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Key Points:

» The strength of central Pacific (CP) El Nifio events has a significant impact on rainfall

over southeastern Australia

» Strong CP events cause Australian rainfall deficits during onset but enhanced rainfall

over southeastern Australia during the mature phase

* This can be explained by a circulation change oastegn Australia from drier, more

westerly flow to moister, more easterly onshore flow
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Abstract

Using an extended 120-year record of El Nifio evemésdistinguish between central
Pacific (CP) and eastern Pacific (EP) types to stimvthe strength of CP events is a factor in
the amplitude and sign of the impact on rainfakrosoutheastern Australia. Both weak and
strong CP events cause widespread rainfall defitifaistralia during the onset phase from
April to September. However, this relationship mes over southeastern Australia including the
Murray Darling Basin river catchment region for gteongest CP events after October, leading
to positive rainfall anomalies during the maturagd of strong CP El Nifios. This reversal can
be explained by a change in the circulation oveteza Australia from drier, more westerly
orientated flow to moister, more easterly onshtoe fThese findings may help with seasonal

prediction efforts to predict drought-breaking rauch as occurred in early 2020.

Plain Language Summary

El Niflo Southern Oscillation (ENSO) events are exiely important for many countries
around the world due to their impacts on rainfail.separating El Nifio into central Pacific (CP)
and eastern Pacific (EP) events, we show thatttbegth of a CP event controls the rainfall
amount for southeastern Australia. The strongeP a&nt is, the drier it is over Australia
during the onset phase from April to September.@@r October during the mature phase of El
Nifo, the strongest CP events lead to more raittfath normal over the southeast Australian
river catchment known as the Murry Darling Basihgneas the weakest CP events lead to less
rainfall than normal. This relationship is strongesJanuary to March around the time that the

CP event is fully developed. For the strongest @hs, this can be explained by a change in the
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circulation from drier, more westerly flow duriniget onset phase to moister, more easterly
onshore flow during the mature phase. This findsignportant for agricultural and water
resources planning efforts in the Murry Darling Baggion and may help with seasonal

prediction efforts to predict drought-breaking rauch as occurred in early 2020.

1 Introduction

The interannual variability of the tropical Paci@cean can have a dominant influence
on Australian rainfall, including over the Murrayafling Basin in Australia's southeast [e.g.,
Risbey et al.2009], with about 30-60% of Australian annuahfall explained by variations in
the El Niflo Southern Oscillation (ENS@)4di and Wigley 2000]. The relationship between
Australian rainfall and ENSO is widely recognisedbaing nonlinear, with opposing
characteristics between the El Nifio (warming) aad\lifia (cooling) phases. El Nifio events
increase the likelihood of dry conditions in maraytp of the country including eastern,
southeastern and northern Austrahcholls et al, 1997]. Given the generally dry Australian
climate, rainfall reductions during El Nifio even# ultimately lead to severe droughts. In
contrast during La Nifia, large parts of Austradind to experience wetter conditions than
normal. More frequent extreme high rainfall andegatly cooler temperatures during La Nifia
events increase the risk of floodirtgifg et al, 2013;King et al, 2014]. While the Australian
rainfall response to ENSO is linear for La Nif@&hung and Power2017;Cai et al, 2010] (i.e.
the stronger a La Nifia event is, the strongerairdall response becomes), the degree of drying
during El Nifio appears to be unrelated to the gtteof the event and therefore, poses high

uncertainties and risks for efforts to predict ssas rainfall. A further consideration is the
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influence of ENSO on other modes of climate vafighisuch as the Indian Ocean Dipole (IOD)
[e.g.Saji et al, 1999;Webster et a).1999] and the Southern Annular Mode (SAM) [e.g.
Trenberth 1979;L'Heureux and Thompson, 2J0&nd the rainfall responses to these other
modes during ENSO years [eRjsbey et a).2009;Raut et al. 2014]

The overall wetting and drying influences of La &lidind El Nifio are widely known and
anticipated for Australia but event diversity caffiuse ENSO’s impacts. For example, the
strong El Nifio events in 1982 and 1997 had verfght impacts on Australian rainfalign
Rensch et 812015]. During the EI Nifio in 1982, eastern Ausiraxperienced the large rainfall
deficits typically expected during El Nifio everttiowever, an El Nifio event of similar strength
in 1997 resulted in near average rainfall for Aalgr[Wang and Hendqr2007;Brown et al,
2009], as did the recent EIl Nifio event in 20d&n Rensch et al2019].

