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Abstract

AlthoughlextendeddrBprotracted BEIMNifiolindd aliNifalepisodesXverelirstuggestedthearly 0¥ earsthgo,Rheybhavelhoteceived®heMttentionibfibtherk
‘flavourstofihelEIMNifio—Southerndscillation{ ENSO)lbrlow-frequencyRENSO-like phenomena Bnkhisktudy,Mnstrumental®¥ariablesfndipalaeoclimatick
reconstructionskarelusedXtoMinvestigatelthemostXrecentprotracted XEIXMNifioXepisodeXinX20 | 4-20 | 6, KandXplaceXitXintoXaMongerkhistoricalXcontext.X
Althoughljusti¥-eaching®heRhresholdori$uchbnkepisode,®hel0 1 4-20 | 6Xprotracted ¥EIMNifiokhad¥eryi$everelocietal Magricultural ®environmentalandX
ecologicalmpacts,bparticularlyinfvesterniPacifictegionslikeMeasterndustralia VelhowithathlthoughRprotracted EENSOMpisodesibitherdphaseMausel
similar,Fhear-globallnodulationsfofiveatherfandilimatelasiuringnorelclassical ®events,Bmpactsbssociated®vith®protracted episodesdastdonger,BvithX
stronglnfluencesdnieastern®Australia X heMatterNskaX-esponselolthefominancelbNifiolbeaurfacetemperature)SST)EndEssociated¥tmospherick
teleconnectionfinomalieskduring¥protracted EENSORepisodes.Mmportantly,BohilelNifi oS TManomalieskrecordedXduringithelaustrallummerXofiR0 | 6X
werelthebhighest¥aluestbniecord Mnknalysisbbflong-termbipalaeoclimatelecordsBndicates®hatiherelnayPhavebbeenipisodestbfgreaterfinagnitudedndX
durationthaniseendnXnstrumentalfbbservations KT hisksuggestsihatihorterlnstrumentalkbbservationsXnayXunderestimateltheR-iskskofpossiblelutureX
ENSObMxtremesiomparedXvith®hosebbbserveddromMnulti-centurybpalaeoclimateltecords. HmprovediknowledgelbMENSOMind®hebpotentialfoMorecast

‘protracted¥episodesivouldbelbfimmenselpracticaltbenefittoommunitiesthffectedibyitheldevereMmpactsfbHENSOMextremes.
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Introduction

The ElNifio—SouthernOscillation (ENSO)[phenomenon [is tani-
fest[by (many [physicalforms, éncompassinga family oflevents]
andlepisodesWwhich, [individually,[¢anVarylin[their[onset, [dura-
tion, [strength, "decay, [§patial [structureacross!the[Indo-Pacific(]
regionfand teleconnections o higherlatitudes in Both hemispheres(]
(e.g.[Allan,[2000; Capotondiletlal.,[2015; Johnson, 2013;[Lyul]
etldl.,[2017;Neelinlet(dl.,[1998; Newman(ét(al.,2011;Philander, ]
1990;Santosoletlal.,2019; Timmermann/etlal.,2018; Wang/et(al.,[]
2017).[Therelis(also[stronglevidencethat ENSOhas waxed[and[]
waned historically, [including (multidecadall&pochswhen it has[]
beenmorecoherentldnd spatially [éxtensive, [ With pronounced El[]
Nifloland[LaNifialevents, épisodes and(teleconnections, juxta-
posedwithlépochswhen it Has[contracted[spatiallyand[displayed [’
less distinctEl Nlifioland T.a Nifia signatures, episodes and regional [
teleconnections(e.g.[Allan,[2000;Allan"etal.,[1996; Brown, ]
2014;Hopeletlal.,2017). Furthermore, thisis[0ccurring Withinlan [
envelopeofimultidecadal(fo ¢entennial [$cale(fluctuations(in(thel
globaldlimate system(e.g. Allan,2000;Allan(et(al.,[1996;/Chang ]
et(al.,2014;Zanchettin(ét(al.,[2010). As/aldonsequence, dlthough[’
ElNifio land Tla Nifia events produce more or(less opposite impacts ]
across[and[around[the[Indo-Pacific[basin, noltwolevents arel]
exactly thelSame.

OverltheTast(10-20(years, [interest[in Tow-frequency [[ENSO-
like’'modes and(their[teleconnections dndlimpactsthas/grown fo[]
rival(that[oflthe more[fclassical linterannual [Signature [6fTENSO[]
centering[around(the2—7[or[solyear[timescale {e.g.[Capotondil]
etfal.,[2015;Hope'etlal.,[2017;Lyuletral.,[2017;Meinkelétlal.,]

2005;Santoso’et’al.,2019; Wangletlal.,2017). However, thereHas[]
alsoBeen(considerabledebate as[fo Wwhetherthese odes, Suchlas[’]
theInterdecadal Pacific[Oscillation [(IPO)/Pacific Mecadal [Dscil-
lation (PDO) and similarisuchmodes, aredistinct physical lentities[ ]
(Newmanet(al.,[2018).AsWanglet(al.[(2017:197) mote, . LlJanal-
ysis[techniques that pre-supposelalparticulartimescalethrough(]
band-pass(orlow-pass/filtering may Mot belisolatinglany inderly-
ing[physical [phenomenonbut’simply [samplinga¢ontinuum6fT]
low-frequency Mariability, @lbeitWith@well-definedigeographical (]
pattern’.[Therehas(also[been[the suggestion that(studies/should[]
look[folisolate[dnd femove the [ENSO[signal, (or atTeasttheinter-
annual [ENSOcomponent, [in[the first(instance[and [then[analyse
whatMemains(CompolandSardeshmukh,2010).

Among theleffortsto betterinderstand [ENSO’s natureand[]
characteristics have been(studies that lave(reported different “fla-
vours’[0f EENSO lin[thePacific[Ocean[basin, dsrecently [reviewed []
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by Capotondiletlal.(2015)and Santosoletial.(2019). Mostmotable[]
is[theltesolutionofdistinct Central "Pacific[ (CP) and[Eastern[]
Pacific[(EP) fypes(seeHigure ), theculminationofwork on/the
Trans-Nifio Index [(TNI)[(Trenberthand[Stepaniak,2001), Date[]
Line EI[Nifio[(Larkinand [ Harrison, 2005), El[ Nifiol Modoki[!
(Ashoketal.,2007), WarmPool [E] Nifio [(Kug(et(al.,[2009)@nd @[]
number dfldthers((seeCapotondiletlal. 2015). Tnterestingly, the P[]
ENSOffypelstructurally maps[¢losely [fo [the [patterns [ofla quasi-
decadalsignallin thePacific Oceanlexhibiting[ENSO [characteris-
tics, [first(designated by [Allan[and (D’ Arrigo[(1999)(as[occurring|
during“protracted’[E]1 Nifio [and(ILa Nifia episodes.

Theselextended ENSO[eépisodeshave been defined andmede-
fined, from[the Mistorical linstrumental [data as,

.[periods[6f24 months[or[more when the [SOIJSouthern[]
Oscillation Index ] [and(theNifio 3 [and [4 [CEP-EEP/SST[[[Cen-
tral[Equatorial-Eastern [Equatorial [Pacific[Sea Surface[Tem-
perature] indiceswere offpersistently negativelor positive Sign,[]
orlofltheloppositelsignlina haximum [6flonly Bwolconsecutive ]
months [during(the period LT.LI(Allanland D’ Arrigo,1999)

This[definitionWwasisedBecause, [dsWwell[ds[‘classical [évents[]
thatusually lasted forlaround 9—12 months, sometimes 18 months, []
therewerelongereépisodes which(lingered [for(d[mumber oflyears. []
Theselwereldefined (ds“protracted’(épisodes [Whenthey Wwere 0f 2]
years/and thoreduration. [Palacoclimaticépisodesweredefined as (]
persistingfor3[yearsormorelinthe Stahlelétal.[(1998)[SOland ]
Nifio[3.4SSTstepresented by [the[Coupled [ENSOIndex [(CEI)[]
used (by [Gergis[and[Fowler((2005,[2009). [ The[3-year[definition[]
necessarily [fakes(intolaccount the(varying)/degreeofldutocorrela-
tionfinherent/ihpalaeoclimate reconstructions, and their/difference [
infresolution (typically lower)from the lihstrumental record.

