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Abstract

We utilized the global atmospherieanalysiYERA5) andreconstructed sea
surface temperature (SSdatafrom 1979 through 202th examinethe stability of
therelationship between the SST oscillatgan the southern Indian and the Atlantic
Oceanglescribedyy the Subtropicalndian OcearDipole (SIOD) andthe South
Atlantic OcearDipole (SAOD)indices.We note asignificantpositivecorrelation
betweerthe two indices prior tthe year2000but practically no correlation
aftewards We show that in the two decadesop to 2000,a positive phase of SAOD
is associated witmore convective activitiesver the subtropical southern Atlantic
Oceanand easter Brazil, whichtrigger a strongenpperatmospherevavetrain,and
furtherproducesstronger southern subtropical hgggnd surfacanticyclonic
circulationsand therefore stronger correlatiobetweerthe two indicesThe
situation is reversed after 2Q@Dur results are potentially applicalfter predictiors
of precipitation insouthernAfrica and South America.
1 Introduction

A southwestortheasbriented dipole modeharacterizetheanomalousea
surfacetemperature§ST) patternsover the subtropicégouthindian and Atlantic
Oceans (Wang, 2010). The formereferedto asthe Subtropicalndian Ocean
Dipole (SIOD) mode (Behera and Yamagata, 208dJlthe latter is named as the
South Atlantic Oceabipole (SAOD) mode (Venegas et al., 199he two
subtropicaimodes display similar seasonal variability with their peaks in austral

summer (Morioka et al., 20123urface dtent heat flux anomalies play a vitale in
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theirvariability (SterlandHazeleger2003 Suzukietal, 2004;HermesandReason
2005. Moreovertheinterannualariability of the twomodes has been linked to the
El Nifo 1 Southern OscillatiofENSO) (Boschat et al., 2013J he two subtropical
modes exera greatinfluenceon precipitation inAfrica and South AmericéReason,

2001; 2002Vigaud et al., 2009Nnamchi and Li, 201 IMorioka et al., 2012Nainer

et al., 2020and therefore understanding the relationship between the two modes has

practical implications for precipitation forecast Africa and South America on
seasonal scale and beyond

Using observational data, Fauchereau et al. (2003) noted-traiability of the
SIOD and SAOD indices in austral summer. Hermes and Reason (@@@f)med
the covariability of the two indices anattributed it tceananomalousubtropical high.
Both studiessuggestda linkagebetweerthe two indicesandan atmospherizonal
wavenumbe# pattern in the Southern Hemisphere. Lin (2019) also suggéested
atmospherizonalwavenumbe# patterncontrolling the South AtlantiSouth Indian
OceanSSTpattern.The atmospheric wavenumbéivasalso observed in other
studies (Chiswell2021; Senapati, et al., 202Ihe dobal wavenumbed pattern in
SSTincludes southern subtropidaldian and Atlanti@©ceancommnentsthat

resembldhe two subtropical dipole mod€Senapati et al., 2021). The linkage

between the SST patternstire Southern Hemisphere ocean basins and their relation

with atmospheric wavenumbdrpattern is a challenging aadive researchopic
worthy of further investigation

Although previous studies hageggested thatr@latiorship exists betweethe
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SIOD andthe SAOD indicesfew havefocusel on the stability of the relatiahip. In
this study, weexaminethe SIOD-SAOD relationship over the past four decaftfesn
1979 through 202 We underscore a change in the relationship that occarceshd
2000 and provid a physicaéxplanation for the change
2 Datases and methods

Monthly SST data from the United States National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstucted SST V5 (Huang et al., 2017@
primary datasettilized to calculate th8lOD and SAOD indicesA secondary SST
data,theKaplan Extended SST Wata sefrom the UK Met Office (Kaplaret al.,
1998) is also used to confirm the resuf®llowing previous studiesve derivethe
SIOD index asthedifference in theSsST anomiges between the western (5HE,
37-273) and eastern (9Q00E, 28-183) subtropical Indian Ocea(Behera and
Yamagata, 2001andthe SAOD index as thdifference of SST anoniakbetween
thesouthwestern {0-30°W, 30-408) and northreastern @209V, 15-253) South
Atlantic Ocear(Moriokaet al., 2011)Atmospheric data frorthe European Centre
for MediumRange Weather Forecasts (ECMWF) fiffeneration reanalysis (ERA5,
Hersbach et al., 202@yovidethe uppetlevel 200-hPg and surface atmospheric
variablesused in our analyses except for thenthlytop-of-atmosphere (TOA)
outgoing longwave radiation (OLR)at isfrom the NOAA Interpolated OLR daset
(Liebmann and Smith, 199&5or SST or atmospheric variables, the anassakefer
to the departure from their climatology computed as thge$2 averaged value.