Some of these differences have been explainedebgamplexity of El Nifio and its
varying spatial characteristics, such that Ausaratiainfall is likely more sensitive to the spatial
distribution of warming across the tropical Paclficean Wang and Hendqr2007;Lim and
Hendon 2015]. El Nifio events can be divided into twdidi types, distinguished by their
location of warmingl[arkin and Harrison 2005;Ashok and Yamagat2009]. The traditional
eastern Pacific (EP) El Nifio events exhibit th&orsgest sea surface warming close to the South
American coast, whereas central Pacific (CP) eveawe their peak warming close to the
International Dateline.

Previous analysis of the effects of El Nifio in festralian region has been restricted to
a handful of events that occurred after 197&schetto and Englan@009;Brown et al, 2009].
Having only a small number of events to examiné huilit the insights that can be made, and

thus most research on the non-linearity betweerralisn rainfall and ENSO to date has
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focused on the division between La Nifia and El Nifthout being able to further distinguish
between EP and CP event types. In this study wd buithe existing efforts by using an
extended record of EP and CP events from 1900-porEind et al. 2019] to present a more
differentiated picture of El Nifio impacts on Audira rainfall. By focusing on the spatio-
temporal differences of EP and CP events and takitionship to Australian rainfall using a
long data record, we are able to show that the ¢yt Nifio event is a major factor in

determining the teleconnection to Australian rdinfa

2 Data and Methods

We use the Australian Water Availability ProjecM#AP) gridded data set of monthly
rainfall observationsJones et aJ.2009] to quantify the impacts of El Nifio on Awditan
rainfall. The gridded rainfall dataset encompasiBesAustralian continent at a horizontal
resolution of 0.05x 0.05 for the period 1900 to 2020. Australian rainfambility is
temporally and spatially highly compleRisbey et a).2009]. Therefore, we assess the impact of
ENSO on Australian rainfall at both monthly andssewal timescales. For the seasonal analysis
we choose two periods that separate the onsetl{8gpt) from the mature (Oct-March) phases
of El Nifio. These also broadly correspond to thel end warm seasons for extratropical
Australia.

The relationship between Australian rainfall anifledent types of El Nifio is assessed for
distinct El Nifio events. To maximise the numbeEDbNifio events, we use an extended record
of EP and CP El Nifio events that starts in 199@dnd et al. 2019]. EP El Nifio events
commence in the years 1902, 1905, 1918, 1930, 119811, 1957, 1965, 1972, 1976, 1982, 1997

and 2015. CP events commence in the years 1904, 1923, 1925, 1929, 1939, 1940, 1963,
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1968, 1969, 1977, 1979, 1986, 1987, 1991, 19942,22004, 2006, 2009, 2014 and 2019. The
intensity of El Nifio events is derived from seaface temperature anomalies averaged over the
Niflo-4 region (Nifio-4 index; 16& to 150W longitude and N to 5'S latitude) calculated

using the HadISST datas&dyner et al.2003]. Atmospheric reanalysis products for mesen
level pressure (MSLP), 850hPa wind and outgoing\wave radiation (OLR) were obtained

from the NOAA/CIRES/DOE Twentieth Century Reanadygersion 3Compo et al.2011;

Slivinski et al. 2019] for the years 1900 to 2015.

3 Results

The coupled ocean-atmosphere ENSO is depictecindmposites of Figure 1 for each
type of El Nifio. In the mature phase of CP evemsd is a zonal tripole pattern in OLR (Figure
1b). This is evidenced by reduced convection (p@sfDLR anomalies; solid contours) over the
Maritime Continent and far western Pacific, enhahoenvection (negative OLR anomalies;
dashed contours) over the western-central troplaalfic where the surface warming is most
pronounced, and suppressed convection (positive &ldRnalies; solid contours) over the
eastern tropical Pacific off the South AmericanstoBP events on the other hand show a strong
zonal SST gradient across the western-centraldabpiacific: reduced SST and convection
(positive OLR anomalies) occur west of the Datelared pronounced warming and convection
(negative OLR anomalies) across the central-eastapical Pacific. For both types of El Nifio
these tropical patterns intensify from the onsetsghto the mature phase, and large-scale
teleconnection patterns extend into each hemisphealeding over Australia. Here convection

is reduced over much of the continent, except aeethern Australia during the onset of CP
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events where OLR anomalies are near-zero (Figyraridhover southern Australia during
mature EP events where OLR anomalies are negatimeésed convection; Figure 1d).