Thus, lere, We propose the definition 0fld*protracted’l@pisode ]
asCoccurring[When[the 8Ol and (Nifio[4[SSTanomalies are of]
eitherfsignfor 2 yearsorore, Withlany isignichange ih thatperiod ]
beingihl@mhaximum ofionly two [Consecutive months, When using|
instrumental records, land (3 [yiears ormore when analysing palaco-
climatic[ENSO[reconstructions(Allanand D’ Arrigo,1999;(Ger-
gisland Fowler, 2009).For(furtherlinformation/on(the[Sensitivity [
ofthe(protracted [ENSOldefinitions singlinstrumental ‘andpal-
aeoclimate(data, [the reader is referredto the original publications(]
of(Allanand D’ Arrigo[(1999) Land [ Gergisand  Fowler(2005,[]
2009) where these dssessments are detailed. Welalsoiisethe ferm[]
episodes Tatherthanléventsfo[definesuch[ElNifioland LaNifia[]
types,because they lastlonger than[‘classical [ENSOlevents, and[]
displaylalwaxingland[waninglorsawtooth’mature (ofthe[atmo-
sphericandoceaniclIvariable[(e.g.[‘mean/[ seal level jpressurel’
(MSLP), SST'andsealevel)responsesdefiningthem during their [
evolution[and[duration[(see(sectionJOverview [of the[dynamicall]
causes[of“Protracted” [ENSOlepisodes’).

Thematureland severity Gfithe prolonged 2014—2016[El Nifioih [

characterise[the[long-term ¢ontext of TENSOlextremes. Tolhelp[]
with thiseffort, Here, Wwe provide alsystematic reviewofTthe Titera-
ture tol providelinsightlinto[ the dynamicall characteristics[ ofl]
extended [ENSO [episodes(dand(dpreliminaryinvestigation[oftheir[]
long-term bBehaviour. Qurlintention i [fo notprovide anexhaustive
analysistesting[all[the conceptual elements consideredhere,[]
instead We@im o [provide(affirst[onsolidation[ofthe relevant Tit-
eratureland [provide @[“proofiofidoncept’guide for future research. []
Webegin by revisitinglévidence of“protracted’ ENSOlepisodes in[]
instrumental [dataland[palacoclimatic[teconstructions. [ Wel[then[]
review[the[possible [ mechanismsuinderlying suchlepisodes,and[]
look o [placethe2014-2016protracted’[ElNifiointo @Mistorical [J
context.[Finally, welsuggest[thatlimprovedknowledgeland the[]
potential [to[forecast[suchlépisodes would be dflimmense Henefit[]
tocommunities most[affected by severe[impacts of ([ENSO[]
extremes, [particularly[indegions [like[¢astern[Australia[(Murphy[]
andRibbe, 2004).

Datalhndd¥nethod

Instrumentallata

The[SOI, [defined[as[the[mormalised(MSLP[differencebetween(]
Papeetelin[TahitiandDarwinlin[Australial(Allan’ét[dl.,[1996), s ]
from[theNational[Center[for[Atmospheric[Research[((NCAR),[]
Climateland [Global DynamicsILaboratory (CGD), Climate[Anal-
ysis[JSection1(CAS) [ (http://www.cgd.ucar.edu/cas/catalog/cli-
mind/soi.html).

SSTlanomalies for(the Nifio1+2,13,[3.4[and 4 [degions across[]
theltropical [Pacific[{shown[in Figure[l) are from the online[]
NCAR/UCAR [ClimateDataGuide, while those used [fo[¢onstruct[]
theHovmollerdiagram(6f'SST@nomaliesin Figure 7 are from the ]
NOAA/ESRL/PSD MapRoom[Climate Products=[SST(https://
www.esrl.noaa.gov/psd/map/clim/sst.shtml).[[The [Nifio[4[ISST[]
indicesusedlinlourprevious[work, and[in[this paper, [fo define[
‘protracted’lepisodes, arebased [on dbservational [data. In[Allan[]
andD’ Arrigo(1999), they Wwere fromtheGlobal [SeaIceland[Seal]
Surface Temperature[(GISST)[dataset0fTthe [fime. InGergisland (]
Fowler({2005,2009), Nifio[3.4[SSTs[Wwere[ fromthe HadISST[J
(Hadley[CentreSealceland Sea Surface Temperature)dataset for[]
theJpre-1950Cperiod [I( Trenberth [and JStepaniak,[12001) CJand [
Extended Reconstructed(SealSurface Temperature (ERSST)post-
194907 (https://www.cpc.ncep.noaa.gov/data/indices/). [J In[] this[]
paper,Nifio3.4land Nifio[4[SSTsisedlinthedorrelation taps(in(]
Figure5aland blandthe waveletanalysis/in[Supplementary Figure[ ]
S3[(availablelonline) @refromthe ERSSTv5 [dataset (https://www.
ncdc.noaa.gov/data-access/marineocean-data/extended-recon-
structed-sea-surface-temperature-ersst-v5).[Concerns[aboutINifio [
1+2,03,13.4(and[4 tegion[SSTsderived from Suchldatasets[that[]
haveBeeninterpolated, use multiple datasources, includesatellite ]
remote(sensing, [and[display [(Warming biases due o the effect (0f]
climate[change, have[been[discussed and[improvements[sug-
gested[by[papers/suchds[INewman(ét al. (2018)and [Turkington[]
et(al.[(2019).[Tolassessthe [Potential [éffect(of[Suchlinfluenceson’]
ourresults, @comparisonwas ade With the Seasonal rainfall (Cor-
relations(in[Figure[5aland (blandlin[Supplementary [Figure[§3[]
(available(online), Whichused ERSSTvS5, with[the [samecorrela-
tions[producedusing thelobservationsonly[Kaplan1856—-1991[]
(http://iridl.l1deo.columbia.edu/SOURCES/.Indices/.nino/.
KAPLAN/;Kaplan'etral.,[1998) andthe combined [statistically ]
infilled Gbservationswith statistically reducedand Coarserresolu-
tion[optimally(interpolated Kaplan (Extended [SSTv21856-2019[1
(http://iridl.1deo.columbia.edu/SOURCES/.Indices/.nino/.
EXTENDED/)Nifio[3.4[and Nifio[4[SST[datasets [(not[shown).[]
Thislcomparisonrevealed@lmostlimperceptibledifferencesinlthe]
seasonallcorrelation patterns [produced inthis[paper, but Wwemnote[]
that(thel¢areful useloflindices like[the Nifio[1+2,(3,[3.4[and[4[]
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In[Figurel[6, the global drought impacts deduced fromIthel
PalmerDrought/Severity Index[(PDSI) for2014,12015@nd 201611
are[ from[theCCRU[Droughtindices[page[(https://crudata.uea.
ac.uk/cru/data/drought/)land, lin [Figure(8, the fime—longitude Sec-
tion(dflanomalous/SSTaveragedbetween 5N land 3S/isfrom thel]
NOAAIClimate Diagnostics[Bulletin, [July[2016 [(https://www.
cpc.ncep.noaa.gov/products/CDB/CDB_Archive html/
bulletin_072016/).

Thel$OITand[SSTanomalies inthe[Supplementary Material []
(Figure(S1, availablelonline) @re from fthe Global Climate Observ-
ing[System (GCOS) Working Group lon[SurfacePressure[(WG-
SP)[Analyze & [Plot[ Long Range Climate[Timeseries, while[]
Australiancoastalland marine(station[sealevel l@anomalies[in Fig-
ure9(arereproduced from/the BoMIABSLMPs[September2017[]
report(National Tidal Centre,2017). They (aregenerated from the ]
observations[made[ at the[Australian[ Bureau of{ Meteorology!
(BoM)[Australian[/Baseline[JSealILevel [Monitoring[IProject’s[]
(ABSLMPs)[¢oastal(fide’gauges (Figure[S2, availablelonline in[]
the Supplementary Material) (http://www.bom.gov.au/oceanogra-
phy/projects/abslmp/abslmp.shtml).

