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Abstract. So far, etailed dynamics and characteristics of ocean currents Bathheastern Tropical Indian Ocean (SETIO)

have not been fully explaindgecause duration afbserved currentand number obbservation pointsn the region are

relatively limited.In this study, Zonal current characteristics in tBeutheastern-TFropicalHndian-Oce8E[TIO) adjacent to
the southern Sumatidava coastBave been studied usidgtaover a relatiely long period of timg€64 years{19502013)

which weredataderived from simulated results af1/8global version of the HYbrid Coordinate Ocean Model (HYCOM)

This study has revealed distinctive features of zonal currents in the SouttCdeeat (SJC) region, the Indonesian

Throughflow (ITF)/South Equatorial Current (SEC) region, and the transition zone between the SJC and ITF/SEC regions.

Empirical orthogonal functio(EOF) analysis is applied to investigate explained variance of themudataandin which
giveresultshe first threee OF modesaccountedor almost795-98% of total variance. The first temporal mode of EOF is then

investigated by using ensemble empirical mode decomposition (EEMD) for distinguishing the signals.

The EOFL mode of zonal current across three meridional sectiaraely East Jav&(), West JavaWJ), andSumatrd SM),

clearly showspeculiarfeatures of zonal currents betwasarshore andffshoreregionsin the sectionsln Sections EJ and

WJ and inthe offshore area of Section SMe vertical structure of EOR$ characterized by orayer flow. Converselyin

the nearshore and transitioggionsof Section SM, itis designatedyy two-layer flow. Furthermore, ¥he EEMD analysis
showsthatthe zonal currerg variationin the-SETO-vary-considerably-from-intraseasonat-to-interannuak-timescatbe In
SJC regionthezenal-currentarehas peak energiesvhich aresequentiallyeensecutivelydominated by semiannuéh-140
powerlyear) intraseasonald-070-power/year)and annual0-038-powerfyearsignaldsimescaleswhile semiannual0-135
power/yearand intraseasoné-033-power/yeagignalsperiodswith pronounced interannual variatiofis012-pewer/year)

of current appeaconsecutivelyto bedominant modes of variabilitin the transition zone between the SJC and ITF/SEC

regions In contrast, there exidbminant interannualigralperiod(0-017pewerfyeavith prominent intraseasonal variability
{0-012 power/yeardf the currentin the ITF/SEC regionln response to El NifiGGouthern OscillatiofENSO) and Indian

Ocean Dipole (IOD)it is found thatENSOhas a strongest influence on the zonal currdmttuatiors at Ge;(close to the

outflow areeaof the ITF) with theENSO leading theurrent by 4 monthdVieanwhile thelOD is mostdominantin influencing

the currentvelocity variationsat Bsu (close to the center of eastern pole of the IGih the currentagging the 10D by 1
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month Moreover,based on théongterm HYCOM simulation the proportion of contribution of each EEMD mode to the

EOF1 is estimatethy calculating standard deviation of each EEMD mode relative to the total variaficgt @irincipal

componentPCJ). It reveakdthatthe contributions of each EEMD mode to the EOF1 \af (hearshoregegion)and Bwmin

the ordeffrom largest tasmallestare intraseasonal, semiannual, annual, interannual, anddonfuctuations Impressively

the contribution of longermvariation (19.2 %) at &;is larger than the interannual (16.3%) and annual (14vé¥tions

Detailed analyss of long-term variationarebeyond the scope of this studyhereforefuture stuéesshould beconductedo
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1 Introduction

Southeastern tropical Indian Oceare(30) plays an important role in ocean and atmosphere dynamics of Indian Ocean.
Several features make the SETIO region unique. This is partly due to the presence of the Indonesian Throughflow (ITF)
(Gordon, 1986; Wyrtki, 1987; MurragndArief 1988; and rierences hereafter), which transfers warm and fresh Pacific waters

to the Indian Ocean and contributes to variability of sea surface tempd@&irgin the SETIO, particularly that in the area

off Java and Sumatra, which in turn affects the climate sybtath at regional and global scales (Clark et al., 2003 284
Yamagata, 2003). In the SETIO, the complex dynamical circulations exist due to the coexistence of South Java Current (SJC
South Java Undercurrent (SJUC), South Equatorial Current (SE€}gIs0 the ITF originating from the outflow passages

(e.g., Sunda, Lombok, and Ombai Straits, and Timor Passage) and their mutual interactions. It has been recognized that tt
SJC and SJUC play an important role in distributing warm and fresh watenohtwuaof the southeast Indian Ocean and in

turn influencing the global climate system (e.g., Fieux et al., 1994, 1996; Sprintall et al., 1999, 2010; Wijffels @2al., 20
Wijffels andMeyers, 2004).