Correlation and regression analyses are utilized to examine the r&hgion



89 betweerthe SIOD andthe SAOD indices. The confidence levels determinedy
90 thetwo-tailed Studeris t testBefore the correlation or regression analyemes
91 applied to the data, the variables and indices are detreMgedsoremove the
92 influence from the ENSO signal using the method proposed by An (20088jethe
93 ENSO signal isepresented bthe Niko 3.4 indexThegeneration and propagation of
94 planetary waveareidentified on the basis afie Rossby wave source (RW&)d the
95 wave activity flux (WAF). The RW$s calculatedollowing Sardeshmukh and
96 Hoskins (1988) anthe WAF is derived usinghe method of Takaya and Nakamura
97 (2001) Notice thatdue to the peak of tHelOD and SAODN February (Morioka et
98 al., 2012), the austral seasamshis studyrefer to summer (Januaiarch), autumn
99  (April-June), winter (JuhSeptember)and spring (Octobddecember).
100 3 Results
101 Theregresse®&lOD and SAOD indicesn detrended SST anomalidisplay
102  southwesiortheasbriented dipoles in the subtropical southern Indian Ocean (Figure
103 1la) and Atlantic Ocean (Figure 1bBhecorrelatiors between th&lOD andSAOD
104 indicesover the 42year periodare 056 for austral summegp<0.05) becoming
105 insignificant in other seasons withrrelationcoefficientsdropping by nearly half to
106  0.23 for austral autumandwinter and @5 for austral springRemovingthe ENSO
107 signalresultedn smallchangsin the correlations and their seasonal variatiorith
108 summer being the only season wiiea two indicesare significantly correlate.45,
109 p<0.01)(Figure 1c) TheKaplan Extended ST V2 datayielded similar results, with

110 slightly lowersummertime correlation coefficiend$ 0.49(with ENSO signaljand
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0.38(without ENSO signalp<0.05) Henceforth we focus orthesummer time series
without the ENBO signal.

To assess thatability of the SIOD-SAQOD correlationoverthe past four decades,
we calculatemoving correlation othetwo indices using lfyear and 2§/ear sliding
windows (Figure H). For the 15year window, theorrelationis above (below) th85%
confidence levebefore(after) 1998 anddr the20-yearslidingwindow theshifting
occurs in2003.Similar resultsare obtainedisingthe Kaplan Extended SST V2 data
(Figure2). There isa remarkable differenda the correlationbetweerthetwo indices
prior to and after 199@igure H). For the 1979999 period, theorrelation
coefficient is 0.8 (p<0.01) dropping sharply tonly 0.19(p>0.05)for the 20062020
period Results derivedsingthe Kaplan Extended SST V2 dasevery similar, with
the correlation coefficientsf 0.60 (p<0.01) for the 1979999 period and 0@
(p>0.05) for the 2002020 periodThis notableadrop in the correlatiobetween the
SIOD and SAOD indicefrom the first two decades to the next twarrans further
investigation Below we explore the reasehehind the change.

We compare theegression magof the Southern Hemisphe8ST anomalies on
thesummertime SAOD an810D indicesfor the 19791999 period with those for the
20002020 period Figure3). There are clear differences in the anomalous SST
patterns between the two periods.a response to the positive phase of the SAOD
index, significant SST anomaliescurin the southern subtropical Indian Ocean
duringthe 19791999period with a spatiapattern(Figure3a) closelyresemhhg the

positive phas&lOD index (Figurela), however, the&SST anomaliefor the



133 20002020 period are not significaim the southern subtropical Indian Ocdkigure
134  3b). Similarly, corresponding to th810D index, a dipole of significant SST

135 anomalies appears in the South Atlantic Ocean (Figuirfor the 19791999 period
136 thatbear strong resemblancette positive phase SAOD pattern (Figure 1b), whereas
137  for the 20062020 period, the SST anomalies aregngdicant (Figure3d). These

138 resultsconfirmthe strong correlatiohetween the SAOD ar8IOD indices during the
139 first two decadesnd the lack of correlation thelast two decadeseparated by the
140 turn of the centuryThe SST anomalies in Figure 3 depthe appearance tfe SST
141  wavenumbe# mode(Senapati et al., 2021), including the SIOD and SAOD pattern.
142  Senapati et al. (2022) suggested that the weakening of the SST wavedypaktern
143  after 2000s related tdSouth Pacific Meridonal Modén addition,the weaker

144  SIOD-SAOQD relationshimfter 2000may be relatetb the decadal variability of a
145  warm pool dipole with opposite SST anomalies in the southeradhdian Ocean and
146  the westerrcentral tropical Pacific Ocean (Zhang et al., 2021).