Theldorrelation maps(andwaveletfigures(in[Figure[Saland B[]
and(in[Supplementary [Figure[S3((availablelonline), fespectively, ]
are[generated [ using[ facilities “on[the ‘online (KNMI[Climate[
Explorer(site((https://climexp.knmi.nl/start.cgi),(as(are(the(global []
September—October—November (SON)SST,0ceanic Heat'content/]
(OHC)(@ndlSealsurfacelsalinity [((SSS)[correlations with Darwin, ]
FremantleandTownsvillesealevel ‘@anomalies(in Supplementary]
Figure[S4((availablelonline).

PalaeoclimatelecordstofBprotracted ENSOpisodes

Instrumental records [are motGfisufficient length [to (capture the full ]
range [0f TENSO[variability [{e.g.[Gergis[ét al.,[2006;[Gergis[and[]
Fowler,2005; McGregor/ét(al.,2010; Trenberthland Hoar,1996;
Wilson(et(al.,[2010).[ENSO“proxies’ldeveloped ising palaeocli-
matic[datalare(thereforeneeded tolinfer(information about thel
behaviourlaf ENSO onlonger (up fo decadal fo Centennial) fimes-
cales. [This[is [particularly [the[case [fortheaforementioned [persis-
tentor“protracted’ [ENSO episodes, @sGpposed fomhoretlassical (]
events(thatfypicallyTast[12—18 months. Ariumber(ofwell-dated, ]
high-resolution[palaeoclimatic[tecords have[been[ generated(to!
date(that[teflect(tropical [PacificlTENSO(variability[(e.g. Emile-
Geayletlal.,2013;Liletal.,2013). Dueto theirigenerally lowerland ]
differing[temporal Cand[$patial [fesolution,however,[it[must[be
acknowledged thatthelengthand @mplitude Gfieventsariepisodes(]
inthepalacoclimate fecord/cannotlalwaysbelcompareddirectly (]
orlquantitatively [among different proxies orwith évents[in the[]
various [instrumentally (Based records.

Inlanlearlierstudy by Allanand M’ Arrigo(1999),thelauthors ]
examined(the firstreconstruction 0fthe [SOIbased dnannual, pre-
ciselydated [free-ring records [from Texas, Mexico [dnd (Indonesial’]
(Stahleletial.,1998),Goveringthe1706—1977[period. This recon-
struction/indicatedthatfeaturesBroadly lindicativeof “protracted’]
episodes orlsequencesHavedccurred prior(tothe period oflinstru-
mentally basedlindices [0flapproximately thepast150(years. This[]
finding was [broadly 'supported by [Gther proxy laswell las historical ]
evidence from [ENSO-sensitive[tegions acrossthe Indo-Pacific[]
basin(Allanand M’ Arrigo,1999).

Weltevisited our(earlieranalysis using/the only Nifio (4 [SST[!
reconstruction [currently @vailable from the target domain Gf5°N—
5°S,160°E-150°W(Cooketlal.,2008,12009), Whichlencompasses ]
theCdynamical ‘tegion Where[“protracted’[ENSOepisodeshavel]
beenparticularly welllobserved fihthe instrumental record. (While [
theCooketlal.[(2008,2009) Nifio4[SST reconstruction Hassomel]
overlap (with[the tecordsusedlin[Stahle et(al. [(1998) SOl Hecon-
struction, fitléxtendsback much further in time and directly fecon-

While otherpalacoclimateteconstructions(oflotheroceaniclindi-
ces[0f ENSO éxist from Marious(locations, we restrict this prelimi-
nary [lanalysis[to[the[ldynamical [Iregion[lassociated [with[the[]
protracted [ENSO (episodes [targeted|in this(study.

TheCooklet/al.(2008,2009) Nifio 4[SST reconstruction spans [
fromAD 130001979, withmostiskill 0bserved(after@round AD [
1300. Instrumental [data[Wwere previouslyadded (on[from 1980 fo ]
2006, with[anupdatefo 2016 [provided. Thisrecord(is basedon[]
reconstructing thetwo leadingmodes((empirical (orthogonal func-
tions[3-[EOFs)[ofltropical [Pacific[December—January—February [
(DJF),[the strongest[season [of TENSOTinfluencelinlinstrumental [J
and(historicalldata[SST(variability[(Allan,[2000). Notethat[the[]
Nifio 3.4 SSTcomponent6fiCook €t/al. (2008,2009) reconstruc-
tionwaslalsoldescribed in M’ Arrigoletal. (2008).

Palacoclimatelinputsinto[ Cook[etlal.’s[(2008,02009) SST[
record, asWas largely the[casein(€arlierStahleletal.’s (1998)[SOI
reconstruction, [drenot[basedon(recordsderived from[theldirect[]
sourcelregion [0f[ENSO, but/rather fromthe region(oflstrong his-
torical [ENSO/feleconnection fo the southwestern[United[States[]
and[Mexico.[Nevertheless, [it[is[bne[0f the most[$ensitive and[]
highest[quality [palacoclimatictecords[0f [ ENSO(to[date for the[]
Nifio[4 1egion oflinterest[in this[study. It[Was generated for the[
various Nifo[SSTlindices: Nino1+2,(3,(3.4and 4, [andis (herein [
used for Nifio 4[SST. Positivereconstructed SST Values fend fo be [
linkedfo Wwarm El Nifio[évents@ndmegative Walues Wwithcold, T.al]
Ninalepisodes.

TheCook!(¢t(dl.[(2008,[2009) [and [Stahlelét(al.[(1998) Hecon-
structions[correlatelat’# = [+0.77[over(the[1706—1977 [¢ommon ]
period(ofigverlap. Ttfis important fo mote thatthe igeneration (0fthe ]
Cooketfal.[(2008,12009) record involved the pre-whitening ofthe [
tree-ringlandinstrumental series [using dutoregressive modelling,[]
withlinstrumental [persistence [ddded [back [into 'the Teconstruction[]
(Cookand Kairiukstis,[1990). Although(instrumental [persistence[]
wasladded back[in, Tow-frequency [variability[is[believed [fo still[]
belless[stronglyeéxpressed than in[theinstrumental (fecord, [sois[]
considered[to[bestIreflect the[I*classical’llIENSO[bandwidth[]
(D’ Arrigolétial.,[2006,2008).[As dlresult, itmay motfully reflect [
theltrue[low-frequency (TENSO [ variability[ seen[in[fprotracted’[]
ENSOlepisodesidentified frominstrumentalrecords.

Welusethe[Cook ét[al.[(2008,12009) Nino[4[SST Heconstruc-
tion o ‘¢ontinueoureffortsfobroadlyleévaluate “protracted’(epi-
sodes priortotheperiod[dflinstrumental [record [for[dTonger [fime[]
thanWwaspossible [previously.[As the tesults forthe[Cookletal.[]
(2008,12009) series(in[terms of“protracted’and “classical [ENSO[]
episodesare broadly [similar[fo those found previously sing [the []
Stahlelatial. [(1998) SOl reconstruction fortheloverlapping period ]
(Allanland[D’ Arrigo,1999), this effectively [éxtends[durlanalysis ]
furtherbacklin[fime.[Asbefore, welémploy the[somewhatlarbi-
trary[criterion[thatlalpalaco-ENSOlevent or eépisodelislonelin[]
which the reconstructed values lare(0f'the[same(sign for(3(ortore ]
years[(rather than2(dsin theinstrumental record) [due o autocor-
relationfeatures[inherentinMmanypalacoclimateteconstructions(]
(as[discussedabove). Aslthis[criterionis hecessarily[different]
from thatised forthe ihstrumental [Series, we [Consider this€valu-
ation[to bednly @preliminary, ratherthan (quantitative, @ssessment[]
of'thelinferred frequency [0f protracted (@pisodes back in/time.