Previous studies have suggested that the current dgmamthe SETIO as well as ocean circulations in the inner Indonesian
seas are strongly linked to the regional kitcific and global climates from intraseasonal, seasonal, interannual, and even
longer timescales (e.g., Sprintall et al., 1999; Songlet2004; Iskandar et al., 2006; Yuan et al., 2008; Syamsaiih

Kaneko, 2013; SprintaindRévelard, 2014; KrishnamurttandKrishnamurthy, 2016; Susanto et al., 201®).intraseasonal

time scalelskandar et al. (2006) have confirmed the existendrtafseasonal variations of SJC arsddeeper undercurrent

(SJUQ alongthe southern Sumatdava coasts usingimulated-datsimulationsfrom an ocean general circulation model
(OGCM) for 13 years (199@003). They found that the intraseasonal SJC is dominated by -they9@ariations associated

with propagation of the first baroclinic Kelvin waves, which are driven by strorga90vindsover the central equatorial
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Indian Ocean. Meanwhile, &flay variations are the dominant feature in the SJUC, which are forced by intraseasonal
atmospheric variability associated with the eastwaodemenofthe Madderlulian Oscillation (MJO) over the dam
equatorial Indian Ocean.

Meanwhile,seasonal variabilitsy of SIC and SJUC those exist along the coasts of western Sumatra and southern Java have
beeninvestigatedy-previcusinvestigatotzased on observation data (e.g., Sprintall et al., 1999; ZDdandMeyers,2005).

In general, their studies have revealed that the SJC is eastward during the northwest (NW) monsoon (December to Februar
DJF) and the eastwafftbwing SJC is enhanced in the presence of semiannual coastal Kelvin waves origimatieg
equatorial Indian Ocean during tffiest (March to May; MAM) andsecondSeptember to November; SON) transitional
monsoons. During the southeast (SE) monsoon (July to August; JJA), the SJC flows mostly wigstwldition Sprintall et

al., (2010)have confirmed the extension of SJC and SJUC into Ombai Strait through Sawu Sea bagedrove®city
measurements (2002006).

Moreover, like SJC, ITF also has seasonal variability. Sprintall et al. (2009) have examined the ITF tratispatarit
passages, hamely Lombok and Ombai Straits, and Timor passage using INSTANT (International Nusantara STratification
ANd Transport) datérom January 2003 through December 2006. Their results show that seasonal variations of the ITF are
influencedby the monsoon climate, with maximum ITF occurs during the SE monsoaler El Nifioi Southern Oscillation
(ENSO)cycle, interannual variabilityof ENSOalso affects the ITF transpoit, which ENSOrelated wind forcing is found

to modulate thevariability of ITF transportwhich strengthened (weakened) during La Nifia (El Nifio) (Susanto et al., 2012;
Susant@andSong, 2015; Feng et al., 2018). In addition to ENS@r{ Pujiana, et al. (2019) have revealed that Indian Ocean
Dipole (IOD) was also responsibfer the anomalous ITF. They found a reduction in the ITF transport in 2016 due to an
unprecedented negative IOD event. Feng et al. (2018) also reported the presence of decadal and interdecadal variations of t
ITF transport, which is mostly due to theHTesponses to atmospheric forcing (trade winds) and oceanic adjustment in the
Pacific (Meng et al., 2004; Feng et al., 20118)additionto the wind forcing mechanisnfiuctuations inrainfall over the
Indonesian Seas that modulates salialgoinfluences the ITF transpooh interannual (Hu an8printall, 2016) and decadal

(Hu andSprintall 2017;Jyoti et al, 2019 time scalesThey found that the salinity effect mechanism is an impoc@amiponent

of ITF dynamicsandit is different from the wind forcing mechanisidoreover, it has been revealed tisalinity effect
contributes 36% of the total interannual variability of the ITF transport (HiBandtall 2016) and dominates an increasin

trend of the ITF transport during the past decade (HuSgmuhtall, 2017).