The impact of these convective anomalies on Auatrahinfall anomalies is illustrated
in Figure 2. Conditions across mainland Austrat@anomalously dry for each type of El Nifio
except in parts of the Top End and Far North Quaadsduring the onset of CP events (in
concert with near-zero convective anomalies in fadia), and in southern parts of Western
Australia during mature EP events (in concert wittreased convection/cloudiness in Figure
1d), where rainfall increases of up to 30 mm argeoled. Otherwise, the greatest impact of CP
events on dry conditions in eastern Australia cecluring austral spring (see alBaschetto and
England[2009]), in contrast to EP events whose greatepact occurs during the winter
months, and hence EP events have a greater impaairdall deficits during El Nifio onset than
CP events.

While Figure 2 shows the average impact on Austnalainfall of each type of El Nifio,
it says nothing about the relationship of rainfalthe strength of El Nifio. Previous research
shows a weak relationship of the magnitude of #iefall impact to El Nifio intensity when both
types of events are considered together [elging and Power2017], however we show here
that if differentiated by the two types of El Niftbg intensity of CP events can have broad
significant impacts on rainfall amounts in AustaalFigure 3 shows the correlation between the
Nifio-4 index and rainfall anomalies. During the @nsf CP events (Figure 3a), a strong
negative correlation emerges that shows the strahgeEl Nifio event is, the drier the conditions
are in Australia (i.e. the larger the Nifio-4 SS©raaly, the more negative the rainfall anomaly).
A similar homogenous correlation for EP events cate derived (Figure 3c). During the

mature phase of El Nifio, the correlation for EPnés@gain appears heterogeneous and lacking
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in statistical significance (Figure 3d), however &P events (Figure 3b) a strong and significant
positive correlation appears across a broad regiecompassing the Murray Darling Basin in
southeastern Australia. This indicates that frorto®er to March, stronger CP events are
associated with higher rainfall totals in southeasfustralia compared with weaker CP events.
This conclusion is supported by the scatter pluieti in Figure 3 for CP events, which show a
positive correlation between the Nifio-4 index aodtlseast Australian rainfall during the mature
phase, in contrast to the negative correlation meskeduring the onset phase.

To further explore the positive correlation betwé&#¥h event intensity and southeast
Australian rainfall during the mature phase of GNi&o, we calculate three-month rolling
correlations between the Nifio-4 index and areazayezt rainfall anomalies in southeast
Australia. For this we define a southeast Australi®urray Darling Basin box region bounded
by 138E to 150E in longitude and 28 to 34S in latitude (illustrated in Figure 3). Figure 4a
shows the flip in sign from negative correlationidg EI Nifio onset, to positive correlation after
the October to December period (OND). This relaiop is strongest from January to March
(JFM+) with a significant correlation of around Qkghlighting that the mature phase of
stronger CP events is associated with larger rhitokals in the Murray Darling Basin. This is
supported by Figure 4b, for which we isolate tliergjest (red) and weakest (blue) CP events
since 1900 based on the strength of the Nifio-4xinaled plot rolling three-month mean rainfall
anomalies in southeastern Australia. The threegéast CP events commence in 2009, 1987 and
1994. (2009 is ranked strongest.) The five stronG€sevents also include 1940 and 2002, and
the seven strongest CP events also include 196G (2019 is ranked seventh strongest.)
The three weakest CP events commence in 1914, d829963. (1914 is ranked weakest.) The

five weakest CP events also include 1904 and 1®&2&8the seven weakest CP events also
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include 1979 and 1969. (1969 is ranked seventh @ggkDuring the onset phase, rainfall
anomalies for the strongest CP events are genenallg negative than those for the weakest CP
events. After OND however, rainfall anomalies foe strongest CP events become positive and
rapidly increase to values of around 40 mm or nbgréFM(+), whereas rainfall anomalies for
the weakest CP events decrease to around -40 rfeasoby this time. Thereafter the rainfall
correlation weakens with the decay of El Nifio.

The strong CP events in 2009 and 2019 both coinittethe drought-breaking
conditions that mark the end of the Millennium dybti(1997-2009)Freund et al. 2017] and
the most recent drought (2017/2018-2020). We hyhlihe most recent CP event in 2019-2020
(grey curve in Figure 4b), which was a strong aeistent event with Nifio-4 index values
peaking around 0.9 in NDJ(+) and remaining greater than 0:60until MAM(+). This event
follows a similar evolution to the strongest CPrawgroupings: Rainfall anomalies in
southeastern Australia were strongly negative tind2019 before rapidly increasing to around
20 mm by JFM 2020 (JFM+). We note that the CP ew€f019-2020 was not the only
important influence on the dry conditions in 200&h the 10D also in its positive phase from
September 2019 to January 2020 and the SAM iregsiive phase from October to December
2019 Bureau of Meteorology2020]. These modes of climate variability ar@d&sown to have
drying influences in southeastern Australia [Rgpbey et a).2009;Marshall et al, 2012]. Thus,
the combination of these two modes of variabiligswalso highly favourable for dry conditions
there, helping to explain why the rainfall anomialyhe second half of 2019 was considerably
less than the average for strong CP events, pkntigauring OND and NDJ(+). The timing of
their demise by December 2019 (negative SAM) andaky 2020 (positive I0OD) coincides with