OverviewlbfithellynamicalausesX

offprotracted’MENSOlé&pisodes

Before[presenting[a newlanalysis of[protracted ([ENSO[episodes!]
backto 1300, first we beginwith @review 0flthe dynamical mech-
anisms(associated With this[aspect[0f [ENSO [behaviour. dnlAllan[]
(2000),raljointMulti-Taper Method—SingularValueDecomposi-
tion(MTM-SVD) multivariate signal analysisafiglobal MSLPand ]
SSTwasused[to resolvethespectral (characteristics [0f [ENSO.Of]
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Allan(andD’Arrigo(1999)dndAllan(ét(al. [(2003)(that whenthe[]
interplay (between the quasi-biennial (©scillation (QBO),classical ']
interannual [(LF)[@nd[quasi-decadal oscillation (QDO) ENSOsig-
nalsfis dominated /by fhe(QDO signal, thisleads fo the formation ofT]
‘protracted’[E1Nifioland ILa Nidalepisodes. Thelatter 0fthese sig-
nals(displays/aldistinct[CP[SST[pattern, @sseen/in (Figure2a—c.

AlnumberlofTstudies havelisolated the existence ofl quasi-
decadal IENSO-like’[signals[in[variables suchlas[SST,Sealevel ]
and[¢ombined [$STand MSLPImodes[¢enteringon the Western[]
equatorial Pacific((e.g.[Allan,[2000; Lyuletlal.,[2017;Wangland ]
Picaut,2004). These spatial [signals, With [prominent (ENSO-like’[
quasi-decadal "characteristics, are[ distinct[ from/those ofleven[]
lower[ifrequency [associated Cwiththe [TPO/PDOphenomenon. ]
Theylcanbelseenusing/amix[ofldifferentobservational [datasets ]
ofvaryingfemporal [€xtents,@andfesolved By Various[signal-pro-
cessing[techniques,(aslseen(in (Figure[2.[This[would[Suggest(the
operation[ofsimilar[dynamical inechanisms[underlying[ these[]
QDOENSO-like features[ofthe l0cean—atmosphere System[in fthe[]
Indo-Pacific/domain.

Therelarelalnumber ofltheories[that havebeen proposedfol]
explainthemechanisms/and6cean—atmosphere(processesinder-
lying[ENSOdynamicsthathaverelevance forunderstanding the!
potential ([causes [dflprotracted [€pisodes. Mostrecently, these Have [
beenreviewed by [Capotondilet(al. (2015), Wangletlal. (2017)@nd ]
Timmermann/etial. (2018). Whenladdressing the ature (0fthe dif-
ferentflavours’[0f ITENSOlin the Pacific[Ocean bBasin, they detail ]
the[various[dynamicalmechanismsputforwardfoléxplainthem[]
—[principally being[the[delayed oscillator((e.g. Battistiland [Hirst,
1989;[Caneleétlal.,[1990; Graham and[White, [1988;Suarezland[!
Schopf,1988), theltechargeloscillator[(Jin,[1997),the Wwestern[]
Pacificloscillator((Wang(et(dl.,[1999; Weisbergland Wang, 1997),[]
unified@scillator(Wang,2001)and the @dvective-reflective @scil-
lator[(Picaut(ét(al.,[1997),0r [l LI that(disturbances(external tothel
coupled(system arelthe[ sourcel ofl random[ forcing[that drives(]
ENSO’[(Wangletal.,2017:190). Mostof theseloscillatorslinvolve ]
interactions lbetweenloceanicléquatorial land off-equatorial Rossby [
and[“equatorially [frapped’[Kelvin[Waves [of upwellingér[down-
wellingform,andfheir teshaping, [¢hanelling[and frappingas[al]
resultoflthegeography [and bathymetry 0flthe [Pacific Basin.

Itiwas(during(thegarly [dourselofldiscussions[about/the(dbove[
ENSOlmechanismsthat[Allanfand[D’ Arrigo[(1999)and [Allan[]
et[al.[(2003)(first[saw [patterns [in[Pacific Niflo[4[SSTlanomalies ]
peakinglon/decadal fimescales that/dccurred during periods where[]
thelinterplay between [the varyingphases[0fthe[QDO, “classical’[]
(LF)Cinterannual "fandTQBOTENSOsignals, [Which[dictate[ the[]
multi-temporal (hature [of[ the (ENSOphenomenon, Wwere[domi-
nated by the[QDOENSO signal (Figure 4, in [Suarez/and[Schopf, [}
1988).Thislinterplay [0f(signals(alsoappearedfo give tisefo the ]
waxing[and Waning[or “sawtooth’ mature[0f(the @tmosphericand ]
oceanic variable[(e.g. [MSLP,[SSTandsealevel) responses during[|
‘protracted’épisodes afBoth ElNifio land Tla Nifia typedetailedlin [
Allan[and[D’Arrigo[(1999)and[Allan[et[al.[(2003). Episodes[]
could@ppear(to belterminating, [dnly [fo become[doherentand [pro-
nounced(again,[during(the dourse [ofltheirlévolution @nd duration[]
—hence, theise0fTtheldistinct fermfepisodes’foldefinetheseEl[]
NifolandLLaNifatypesrather(than(évents.

Paperssuchlas[ White[et[al.[{2003)and[ White[and[Tourre
(2007)provided/schematic representations(df'the pattern(ofiequa-
torial Cand[off-equatorial 'KelvinTandRossby[wavesand[ocean[]
dynamics(that[theypostulated [(were at theheartofltheldelayed
action[bscillator [(DAO)mechanismnderlying“classical’fand[]
quasi-decadal 'ENSO[modeslin[theWider[Indo-Pacificldomain(]
(seeHigure(3). The/dynamicallinteractions/and patterns(displayed!
with[this[wider[geographical focus(arelalso consistent with the[]
SSTiresponsesinFigure2a—c, with highest/fropical Pacific[SST
anomalies/Concentrated in the Nifio4 regionih “protracted’ ENSOT]
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events[(seeltheirlevolutionlin[Figure[3).[Thus, both[fclassical’[]
ENSOlévents/and‘protracted’ [ENSO[episodeshave [variants [0fla[]
common drivingthechanism, Whichfis Mot /seen/ih thelaboveanal-
yseswith[low-frequency “ENSO-like’[phenomena,[$uchlasthel]
IPO/PDO[{e.g. BattistiCand [ Hirst, 1989; Suarezand [Schopf, ]
1988). [ This examplelillustrates[ the importancel ofl employing[]
sophisticated [@pproaches o resolvingandfisolating the fullENSO[]
signal(and(its[phasing[fromthe background ¢limate[System, as[]
shown ih[Compoland Sardeshmukh[(2010).

Inlsummary, [protracted’[E1(NifioandILa[Nifialépisodes result[]
from(thephasinglofiquasi-biennial, “classical TENSOland quasi-
decadal(signals(andoccurWhen(the[quasi-decadal signalis very [
activeland[phasing distinctly (with the[quasi-biennial [and “classi-
cal’ ENSOsignals. Duringsuchphasings, Nifio4[SST/anomalies [
arelstronglyelevated (E1Nifio) lorlowered (LaNifia), ds(alconse-
quence[ofTtheequatorial warm[(E1[Nifio) “orcold(LaNifia)[]
tongues [beingénhancedand ‘pushing[furthestlintothe western[]
equatorial Pacificrespectively.