147 Lin (2019)relateda South AtlantieSouth Indian Ocean pattern to a wavetrain
148 induced bythe SouthAtlantic Convergenc&oneanomalyWe hypothesize thahé
149  stability of theSAOD-SIOD relation mayalsobe related to thstrength of the

150 wavetrain.To testthis hypothesis, & examindhe regression patterns of several
151 atmospheric variables relateddonvectiveand wave activitiefOLR, RWS , WAF,

152  200-hPa divergent wind, and streamfuncjietmthe SAODindexin austral summer
153  separatelyor the 19791999period andthe 20002020 periodFigure4). Over the

154 19791999 periodcorresponding tthe positive phase of the SAOD ingex



155 convective activities are enhanae¢er the southersubtropicalAtlantic Ocearand

156 eastern Brazilwhich areflanked by suppressed convective activities over tropical and
157 mid-latitudeSouth Atlantic Ocean (Figuda). The convective activities over western
158  subtropical southern Atlantic Ocean and eastern Brazil produce positive RWS and
159 200-hPa divergent wind (Fige 4c),which trigger a wavetrain propagating

160 southeastwards intte South Atlantic Oceargndthen eastwards intihve South

161 Indian Ocean, Australia aride South Pacific Ocean (Figude). The wavetrain

162 generatesegativestreamfunction anomalies ovéie South Indian and Atlantic

163 Oceans (Figurde). In contrast, over the 20€@020 periodthe magnitudeof the

164 anomalous OLR is lesggnificantthan that over the 1978999 period (Figurdb).

165 WeakerRWS and uppeevel divergentvind (Figure4d) indicatea weaker wavetrain,
166  which results in weaker strgdunction anomalies ovehe South Atlantic and Indian
167 Oceans (Figurdf).

168 Although the magnitudeof the OLR anomaliegelated tahe SAOD index are

169 comparablever the two period@igureda and4b), the anomalou®LR andRWS

170 andtherelated wavetrain associated with the SAOD indexsalestantiallydifferent

171  between the two period§he differencein theclimatological condition®ver the two
172  periods mayrovidea plausibleexplanationFor examplepver the subtropical

173 southern Atlantic Ocean and most of Brattie climatologicaDLR anomaliesare

174 generallynegativeduring the 19791999 periogdsuggesting stronger convective

175 activity favorable forthe generation of the wavetrain (Fig&a, butin contrast, OLR

176 anomaliesare mostly positiveluring 200602020,indicatingsuppressed convective
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activitiesunfavorable fothe formation of the wavetrain (Figusb). Thus the
interdecadal variability of the OLR activities can modulate the effect of tl@I5A
mode on atmospheric circulatipatterns oveother ocean basins.

The SAOD and&lOD modes are related to the subtropical kighthe South
Atlantic and Indian Oceanwvith stronger higtcorresponding tthe positive phase of
the two indices due to winithduced evaporation (Wang, 2010; Behera and Yamagata,
2001; Venegas et al., 1997). \pMoceedo examinghe climatological mean sea level
pressure andurface wind field related to the aforementioned wae over the two
periods (Figure 6). Theosition and strength of tleimatological subtropical highs
and the associated surface winds in the southern Indian and the Atlantic Oceans show
little difference ovethetwo periods (Figure 6a and)6 However the regression of
the mean sea level pressure to the SAOD index for the two periods show considerably
strongersubtropical high and anticyclonic circulations in the South Atlantic and the
Indian Oceans over the 1971999 period thathe 20062020 perial (Figure & and
6d). According to the study dfermes and Reason (200&)ktronger subtropical high
favors larger magnitude tfie SST anomaliesepresented bthe SAOD andlOD
indices Thelarge decrease in the strength of the summertime subtropital hi
associated with SAOBrom the first two decades to the next two (Figbeeod)
corroborates the sharp drop in the SASIDD correlation (Figure 1d).

