the low levels does not happen until well over

10 days after the diagnosis of the onset date of the rainy

season from the proposed methodology in the paper.

Similarly, the wind shift over northern Australia hap-

pens much earlier than the diagnosis of the demise date

of the rainy season (Fig. 6). In other words, the proposed

definition of the onset/demise date of the rainy season in

this paper differs from the wind-based indices of the

Australianmonsoon, which depend on the seasonal shift

of the low-level winds. Furthermore, because our defi-

nition offers the diagnosis of the onset/demise of the

rainy season to a specific date of the year, the variations

in the length of the rainy season can be accounted for.

This is unique to our definition of the season relative to

other monsoon season indices that used fixed seasonal

(DJF) average (Wang et al. 2004; Webster 2006; Kajikawa

et al. 2010).

There is a significant linear trend that manifest with a

rising rate of the length of the Australian rainy season of

0.34 daysyr21. This is due to a linear trend in the onset

date of the season, which is occurring earlier at the rate of

0.18 days yr21, and a linear trend in the retreat date that

shows it is occurring later at the rate of 0.15 days yr21.

On account of these changes in the evolution of the

Australian monsoon, there is also an increasing trend in

the seasonal accumulation of rain from a combination of

both increasing length of the season and an increasing

mean daily rain rate. Although we have not attempted to

understand the mechanism for these observed trends, it is

consistent with some of the earlier findings of Catto et al.

(2012) that suggest a trend of stronger moist easterlies at

850hPa around the onset and demise of the season that is

attributed as a cause for the trend of longer wet seasons

over northern Australia.

Analysis of the interannual variations of the

Australian rainy season suggests that early onset of the

season results in a longer, wetter, and colder season.

Likewise, later onset of the season results in a shorter,

drier, and warmer season. Similarly, early retreat (which

is independent of the onset date variations) of the rainy

season also causes a shorter, drier, and warmer season.

Likewise, later retreat of the season is associated with a

longer, wetter, and colder season. However, the influ-

ence of the onset date variations on the seasonal rain

and surface temperature anomalies dominates com-

pared to the demise date variations. These relationships

with the onset date of the season are important and

could be leveraged effectively to provide an outlook for

the evolution of the ensuing rainy season as demon-

strated in Bhardwaj and Misra (2019) with regard to the

Indian summer monsoon. The ENSO variations also

affect the seasonal length and rainfall anomalies of the

Australian rainy season.Our definition of theAustralian

rainy season that accounts for the varying length of the

season amplifies the teleconnection of ENSO with the

seasonal rainfall anomalies compared to the fixed calen-

dar month (DJF) Australian seasonal rainfall anomalies.

Our proposed indices for the northern Australian

rainy season is easily adaptable for operational appli-

cations and is not limited in spatial scale to any specific

region of northern Australia. These are limitations that

Lisonbee et al. (2020) recognized in many of the current

indices for understanding the Australian monsoon or

wet season variations.
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