In the offshore area of the SETIO, it has been reported that SEC in south of Java has intraseasonalitariatie60-day
timescale (e.g., QuadfasshdCresswell, 1992; SemtnandChervin, 1992; and Bray et al., 1997). Further research carried

out by FengandWijffels (2002) shows that baroclinic instability seems to be the main cause of intraseasonal variahdity in
SEC. Moreover, it is known that SEC in the southern Indian Ocean bifurcates at the east coast of Madagascar into the Northea
(NEMC) and Southeast Madagascar Currents (SEMC). Yamagaiiibzuka (2015) have investigated interannual variability

of theSEC bifurcation along the Madagascar coast. Their results indicate that interannual variation of SEC bifurcation latitude
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and the NEMC and SEMC transports are correlated with Nifio 3.4 index, with a lag of abduhénths. Howevethere-is
still-no-information-concerniniie seasonal and interannual variations of SEC in the SETdéQinclear yet

Regarding dynamics and characteristics of the SETIO, especially adjacent to the western coast of Sumatra and the southe
coast of Javagl-previousnvestigatisisstudiesare either based on numerical model, remote senseddatdocity/moorings
observations within the Indonesian seas or at the exit passages of Indonesian seas (Sunda, Lombok, Ombai, and Tim
passages)which lead into the SETIO. There is almost no ocean current/velocity measurement within the SETIO. The
observational velocity data are available only at limited points in space and timsa¥liest velocity measurement-seuth
ofJava-ein the SETIOregionwasreported by Sprintall et al. (1999). The mooring was depleyeth-of Javin 200 m water

depthoff the south coast of Java®2953° E, 8.19° S from March 1997 to March 1998 at depths of 55 m, 11amd 175 m
velocity-measurementbut only current meters at 115 m and 175 m were fully working properly (Sprintall et al., £999).

should be underlined thé#te period ofvelocity measurememnas condu@d duringstrongEl Nifo/positivelOD episodes

Hence,not only might the observedcurrens not characterizeéhe neutralyears but its characteristics mighdlso not befully

resolveddue tothis limited vertical resolutiorAnother velocity measuremeintthe south coast of Jawath a relatively higher

vertical resolutionis collected by RAMA(Research Moored Array for AfricafssianAustralian Monsoon Analysis and
Prediction) The RAMA mooiingwasinstalledat 106.75°E, 8.5°8ndicated by pointR.in Fig. 1) and it providesurrent data

for a period ofl7 months [December 2008 to May 201from the near surface down #odepth of 136 m with vertical

resolution of 8 m Due to thidimited durationof observed currents# might hardto resolvevariations on time scales greater

than thesemannual cycleRecently, there are some moorings to measure velocity and stratification deployed in the SETIO

region. However, they have not been fully recovered nor publistedce herefore due tothe limited duration ofin situ
velocity measurementsdthelimited number obbservation pointi the SETIO, the detat dynamics and characteristics
of oceancurrents in theregionhavearenotbeenfully explainredinderstoodet. It is important to obtain a better understanding

of current characteristics as well as tlsgiatial and temporahriations in the SETIO adjacent to the southern coasts of Sumatra

and Java both for scientific and practical reasons, suiiéhasies, climate, and navigationhese are the main motivations of

the present study.

In addition, many studies of the current dynamic in the SETIO adjacent to the southern coasts of Sumatra and Java, whic
were carried out by the previous investigatonentioned above (i.e., Sprintall et al., 1999, 2010;a@diMeyers,2005;

Iskandar et al., 2006jpcusediave-been-conductanh its-intraseasonal and seasonal viawiasbilities based orrelatively

limited observation pericdand measurediata pointsit-is-necessary-to-acquire-better-and-comprehensive-insights—of both

spatial-and-temperal-characteristics-of the-currenteirewlationin-the r@githe best of our knowledgesis-impertantsubject,
especiallyinresearches concerning fests of zonal currents in tHeETIO, especially inregions of SJC, ITF/SEC, and

transition zone between the SJC and ITF/SEC as well as their interamuublngterm variatiors, haves so far not been

extensively studied in the regigrboth based on observations and numerical models.necessary to acquire better and

comprehensive insights of both spatial and temporal characteristics of the current circulation in thelepgethe aims of

this paper are: (1) to further investigate basic features and mode structures of the current vertical profile time #aies and
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temporal variability in the SETIO adjacent to the Sumd#aa southern coastsingbased onmelatively longterm data(64
years{1950 2013 datad er i ved from si mul ated results of a 1/8U glo
(HYCOM), (2) to better understandiriability of thezonalcurrentin the area of studyespeciallyon intraseasonal, seasonal,