Similarly, we have also obtained the patterns of the aforementatmegpheric
circulation variablesssociated with th&I0D indexseparately for the twperiods

(Figure7). During 1979199, negative OLRanomalieccur over the northern South
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America, corresponding to upplewvel divergent wind and positive RWS anomalies,
while positive OLRanomalies exist over the southern Atlantic Ocean, leading to
upperlevel convergentwind andnegativeRWS anomaliegFigure 7a andd). Those
anomaloufRWSs producananomalous Rosshy wavetrgiropagating from the
southern Atlantic Ocean to southern Indian Ocean (Figg)rdduring 20062020,
negative(positive)OLR anomalies over the tropic@ubtropical)entral Pacific
Oceangeneratanomalous uppédevel winds and RWSs, which excite a wamet
propagating from the Pacific to South America and the southwestern South Atlantic
Ocean(Figure b, 7d, and 7f) Meanwhile, stronger convective activities over the
southwestern Indian @an and weaker convective activities over central Indian
Ocean ao produce anomalous RWSs, which trigger a local wavetrain propagating
eastwards intdwustralia. Howeverthe two wavetrainare controlled by different
factors andare not connectei each other over the South Atlantic Oceale also
examine the MSLP arglrface wind field related to the SIOD index in austral
summer for the 1972999 and 200@020 periods (Figure 8pver the 19791999

period, stronger subtropical higitlevelopoverthe Southindian and Atlantic Oceans,
which induce the positive phase of the SIOD and SAOD modes, respectively (Figure
8a), suggesting that the SIOD and SAOD index is connéateatch othethrough the
aforementioned wavetrain (Figure)7Over the 2002020 perial, positive MSLP
anomalies and anomalous anticyclonic circulation dominate over the South Indian
Ocean, though negative MSLP anomalies and anomalous cyclonic circulation occur
over the southwestern South Indian Ocean (FigbyeTheatmosphericirculation

10



221 anomalies over the South Indian Oceaarelated to the OLR anomalies and induced
222 alocal wavetrain (Figur&b, 7d and7f). The positive MSLP anomalies and

223 anticycloinic circulation anomaliese absenbver the $uth Atlantic Ocean (Figure
224  8b). Theseresults indicate that the SIOD mode over the 22020 period is related to
225 local convective activities, not to those over the South Atlantic Ocean.

226 4 Conclusion and discussion

227 In thisstudy, we examirgethe relation between thascillations of the SST ithe
228  subtropical South Indian and the Atlantic Oceans described [8/@i2 and SAOD
229 indices and the stability of the relatiosingthe ERA5global atmosphericeanalysis
230 andreconstructed SSdatafrom 1979 through 202@We found significantrelation

231 between the two indices in austral summer. Through mosamgelationanalyseswe
232 discoveredhatthe relation in austral summees not stale for the past four decades.
233  Specifically thecorrelationbetween the two indicasassignificantprior to 2000but
234 insignificant aftewards Thechange in theelation between the two indices

235 attributed toa change in thetrength of th@tmospheriavavetrain induced by

236 anomalous convective activity over the subtropsmalthern Atlantic Oceaand

237 eastern BrazilMorefrequent and strongeonvective activities prior to 2000 exaite
238  stronger wavetrain, which produtstronger subtropical higiduring the positive

239 phase of SAODresulting in astronger relation between the two indicElse opposite
240 occuredafter 20.

241 The interdecadal variability of OLR over the subtropical South America and
242  Atlantic Oceans thekeyto the relation between the SAOD a8kDD indices. What

11



243 determind the OLR aomalies in the region prior to and after 2008eds to be

244  furtherinvestigatedHermes and Reason (2005) suggestedttieetouthern

245  subtropical high is related to the Antardiscillation(AAO) and the linkage

246  strengtheadafter mid1970s. The influence of the change in the AAO index on the
247  relation between the SAOD @the SIOD indices needs to be assesstdet al.