the sharp increase in rainfall after NDJ(+), anganticular after DJF(+), seen in Figure 4b.
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We can understand the contrasting impacts of aedkstrong CP events on southeast
Australian rainfall by examining broad scale cietidn anomalies during the onset and mature
phases of El Nifio. Figures 4c-f show mean sea lenasisure and 850hPa wind patterns for the
strongest seven and weakest seven CP events. diteesalculated as differences from the CP
event climatology, which shows predominantly saotsouthwesterly flow over southeastern
Australia (not shown). The strongest events dulifil(+) (Figure 4d) and the weakest events
during ASO (Figure 4e) both produce higher rainfalls in southeastern Australia (Figure 4b)
in concert with anomalous easterly flow. Converstig strongest events during ASO (Figure
4c) and the weakest events during JFM(+) (Figuyesldw drier conditions for southeastern
Australia (Figure 4b) in association with more veglst orientated flow. These results point to
the preponderance of anomalous onshore flow leadieghanced southeast Australian rainfall,
fed by moisture from an anomalously warm Tasman(Bigaire 1), while drier air from the west
results in reduced rainfall. The underlying MSLHeatences indicate higher pressure to the
south of the continent driving more onshore flowtfte wetter cases (Figures 4d and 4e), in
contrast to lower pressure south of the continemtrady more westerly flow for the drier cases
(Figures 4c and 4f). This result supports previeask that shows wetter air parcel trajectories
into southeastern Australia from the e&tblpate et al. 2020], in contrast to drier trajectories
from the west, in different El Nifio years, oftes@siated with split-flow blocking high pressure

systems further souttBfown et al, 2009;Mclintosh et al.2012].
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4 Conclusions

This study has shown that rainfall in southeasfarstralia, including the Murray
Darling Basin, varies linearly with the intensitly@P EIl Nifio events in the onset phase of El
Nifo. Both EP and CP events are generally associdatedarge-scale drying across the
Australian continent in austral winter and spriwgh the greatest impacts on dry conditions in
the southeast occurring in winter for EP eventsiargpring for CP events. However, strong CP
events lead to higher rainfall totals in southeasfaustralia during the mature phase of El Nifio,
compared with weak CP events, in association witbréhanced onshore flow from the Tasman
Sea. The importance of zonal distributions of tapPacific SSTsWang and Hendqr2007]
and air flow trajectoriesHrown et al, 2009] for southeast Australian rainfall have been
demonstrated for the strong El Nifio events of 1@32), 1997 (EP) and 2002 (CP). We have
expanded on this previous work with an extendedyE2) record of El Nifio events to obtain a
more detailed view of the spatial and temporalédipgints of CP and EP events on Australian
rainfall, showing for the first time that the peafkstrong CP events tends to be directly followed
by enhanced rainfall in the Murray Darling Basi®. &vents, on the other hand, do not show a
clear relationship between El Nifio intensity ands#alian rainfall.

The results of this investigation shed some lightlee occurrence of major rain events in
central and eastern Australia in late summer arlgt eatumn during the mature phase of strong
CP events, including 1994-1995, 2009-2010, and 2% National Climate Centr,e2010;
Bureau of Meteorology2020]. For example, during the most recent 20020ZI Nifio event,
much of the New South Wales coast and southea®igernsland experienced very much above

average rainfall in February 2020 when a persigtearface trough developed along the coast and
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fed moist, east to northeasterly winds onto the [$ewth Wales coasBlireau of Meteorology
2020]. Associated with a split-flow blocking higkar Tasmania, this extreme rainfall event led
to road closures, water rescues, property damadj@ anrsing home evacuation due to flash
flooding. In line with results bidolgate et al[2020], we find that easterly flow is essential fo
the termination of the drought conditions durin@sg CP events. Our findings may help with
efforts to predict southeast Australian rainfaltidg the mature phase of strong CP events by
providing an improved understanding of the rol®w$hore flow for driving disruptive rain
events such as that observed in February 2020nGinat these events are often associated with
split-flow blocking activity, this improved dynanatunderstanding may be important for
diagnosing climate model deficiencies and biasasl#ad to the underrepresentation and
underprediction of blocking activity at subseasdimaéscales and beyond [eMcIntosh et al.
2008;Marshall et al, 2014]. Identifying the key features that conttéoto rainfall patterns thus
provides essential knowledge for developing clinpagsliction systems and improving forecast
skill.