‘Protracted’XENSOleventsinX
instrumentallandipalaeoclimateX
records

TheworksoflAllanland D’ Arrigo((1999), andAllan(et(al. (2003)[]
and[Gergis'and[Fowler(2005,2009) examined historical “pro-
tracted’ ENSOLepisodesuising[instrumental [and "palacoclimate[]
records.ThereWwere(18 protracted’-type [ENSOlevents [(overlap-
pingthe’common(period Wwith thelinstrumental fecord) lidentified [
from 187701977 linthe[SOI reconstructiondonsidered by Allan[]
and (D’ Arrigo((1999).The(longestestimated sequencelspanned 5[]
years[from(1953 [fo[1957,[Corresponding|to avery strong(ILa Nifia [
episode. [ Thellongest[ElNifio[events teconstructed [during ‘this[]
periodlasted 4 yearsfrom[1905to 1908, @nd 19300 1933.[The[]
AllanlandD’ Arrigo[(11999)@nalysis [6fimore[tecent[instrumental []
SOl datal(not tovered[ by[the[palacoclimatedatawhich only[]
extended(to[1977)lidentified twoladditional [protracted [E1[Nifio[]
episodes[from[ 1985101988 and 1990 to[ 1995 (Allanand[]
D’ Arrigo,1999). Usingthe1706—1876 portion 6fthe[SOIlrecon-
struction, [they[identified an"additional 22 events,[including[al’
notable7-yearLaNifiafrom 175201758, @nd@5-year[ElNifio []
from[1710fo[1714[(Allanland D’ Arrigo,1999).

Usinglalsimilar(definition [ds(above(of3[yearsfor alprotracted ]
event, (Gergis/and Fowler[(2009) identified @[fotal[0f[24 [éxtended ]
ElNifioland 261LaNifialepisodes (between 1525and 2002 using[]
the[CEI(Gergisand[Fowler, 2005). ThelongestILa Nifia[spanned[]
117years(1622—1632),land theTongestElNifio épisodes tecon-
structed (lasted 7 [years[(1900—1906[and[1718-1724). Morelepi-
sodes arerevealed by the Gergisland Eowler (2009) reconstruction ]
than[the23 [(17)[protracted [E1 Niflo(LaNifia) [épisodes identified []
between(1706and 1977 By[Allanand D’ Arrigo[(1999).(This ay[]
reflect(differing Tengths 6fthe fimeseries,[decoupledand Tead/lag [l
signatures(maintained(inthe[¢alibration process duefoautocor-
relationfissues/a@ssociated withthe inderlying [palacoclimatedata. ]
Nevertheless, therelis good [dverall agreementof'the timing (0fthe [
episodes(identified By Allan and D’ Arrigo(1999)inboth[obser-
vational ‘dnd [pre-instrumental[fimes. Thediscrepancies, however, ]
may Suggestdifferencesbetween SOl episodelsignatures ¢com-
pared(withthe[combined ‘ocean—atmosphere [ENSO[signals[¢ap-
tured by the [CEI(Gergisland Fowler,2005).

Statistically,[ Tables 9 and10lin[Gergis and Fowler[(2009)[]
show/(that[in the(478 [years ofltecord [from[1525£0[2002,there
were[92[(82)“classical [El[Nifio[(La[Nifia) ‘eventstepresenting[]
19%1[(17%)oflthe[years/éxamined. Thus, faken[fogether, 36% [0fl]
thed78yearsléxperienced[ENSOconditions. [(Ofthe[classical[El[]
Nifio[(La[Nifa)[évents(tesolved,24[(26)were[determined fo e[
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breakdownbelow[toveringthelperiod from 130002016 and ]
using(aNifio[4 SST rather(than(the Nifio 3.4 [SST reconstruction[]

used by [Gergisland Fowler(2009).
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dynamicsfarelintegral fothe developmentof“protracted’€pisodes. []
Tolprovidelalong-term perspective of thetecent2014—2016El[]
Niflo, here, Welpresent(amew[analysisof protracted [ENSO [epi-
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redMHorizontaltbluelinesdndicatelheX-3X + 3)§earhreshold®hatX
designates®protracted EIMNifioXLalNifia)dpisodesMHespectively.

(Cook'letlal.,[2008,[2009). This providesa substantially longer[]
temporallanalysis[ofprotracted’[ElNifio[and[La[Nifia’épisodes[]
thanthe previous/studies(detailed[@bove,spanning [the best Tepli-
cated140002016period. However, lit[should be moted that(the[]
yearssince 1980 are(directlihstrumental [SSTs ratherthan palaco-
climate@stimates.

The(longest(sequencelin/the teconstructionlis observed for(9[]
yearsfrom (1414 fo1423(LaNina). Thereare three8-year((nega-
tive)LaMNinalevents (1452—1459,1566—1573and1772—-1779)and ]
onelsuchElNino((positive) event from 1734 fo[1741.[Othernota-
blelsequences/are7-year“protracted’ 1 Nifo [@pisodes from 148011
to[1486(and(1977to[1983,and one 7-yearILaINina épisodefrom[]
1703 t01709.Thereare6-year “protracted’[El Nifio lépisodes from [}
1549701554 @nd 1990 o 1995 [(latter [inihstrumental record) dnd ]
twol6-year[ LalNifia[episodes in11512—1517Cand[1621-1626.0]
Althoughlmany[other Fprotracted’"ENSOepisodesalso occurl]
throughoutthe Nifio[4[SST Feconstruction, [theyare(0f(5 [years(or(]
less.(Welwould [consider ih[particular that the frequency (of 'the lon-
gestloflthe teconstructed épisodes, Suchas/thoselabelled [on(the
plotinFigure4af(=6[yearsormore, isclearly protractedfih mature )
andlappears[folexceed inlengththoselin thelihstrumental record.

FromtheBestreplicated 1400-2016 PeriodinFigured,ising ]
normalised(Values,there dre(617 [yearslin(fotal. Therelare[80[EI[]
Nifos[(13%loflthelyears), of which[B5[(5.7%)lare*classical’]
events[0f(2 [yearsind[ow, Whileléxceeding[the hinimum [3-year[]
criterion, ltherelare 19 protracted’[ElNifio[épisodes 0f(3[inla row, ]
15104 (including(one6f2013-2016),7[0f(5, 2 [0f6, 1 (0f(7land 1]
of 8. Inffotal, @5 "protracted’[El Nifio lépisodes(7.3% Gfthe years). ]
Therelare(83 MLaNifias(13.5%ofyears), dfwhich381(6.2% ofthe
years)[are[‘classical’[LaNifalévents[of[2[years in a tow, [while[]
therelare[27 Cprotracted’[LaNifia[eépisodes[éxceeding the mini-
mum 3-year|criterion, [4 64, 6[0f15, 2 0116, 2 017,308 [and (1 [6fT]
9.Inffotal, therelared5 “protracted’ Ila Nifialepisodes (7.3% ofithe ]
years).[Combined, 'thereare[163[ENSOs[(26.4%[oflthe tecon-
struction).[Wewould(considerlin[particularthatthe frequency [ofT
thellongest/ofithese@pisodes, suchaslthosellabelled on the plotiofl]
*6lyearslorimore,lis[c¢learly [protracted inmature dnd[appears(fol]
exceedinTength thoselinltheinstrumental fecord.

Thismew [breakdownlindicates that[protracted’[ElNifo(Lal]
Nifia) @pisodes éffectively[conform [fod[simple modellof“classi-
cal’ENSO((fairly @qualchance6f[El Nifio or I.a Nifialconditions)
events. Interestingly, italso shows the slightly higher tendency for[]
longer[La[Nifialepisodes as mentioned [in[GergisCand[Fowler[]
(2009).

Overall, [these statistics[areConsistent Wwith the [dynamical [per-
spectiveldiscussedlinsection “Overviewoflthe[dynamical [Gauses ]

v~ A T~ o~ .

episodes, butdperate@t(different frequencies. They @rejustdiffer-
entldlements/flavours(0f [ENSO, with[“protracted’l@pisodes result-
ing[from[thelinteractionbetween[the[quasi-biennial, classical’[]
andlquasi-decadal frequency [ENSOBands.

The“protracted’@pisodes seenfin the patterns(in Figure 3 show [
thephysical structure[ofTthese épisodes fromthe fecentinstru-
mental(fecord, [particularly theirfendency forthe [SSTlanomalies ]
tolextend €ven further o the west ofthe Nifio 4 region. [Additional []
analysis[oflrelevant palaeoclimatic[proxies, suchlas from both[]
corals(andfree(rings(in the[New [Guinea—Indonesian fegion (seel]
potentialsin(Figurel [0f Freundét(dl.,[2017), could provide evi-
dence@sfoWhether thisWestwardextension 0f[SST lanomalies 5[]
common in[pre-instrumental records.