248 (2017) noted a phasdangeof the Atlantic Multidecadal Oscillation (AMG3nd the
249  Pacific Decadal Oscillation (PD@)dicesin the late 199Qswith PDO shifting from
250 positive to negative and AM6witching from negative to positive around 198@ng
251 and Dai (2015nhoted the influence dPO on precipitationin Brazil. However, the
252 influencefrom the same phase of the IR@sgreat uncertainty and depeswh the
253 period and datas@dong and Dai2015) Jones and Carvalho (2018)ggestednore
254  precipitation in Brazil during the negative phase of the AMO than during its positive
255 phase. Longer datasetre utilized to examine the effect of the IPO and AMO on
256  convective activityover the subtropicaldith America and Atlantic Oceanthe

257 interdecadal time scal@lthough our resultareonly based orstatistical analyss,
258 they havepotentialfor improvingthe prediction of precipitation isouthernAfrica
259 and South America.

260 Data Availability

261 The monthlySSTdata from the U.9NOAA Extended Reconstructed Sea Surface
262 Temperature (ERSST) version 5 (ERSST v5) are available online

263  (https://wwwl.ncdc.noaa.gov/pub/data/cmb/ersst/v5/ngtidfplan Extended SST
264 V2 data are derived from below website
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(https://psl.noaa.gov/cdiin/db_search/DBSearch.pl?Dataset=Kaplan+Extended+SST
+V2&Variable=Sea+Surface+Temperatufidhe monthly ERAS reanalysis data are
availablefrom the Copernicus Climate Data Store

(https://www.ecmwi.int/en/forecasts/datasets/reanalyaiasets/erg5The monthly

OLR data are derived from the NOAA Interpolated OLR
(https://psl.noaa.gov/cdiin/db_search/DBSearch.pl?Dataset=NOAA+Interpolated+O
LR& Variable=Outgoing+Longwave+Radiatipn
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Figure 1 Regressiomatterns ofaustral summer (JFM3ST anomalies’C) on the positive phase

of the summertimeindices of (a) the Subtropicéhdian OcearDipole (SIOD), (b) the South
Atlantic OceanDipole (SAOD) (c) their time coefficientsand (d) the moving correlations
between the detrended and ENSi@nalremoved SIOD and SAOD indices (time coefficients)
using a 20-year(black solid line) and a tgear (blue solid line}liding window.In (d), thedashed

lines denote the correlation coefficients with the 95% confidence level for 20 (black) and 15 (blue)
samplesandthe dscissa indicates the end year of thevimg correlationsThe above resultare
derived using th&lOAA Extended Reconstucted SST V5 data
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385  Figure 2 Moving correlations of thaletrended and ENS€ignatremovedSIOD and SAOD
386 indices usinga 20-year(black solid line) and a 1gear (blue solid line}liding window Dashed
387 lines denote the correlation coefficients with the 95% confidence level for 20 (black) and 15 (blue)
388 samples Abscissa indicates the end year of the moving correlations. The abswis are
389 obtainedusng theKaplan Extended SST V2 data.
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Figure 3. Regression maps dhe SST anomaliest) onto the summertime indices of )(ab)
SAOD and(c), (d) SOD, overthe periods of (g (c) 19791999 and(b), (d) 20002020. Dos
denote theegions ofabove 95% confidence level.
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Figure4. Regression maps ¢), (b) the anomalousutgoing longwave radiation (OLR) (W

at the top of the atmosphece), (d) Rossby wave sourc®WS) (L 6% % and 206hPa divergent
wind (vector),and(e), (f) wave activity flux(WAF) (vector) and streamfunction {rg") onto the

summertimeSAOD index ovetthe periods of (g(c), (€) 19731999 andb), (d), (f) 20062020.
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478  Figure5. Climatological OLR anomalie@V m?) during (a) 19791999 and (b) 2002020, with
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Figure 6. Climatologicalmean sea level pressure (MSLP hPg and 18m wind field (vector)
overthe periods of (al9791999and ) 20062020,and egression maps MISLP (n Pg and
10-m wind field (vectorjonto the summertime SAOD index ovke periods ofd) 19791999 and
(d) 20002020 Shaded regions and redctors indicate above 95% confidence level.
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Figure 7. Regression maps di), ©®) OLR (W m?), (c), (d) RWS '(°s @ and 206hPa
divergent wind (vector)(e), (f) WAF (vector) and streamfunction {rs') onto the summertime
SIOD index over the 1972999 period (a), (c), () and the 2e@020 period (b), (d), (f).
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556  Figure 8. Rgression maps of MSLP (in Pa) andrOvind field (vector)onto the summertime
557  SIOD index over the periods ad)(19791999 andb) 20032020.Shaded regions and red vectors
558 indicate above 95% confidence level.
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