This study is an important first step in discerning impacts of EP and CP EIl Nifio
events on Australian rainfall, and is a valuabletdbution to recent efforts in assessing
relationships between Australian climate and madésterannual variability using an extended
data recordGallant et al, 2013,Freund et al. 2017]. Follow-on work can include an
assessment of air flow and moisture trajectoriestiong versus weak CP events, to more fully
understand the moisture pathways that lead toreetrainfall events for the eastern states of
Australia Brown et al, 2009;Mclntosh et al.2012]. Our results point to warming of the
Tasman Sea off the east Australian coast (Figues being important for the provision of

moisture to southeastern Australia during the negpinase of strong CP events. The role of local
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air-sea interaction in modulating ENSO teleconmeatito rainfall Hendon 2003] should
therefore be considered in future extensions sfulark. The role of other modes of climate
variability, such as the 10D and SAM, could alsoelsplored in future work using climate model
sensitivity experiments. Finally, the importanceladtinguishing CP from EP La Nifia events
has recently been demonstrated for the coastaatdiof Western Australidarshall et al,

2015], and thus the sensitivity of Australian ralhfo the different types of La Nifia should be
examined also.

Our study has pointed to the role of warm ocearpaatures along the coast of Australia
during CP events as potentially contributing toudyit breaking rainfall. Many studies have
shown that this region and the East Australian €urhas been one of the faster warmer ocean
locations on the planet and is projected to coetitauwarm. This begs the question of whether
such continued warming many contribute to largarfadl in the future associated with the
mature phase of the Central Pacific EidNiThe next phases of this research should explore

these hypotheses.
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Figure captions

Figure 1. Composites of SSTQ shading) and OLR (W/tmcontour) anomalies during the onset
phase (April-Sept; left column) and mature phasg{@arch; right column) for CP El Nifio years
(n=14; top row) and EP EIl Nifio years (n=8; bottaw). Anomalies are calculated relative to
climatology for the period 1900-2015. Stippling icates statistically significant SST anomalies
to 95 % confidenceJtudent1908]. Contour interval is 2 WAwith dashed contours representing
negative OLR anomalies (enhanced convection), afid sontours representing positive OLR

anomalies (reduced convection).

Figure 2. Large panels: Composites of rainfall aales (mm) during the onset phase (April-Sept;
left column) and mature phase (Oct-March; righuowh) for CP El Nifio years (n=14; top row)
and EP EIl Nifio years (n=8; bottom row). Anomalies @lculated relative to climatology for the
period 1900-2015. Stippling indicates statisticagignificant anomalies to 95 % confidence
[Student 1908]. Small panels: significant rainfall anorealifor three-month rolling seasons

through the composite lifecycle of CP (top row) &tel (bottom row) El Nifio events.

Figure 3. Pearson correlation coefficients of Aaigin rainfall anomalies with the Nifio-4 index
during the onset phase (April-Sept; left column) amature phase (Oct-March; right column) for
CP El Nifio years (n=14; top row) and EP El Nifiorge@=8; bottom row). Stippling indicates
statistically significant SST anomalies to 95 %fatence Btudent1908]. The upper panels show

the southeast Australian / Murray Darling Basin legion (dotted lines; refer to the text for
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details), and a scatter plot of area-averagedathiahomalies in box region versus Nifio-4 index

values during the onset phase (top left) and mathase (top right) of CP events.

Figure 4. (a) Pearson and Spearman correlatiorficieets of southeast Australian / Murray
Darling Basin rainfall anomalies with the Nifio-4ax for three-month rolling seasons through
the composite lifecycle of CP El Nifio events. (laifRall anomalies in the southeast Australian /
Murray Darling Basin region for three-month rollisgasons through the composite lifecycle of
the strongest (red) and weakest (blue) three (falid), five (solid) and seven (dash-dot) CP El
Niflo events. The grey line emphasises the strongw@at of 2019-2020 (also included in the
composite for the strongest seven events). (6Jgfhposite of anomalous mean sea level pressure
(Pa; shading) and 850 hPa horizontal wind (fwector arrow) for the strongest seven (top row)
and weakest seven (bottom row) CP events, calculasethe difference from the CP event
climatology, for August — October (ASO; left columand January — March (JFM(+); right

column).
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