Themostirecent2014-2016Niflolis mot very inusual in ferms ]
ofTits[duration[hen[compared [With[thelongerpalaeoclimate[]
record[of Sprotracted’episodeslin[Table 1. In[fact, itlonly [just[]
exceeds fthe criteriaforsuchlépisodes, yetits impacts((asdescribed ]
inlsectionInsights(intothe2014-2016 protracted E1 Nifio’) were ]
considerable. Thislalso[@ppears(folbethelcaseWhen[considering[]
themagnitudedflsuch@pisodes, while the 2016 MJF linstrumental []
value(of(2.37 s thehighest(inthelinstrumental Mecord, this Value [
isiéxceededin the reconstruction: Mormalised haximum(and min-
imum valuesin[the instrumental(seriesare2.37[(2016)and #2.25[]
(1974), compared [ Wwith[maximumand (minimum(teconstructed]
values[0f[3.34(1484)and[+2.63[(1925),[tespectively. 1t thus(]
appears from this [analysis thatthe range dflévents [in the [past mhay [
haveBeen Both more extremeand tore protracted than thoseseen (]
inlthe recentfinstrumental period.

Despitelthese[¢onsiderations, given(the majorénvironmental [
and(societal impactsdescribedlin[section[TThe2014-2016 Cpro-
tracted’[E1[Nifoépisodeand its[implicationsfor[Australia’,[the[]
future [ risk[] of () extreme[] ENSO[] episodes ] warrants | further[]
investigation.

InsightslintoltheX2014-2016X
protractedXEIMNifio

Amumber/ofipapers hiaveexamined Various @spects 6fthe Mature, [
characteristics[and dynamical [processesthoughtfo inderliethe ]
2014-2016[ElNiflo. Some,[suchlas[Menkes(et(al.[(2014), Min[]
etlal.[{2015), Hartmann[(2015) (and[Maedalet[al.[(2016), have[]
focused[on(various[potential[causes oflits development[in[2014,]
others(suchlas Lianét(al.[(2017),[Santosoet[al.[(2017),[Huland[]
Fedorov((2017)fandSuletlal.[(2018)Mave focusedon(its[strong[]
2015-2016(signature,[(whileZhulet[al.[(2016),I’Heureux et(al.[]
(2017),Ineson(étlal.[(2018)[and[Santosoétlal.[(2019)[éxamined (]
how (welllitwas[predicted.[Penget[al. [(2018) (examined this[E1[]
Nifiolin ferms[ofTitsihfluenceonthePacificland North[American ]
borealWwinter[0f[2014-2015and[Suggested thatlit[Wasindicative ]
oflthe operation oflthe North[PacificlMode (NPM) rather than[]
ENSO. However, [their INPM [SST mode, resolved viald standard [
EOF analysis[0fi66 boreal Wwintersin the Pacific/domain, [showed [
anSSTpattern(ofidloselspatial [similarity to[thatof the peak QDO
ENSO[SSTiphaselin(Figure3. UseloflanMTM-SVD/or[similar[]
approachCon[seasonal [SSTs, where[phasestructures‘can[be[]
resolved, ayhavelyieldedfurtherinsightlinto[the dynamical[]
modes/involved. Yet, none0fthese studies have remarked, [€xam-
inedor referred [fo [the [protracted mature [0fthisepisode.
InTthis(section, Wwe bring fogether[évidenceshowing the Spe-
cificmatureland(characteristics '0fTthe[2014-2016 Cprotracted’[E1[]
Nifio€pisode. In particular, wecontrastand compare the Nifio 3.4 []
and/Nifno 4 [SSTregions,indicative[of[EPand[CPTENSOlsignals, ]
respectively, inferms(ofitheir(Correlationwith/global precipitation ]
on/alseasonal Basis, [inorder [fo [explore the mature o fltheir(danoni-
calgloballpatterns[and impacts [((Figure[5aland[b). This[is then[]
juxtaposed withthe[global [pattern ofldroughtimpacts[deduced[]
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communicationfhttps://crudata.uea.ac.uk/cru/data/drought/).

sections[(The[2014-2016protracted’CE1[Nifio[episodeand [ts[]
implications for[Australia’land "The[Australian fesponses/in seal]
level’lexaminelthelépisodeinmoreldetail iising[the[SOIland [SST(]
anomalies, @nd/Australian(Seallevel responses.
Aslcan[belseenlin/thefop blockofipanelslinFigureSaland b,
thelglobal patterns(oflseasonal Nifio 3.4 and Nifio[4 [SST—rainfall[]
correlations(inthe[1891-2016period, indicative[0f [ENSO [events[]
and protracted’[ENSO [épisodes, [despectively, liave considerable[]
similarity [inferms[ofTtheirtegions of(most Significant[impact.[]
However, [in[éastern/Australia, (éspecially in[SONI(as highlighted[]
in[Figure(5b), the(Nifio[4[SST-rainfall (¢orrelations[are not(only[]
enhanced Butthore spatially doherent (Murphy [and Ribbe, 2004).[]
This[then[fepresentsalmajor modulation[dfWetland [drycondi-

Given'theresults/@bove, [itlis Mot [Surprising that'€ach6fthe ]
years[6f[2014,[2015(and2016(is ¢characterised by [significant[]
droughtl¢onditionslacross theleasternhalflofthe[Australian(]
continent, [and[that[this[is(the most ¢oherent[and[¢tonsistent[]
rainfallimpact(globally[during(the2014-2016"protracted’[(El[]
Niiflolepisode.[Aldetailed [investigationof this [impact[is [pro-
videdbelow.

TheR014-201 6BprotractedMEINifiolepisodelindiitsX
implicationsMforfAustralia

As[seenlin Figure[ 7, Tprotracted’ " ENSOlepisodes[tend[to bel]
dynamically Tocated in[the Western Pacific.To [further(investigate [
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‘protracted’ ENSOlepisode, weow [Gonsiderthe development 0T
thislépisodeland!its iimpacts/on/éastern/Australia.
Duringthelyears(0f12014-2016,[aprolonged, [strongElNifio[]
episode occurredacross(thelequatorial[Pacific[(Newman/etlal.,[]
2018;Santosolet(dl.,[2017),[@s[seenlin[Figure 8. Early 2014 [saw[]
raised SSTslindicativedfi@ishift fowards ElNifloconditionsfih the
Nifo!1+2land 4 [degions, Whenmonthly[SSTslinthe far eastern[]

Marchland June 2014, with Warming inthe Nifio 4 region by pfo []
0.77°CJabovelJaverage[ (OISST.v2,[11981-2010base period)]
(Figure(8).In[contrast, [strongly [positive [SSTs(in [the Nifio 3 [dnd/
or[3.4regions,ised in[Operational [definitions [@nd onitoring (0f]
ElNifio[donditions By mostlinternational(¢limate[dgencies, ‘only ]
clearlyregistered warming laterin November2014. MSLPIgbser-
vations from NOAA’s[ Climate! Prediction Center (http://www.



100X

ThelHolocenelBO(1)

Sea—Surface Temperature Anomaly (C)

0CT2013
JANZO14
APR2014
JULZ014+
OCT2014 1
JANZO15 4
APR20154
L2015 Jpmy
0CT20154
JAN2016 ¢
APR2016 4

JULZ016 T T y T T T {
1208 140E 160E 180 160w 140% 120W 100w  30W

Data updated through July 2016
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SourceBNOAAXC limatefDiagnosticsBBulletinJuly®0 | 6M{http://www.cpc.
ncep.noaa.gov/products/CDB/CDB_Archive_pdf/PDF/CDB.jul2016_col-

or.pdf).

failed [folcouplewith the oceanuntillaround/August2014[(Dong[]
andMcPhaden,2018).