135 and interannuaimescalesariabiities-of the-current cireulation-in-the-area-of stiyyusing a combination of the Empirical

Orthogonal Function (EOF) analysis and the Ensemble Empirical Mode Decomposition (EEMD) method (i.e., Huang et al,

1998; WuandHuang, 2009; Shen et al., 2017, and references thereafteneasts long-termvariation is beyond the scope

of this study.and (3) to discuss exclusively the ocean current characteristics in the SETIO and subsequently elaborate theil

genesis.

140 2 MaterialDataand Methods

The HYCOM has been successfully used by previous investigators to simulate current circulation within the Indonesian waters
| (e.g., Gordon et al., 2008; Metzger et al., 2010; Shinoda et al., 2012). In this stuhalygeedthe monthly meanHYCOM
simulated currents with 1/ 8U hor i 22018)t Sintulatiorerssolts af the HY@OM o r
version used in this study have been verified against several data and the verifications have been docuwueegatien
145 publications (Hanifalrand Ningsih, 2016). In addition to the aforementioned comparisons, in this paper we have performed
comparisons between the moored RAMRese i is—and
Prediction)provided by the NOAA and HYCOM currents at two points (marked by pointnB R), and also comparisons
between OSCAR (Ocean Surface Current Analysis-Rea&l) and the HYCOM currents at three points (marked by points O
0,, and Q), as shown in Fig. 1. 1 RAMA and OSCAR datasets have been provided by the NOAA
150 (https://www.pmel.noaa.gov/tao/ data_deliv/delojavarama.htm) and Physical Oceanography Distributed Active Areh
Center (PODAAC) lfttps://podaac.jpl.nasa.gov/dataset/OSCAR_L4 OC -thegl, respectively. The general agreement

between the HYCOM currents and those of the moored RAMA is rahBoencouraging with correlation coefficiem) (
ranging from 0.40 to 0.57 at point FFigs. 1eh) and 0.49 to 0.55 at point Figs. 1ik), with the 95% significance level at

both points approximately +0.04 and +£0.09, respectively. In additierrpd mean square errofRMSE)betweerthemrange

155 from 0.10 to @8 m s' at point R; and 0.17 to @9 m s* at point R, Meanwhile,the comparisons between the HYCOM
currents and the OSCAR data show general agreement as well at poitsO®5 RMSE=0.17m s?), O, (r=0.59
RMSE=0.19m s%), and Q (r=0.60 RMSE=0.21m s?), with the 95% significance level at the three points +0.13 (Figd).1b
Further details of numerical model description of this applied HYCOM version can be found in Hardfdimgsih (2016).

In addition to the HYCOM simulated currents, to supportysiglin this research, the Oceanic Nifio and Dipole Mode Indices
160 (ONI and DMI, respectively) were used to identify climate conditions and influences of interannual forcing associated with

ENSO and IOD on interannual variability of the zonal currents istingdy region. The ONI and DMI were obtained from the

National Oceanic and Atmospheric Administration (NOAA) website (http://www.cpc.ncep.noaa.gov/data/indices/) and the

Japan Agency for Marine Earth Science and Technology (JAMSTEC) website
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(http://www.jamstec.go.jp/frcgc/research/d1/iod/digble_mode_index.html), respectively. In addition, the wind fields
derived from the NOAAIfttps://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surfa@datdo used

to investigate the effects of local and remote winds on zonal current variations.