Although positive[MSLPvalues(were(tecorded[over[Darwin|
from(@s€arly@sMarch2014, the SOIdid Mot reach [El Nifio Tevels[]
inlthe EPuntil[August2014. From [February 2015, WNifio[4[SSTs]
remained (more than[1°Clabovelaverage until[March[2016. This[]
strong warmingwas reflected in Nifio 3.4[SSTs from May 2015 o]
April2016,peakinglatfaltecordhigh[6f(2.95°Clabovelaverage!]
(19812010 base( period)Lin[ November 2015.[This[ followed![]
highlymegative [SOI values from May [fo @Dctober 2015, with[par-
ticularlyThigh™SLPlanomalies(tecordedat Darwinin October.[]
Oceanltemperatures(inthe Nifio 4 and Nifio 3.4 fegions remained ]
anomalously highuntil/April2016(alsoldssociated Wwiththe peak ]
valuelofithe SOl recording(during this(évent), when El Nifio don-
ditionsfinally begandecaying(during the @ustralWinter. (Theévo-
lution/afthe2014-2016 [protracted’ElNifio€pisodelis hentioned[]
inltheBulletinlofithe American Meteorological'Society State dflthe!
Climate(teportsfrom2015 02017 inBlundenandArndt(2015,0
2016,12017), Parker(ét/al.[(2016)(and[Oliver(et(al.[(2017).[Simi-
larly,[the2010-2012 Cprotracted’[LaNifia épisodelis[detailed [in[]
Blundenand/Arndt((2012,2013,22014).

Thefprotracted’2014-2016[E1Nifio fesulted [in hajorénvi-
ronmental ‘dnd(societal liimpactsdcross/the[globe. Inthe Wwestern[]
Pacific,severeldroughtland associated food shortagesimpacted
PapuaNewGuinea, Indonesialand manyPacificlislandsmations(]
including[Vanuatu, (Fijifand(the[Solomon Islands[(Cook et al.,
2016).Muring2015,Singapore was Badly [@ffected by enhanced(]
air[pollution"duetowildfires [in[Indonesiallinked[tomajor[]
droughticonditions(Leeletial.,2017). Rainfalldeficitslover/Aus-
traliafrom September fo November 2015 [resultedin/Australia’s[]
third(driest(spring(onrecord, theSeason when [Australian rainfall[]
is(most/influenced by [ENSO [variability [(Risbey(ét[al.,[2009). !
Thislresulted inreduced(crop [productionfin the [dountry’s(largest(]
agricultural degionoflthe Murray—Darling [Basin[{Cooklet[al.,[]
2016).[AlcombinationofThightemperatures andlow tainfall[]
broughtlaery €arly startfo fthe[Australian Bushfire Season, with [
more than 130 firesBurninginVictorialand Tasmanialin [@ctober(]
2015(atthelpeak ofithe ElNifio. By[January[2016,@bnormally[]
dryl¢onditions[in[the femperatetegion of[ Tasmanialsaw ‘hun-
dredsofffiresistarted by [dry lightning,[damaging largeareas ol

tlha Macriartan MWMildarmaca MAaxlAm T T arifacca A van hemealiiAdiaa

rainforest/and [peatlands/that(have moteéxperiencedfirefor(cen-
turies (Bowman, 2016; Cook/étlal.,2016).

In[horth-eastern[Australia, [ persistently Thigh SSTs[and[ fewer[
clouds[due[folaWweakened monsoon(c¢ontributed fo unprecedented []
coral bleachingloflthe[GreatBarrier[Reef, Which[Spans2300 km[]
alongtheldastern /Australianidoast (Hugheslet/al.,2017;Hughesland[]
Kerry,2017).Followingrecord high[SSTsin 2016, the morth-eastern [
Australialtegionéxperienced(its(firstloccurrence0f back-to-back[]
mass(Bleaching(across(two-thirds(oflthe[world’s largest reeflsystem [ |
during2015-2016/and 20162017, resulting in the mortality [GfI50% [
of'thelcorallin the reeflécosystem (Hughes(etal., 2017; Hughesland[]
Kerry,2017). While inder theinfluence ofldmajorsouthwardlexten-
sion(oftheEast[AustralianCurrent, both duringland following [the ]
20142016 protracted’El Nifio episode, thesel@nomalously warmer[]
SSTsdisplaced fropical and/sub-tropical tharine(species and caused [
ecologicallimpactsas/far(as/the[Tasman[Sea tegion (Brown,2014;[]
Oliverlet(al.,[2017).[In[¢ontrast, McGowan[and[Theobald (2017)[]
havelsuggestedthat[above-averageatmospheric pressurel experi-
enced(during ElNifiolévents tesults[in[teduced ¢loud coverland[]
increased [dir femperatures(that [play [d[morecrucial (role than large-
scale[SST warming(alone(in(determining(the extent(and location ofl]
coralbleaching 0f'the Great Barrier Reef.

Whilefresearchlintolthe Causes[ofmassdoral bleaching(associ-
ated withthisEENSO lepisode/is [still inderway, it[is[Clear thatSub-
stantial [ threats Cof futurebleaching[Jexist ‘during[periodsJof!]
prolonged(warming. Aside from(thelintrinsic[value oflbeing an[]
arealofleéxceptional (biodiversity, [d[fecentanalysis has éstimated[]
thatthe GreatBarrier[Reef generates over 64,000 jobsland[¢on-
tributed ($6.4 billionto the Australian[economy[in[2015-20160
(Deloitte[Access Economics,[2017).[Thelsignificant[impact[of(]
these[prolongedElNifio[conditionshas [taised serious/concerns[]
aboutthe future(risk (0f ENSO [extremes!in/the region, [prompting[ ]
this(analysis/into[past ENSObehaviour(andl[itspossible[dynami-
calldauses.

TheRustralianMesponsesthBeallevel

Although(theAustralian(rainfall fesponse[to “protracted’[épi-
sodes(iscentred[dnleastern parts(ofithe continent, we haveldlso]
lookedat[the[bigger[picture with[Australia-wide[seallevell]
observations.[InSupplementary [Figure[$4[(availablelonline), ]
the[SSTtesponselinlfropical[Australian[waters occurs[tolthel]
northwest, Morth@and mortheast(0f/Australialin(dorrelations [with[]
Fremantle, Darwinland[Townsville[Sealanomalies, Whichpeak[]
duringthelaustral [Spring.

Allanletial. (1990)showed thati@nomalies ihSeasonal sealevel ]
frommorthernAustralianfidegauges @t Darwin @nd PortHedland ]
correlated morestrongly, [spatially land Both[simultaneously land at[ ]
lags Wwith[seasonal/Australian (districtrainfall fluctuations thanthe[]
more familiar(cdorrelations with the[SOI, rorthern(Australian[SSTs [
orDarwin MSLP.Thislénhanced responselis[primarily [duefothe[]
integrating[effectCof meteorological Cinfluences, primarily [ the[]
inversebarometricléffect, [SSTsland Winds, On(sealevels.

Aslshown(in(Figure(9, this(tesponse can beltrackedlin[seal]
level, [extending from Morthern[Australialanti-clockwiselaround[]
theAustraliancontinent[tolits ‘horth-easterncoast. Unfortu-
nately,[atthe fimeofTAllan[étal.’s[(1990) paper, [dny [énhance-
ment(oflstatistical Seasonal forecastingapproachesthroughthel]
useoflthis(seallevel [fesponse was thwarted by the thenslow[]
datalfransmission(tesponses fromthose Australianfide[gauges[]
andltheir flow [into [Seasonal forecasting approaches(in(dny real-
time[Sense. [ This hasmow been overcome by majorimprove-
mentsin technologyanddatalstreaming[ from[thelarray ofl]
telemetering(fide gaugesaroundlAustralialand [internationally.[]
However, [dlthoughsatellite(altimetry [datalare dssimilatedinto[]
seasonallseallevel forecasts usingdynamical thodels, tide(gauge[]

nhoarviatinne [dAra MRt
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Aslseen(inFigure(9,significant/Australianseallevel Tesponses]
arenot/only restricted [fo[Seasonal fluctuations, [generated by [phe-
nomenalsuchas[ENSO, Butalso [fespond(onquasi-decadal fimes-
calesand thus[to[Fprotracted’TENSO[ episodes.[ This[is[ most[]
strongly [evidentwiththe negativelseallevel anomalies/aroundthe[]
entire[Australian(coast/duringthe2014-2016[épisode, and[also, ]
thoughmainly[in the more[tropical [¢oastal [tegions, [during the[]

1990-19951and2002—2005 “protracted’ E1Nifio (plus[1999-2001
and2010-2012 MaNifalepisodes. Thisfis[éven seenfoextend Gut[]
intothe Indian @cean, Withleven moreCoherentsealevel @nomaly []
responses toboth[‘classical [ENSO levents and “protracted’ [ENSO [
episodes/in/the(CocosIslandtide [gauge record(and fis[in linewith[]
thebroader spatial [pattern (0f altimetry/seallevellseenin Figure 2c.[]
Asyuletial. (2017)lihdicate,
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Tablel .XReconstructed®protracted MCPHEIMNifioMndA.aMNifiaX
episodesHidentifieddnheMNirioRiS THeconstructionfb Mookt alX
(2008R009)Hromithelbestieplicatediperiodd 400-20 | 6 hat¥vereX
ateastiblyearsinlength.

Protracted®ventsiofibNearsibritnoreX
(1400-2015)

DurationHyears)

Positivelyears
X 14801486
X 1549-1554
X 1594-1598
X 1606-1610
X 1627-1631
X 1638-1642
X 1679-1683
X 1734-1741
X 18811885
X 1962-1966
X 1977-1983
X 1990-1995
Negativelyears
1415-1423
1444—1448
1452—1459
1493-1498
1512-1517
1566—1573
15941598
1613-1617
1621-1626
1703-1709
1772-1779
18701874
18811885
1921-1925
1953-1957

Lo I ¥ I ¥ o B, BV RV B O I 0, B e

RN XRXX
Ul U1 U1 L1 O N O L1 L1 O O L1 O L1 O

Ourtesults(suggest(thattheobserved seallevel [variations(as[]
welll@s(thelderivedshort-term [frends(should Belinterpretedin ]
thelcontext[oflSeallevel [Variability lon multipletimelScales, ]
which@relinked fo different(climate [processes/and thusishow ]
distinct(spatial [patterns.

Alcomparison(dfithe wavelet/characteristics(0f the [SOI(1866—
2019),[Nifio[ 3.4 SST[(1854-2019), Nifio[4[SST[(1854-2019)(]
instrumental [Series WithAustraliansealevel @anomaliesat Darwin[]
(1959-2016)Cand[ Fremantle[(1897-2018)(see Supplementary ]
Figure[S3,availablelonline) [showsthat(themorefropical [instru-
mental(series based[onMSLPland[SSTdisplay [Strongestpower[]
centredon[fclassical TENSOfrequencies.[However, Australian[]
tropical [(Darwin)and [imid-latitude [(Fremantle) seallevel [Series[]
aredominated [by more[quasi-decadallsignals. [(With[feferencel]
backlto the panelslin Bigure2c, showing SOl and altimetry [(satel-
lite-derived seallevel) Correlations plusquasi-decadal steric height[]
fieldslin(thefirst(EOF lof(Seallevel [variationsinthe Pacificland[]
around(Australia, [these(results[further(establish(seasonal [seallevel!
anomalies(as(an(additional (easureofboth[“classical’and [‘pro-
tracted’ [ENSO [épisodes(dcross the Indo-Pacificregion.

However, (with[other[parameters, [Such[as[OHCand[SSS,the
pattern(is different, [in[that[the fesponselisonly [in [Waters fothe ]
northland[Wwest-northwest[of(the[¢ontinent[(seen[particularly(in[]
SONseallevel ‘anomaly[¢orrelations[with[SST,[OHCland[8SS[]
anomaliesin[Figure[$4,available onlinelin[the Supplementary[]
Material). 'When[éxamined[in ¢onjuncture [ with online[maps[ofl]
seasonal 925and 200 hPaNelocity [potential @anomaliesduringthe

seen between thel@astern/Australian((strong/subsidence)land Nifio [
478STlregions[(stronguipward [Vertical (motion).[The[periodlis[]
dominated by low-level (925 liPa) flow directed [@way [from [€ast-
ern[Australial (particularlyover[ Queensland) with upper[level ]
(200 hiPa)[counter/return flow (Coming|ihto [dastern Australialaloft.[]
This[Jenhanced [Jsubsidence, [ JwhichJsuppressed [rainfall Jand[]
enhanced(drought(donditions @crosseastern/Australia.[The[OHC[]
and[SSS(responsewouldmost(likely have otherleffectsonthel]
marineecosystem[ih morthern/and Western seas (0f/Australia.

Conclusion

AsTlseenlin[section"The2014-2016protracted’[ElNifio[episode[]
and (its[implications [for/Australia’, longer[*protracted [ENSO(epi-
sodeshavelthepotential [to [éxacerbate societal, ‘agricultural, [énvi-
ronmental[andecological [impactsexperienced during[ shorter[]
‘classical’[(and isually(stronger) ENSOleventsdocumented€lse-
where(e.g. Powerlet(al.,[1999). This is hanifest By major fluctua-
tions[in Indo-Pacific[tolglobal ‘atmospheric, oceanic, [ferrestrial []
and[marine_environments, [lespecially [ throughfluctuationsin[]
MSLP,[SST,seallevelland also[OHC[and[SSS.In(fact, [d[Similar[]
mechanism put forwardfolexplain(the dcean—atmospheredynam-
icsfforclassical’ [ENSO levents haslalso beenlsuggested toloperate[]
with Uiprotracted’ TENSO [épisodes, whenthe[QDOENSOsignal []
dominates. Thus, itshould be@fargetfor thelinternational [decadal ]
forecasting[dommunity (Power(et(al.,2017).

Althoughglobally impacting similarregions @ffected By ‘clas-
sical’TENSOlevents, fprotracted’ TENSO [épisodesTastTongerland ]
aremostpronounced [in the€astern/Australian sector. This'canBe[]
seenlin[Australian(seallevel [anomalies [from[¢oastalfide[gauges[]
since[1990(and[ismost[¢oherentland éxtensivelydecorded Tight[]
around(the[Australian(degion during(the[‘protracted’2014-2016[]
ElNifolepisode.

Ourpreliminaryexamination ofl palacoclimatictecords ofT]
ENSO/Tindicates[stronglythat" Fprotracted’ TENSO-typeevents[]
haveldccurred [prior fo ‘thelinstrumental [fecord. [The Tong Nifio (4[]
SSTireconstructiondemonstrates thatthe mostrecent “protracted’[]
2014-2016episodelwas motparticularly [distinctive with regard [fo []
either(itslength [or[Severity relative fo [those thathave[dccurred(in[]
thepast.[Whatl[is Seen from palacoclimate [deconstructions [is that[]
theMangeofpastprotracted’ [ENSOlépisodes in(thisHeconstruc-
tion,Which(peaked(in(the14th(to18th[centuries, With many [ast-
ing[6/drimore years, hasmotbeenlobservedih moderninstrumental [
records. Thissuggests thatshorterlinstrumentalobservations ay[]
underestimate the fisks[of possible future [ENSO [extremes [com-
paredCwith[those Cobserved from multi-century [palacoclimate[]
records.Whilelinstrumental fecords provide @ thuch finer tempo-
rallresolution[of“protracted’ [ENSOépisodes, tinfortunately, they ]
are[limitedin[length, ‘solideally should[be supplemented Wwith[]
high-quality, Chigh-resolution, [ long-term[ palaeoclimate[ tecords!]
whereverpossible foexamine low-frequency Variations in [ENSO[]
behaviour. Improved knowledge [0f TENSOand[the potential o]
forecastprotracted(épisodeswouldBeloflimmense [practical ben-
efit[fo ¢ommunities [particularly[in[western[Pacifictegions like[
eastern/Australia[where the impacts[0f [ENSOlextremes dre éspe-
cially(severe.
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