An-The Empirical Orthogonal-FunetionEOF method (i.e., Kanthand Clayson, 2000; Hannachi, 2004) was then used to
investigate the mode structure of the zonal current vertical profile and its temporal variphitigularlyat points Awm, Aw,

and Ag; (Transect A), pmts Bsy, Bws, and B;(Transect B), and pointssfs, Cwy, and G; (Transect C), as shown in Fig. 2.
Moreover, temporal variabilitypf the first EOF mode of zonal current wasalyzsed by applying the EEMD methotbr
decomposing a signal into a series dfiirsic mode functions and investigating the zonal current variability in the SETIO
region adjacent to the southern coasts of Surdaiva. Furthermore, a power spectral analysis (Emedy homson, 2001)
was applied to the EEMD results to identify dominhpariods of the zonal current variability in the study aiiése power

spectral analysis is computed from a measured time series by thiimye series into several segments and applying Fourier

analysis to these segments. The contribution frodividual Fourier harmonics was subsequently summed to derive total

energy of time series. In_addition, 95%nfidence redoise level in powespectrum, specified to acquiaecurate

confidencethresholds for true periodic signatures, was calculateddb@s@umber of degrees of freedom in each frequency
band (Mann and Lees, 1996)

3 Results
3.1 Distinctive Features of Zonal Currents in the Study Area

As we are interested in investigating characteristics of main ocean currents those exist in the SETIO adjacent to the Sumatr:
Java southern coasts, such as SJC, ITF, and SEC, in this study we only considered major component of those currents, nam
the zanal current component in which it wasalyzsed from surface to 800 m. The maximum depth of 800 m was chosen to
capture the presence of prevailing ocean currents in the area of study and the surrounding regions, such as cores of the SJL
For example, thescores in the Ombai Strait exist at aboutig® m depth (Sprintall et al., 2010). Furthermore, based on
monthly averaged surface currents over 64 years period i(20%8), weanalyzsed the zonal currents at three transects,
namely Transects A, B, and ®hich represent coastal region, transition zone between coastal and offshore regions, and the
offshore one, respectively (Fig. 2). Transects A and C were selected with respect to the prevalence of ocean currents in th
area of interest, representing néane (SJC) and offshore (ITF/SEC) areas, respectivelyaf@Meyers,2005; Fang et al.,

2009; Ding et al., 2013)n the present study, we have performed additional analyses of current characteristics on Transect B
as the transition zone between the SJC region (Transect A) and ITF/SEC region (Transect C) due to the estistenteof

typical features of zonal cuents along the three transects (A, B, and C), as shown in Fig. 2.

To support our reasons for assigning the three transects, we have provided Fig. 3 (as an example), which clearly shows tf
distinetiveparticularfeatures of neasurface zonal currentsaalg the three transects. Dynamics of zonal surface currents on
Transect A (Fig. 3c), especially along the southern coasts of Suliaad98° E114° E), show a complex interplay between

6
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remote wind forcings from both the equatorial Indian and Pacific i@&caad local wind. In general, there exsihanced
eastwareflowing currents during MAM and SON, which are probably attributed to Kelvin wave passage. Seasonal
characteristic of zonal currents associated with local wind, which is eastward (westward)RilFiJJA), especially along

the southern coast of Java, can be clearly seen aft@rréonths bangass filtering (figure not shown). In contrast, westward
currents are dominant along Transect C (Fig. 3e). Meanwhile, although westward currents ai@tjodat along Transect

B, eastward currents are also present, especially at longitudes 95° E to 107° E)(Hgr&dongitudedepth plots of mean

zonal currents along the sections A, B, and C are also presented in Fig. 4, which clearly showsatiffaltentrensystem

along the transects. Mean zonal currents along Transect A (Fig. 4a) shewtiweivedistinguishingfeatures: (1) the mean
currents dominantly flow eastward from the sea surface to 100 m depth (2%4°EE), and (2) they aneredominantly
westward from the region (115° E), which is close to Lombok Strait (LS) as one of the [Tfassages, to the 122° E
longitude lineIn addition, the mean eastward current aiaso exists at depth beneath 100 m and reaufregsout 0.03n s
lat~400 m.Meanwhile, the average current on Transect B (the transitional zone) is westward, especially at longitudes 101° E
to 107° E (Fig. 4b). In the offshore region (Transect C), mean zonal current flows westward throughout the region (Fig. 4c).
Moreover, we also presented meridional sections of zonal current along the three longitudes (yellow lines in Figfi2) to justi
the selection of the locations fanalyzsing zonal current characteristiasamely sections Sumatra (SM;°dB); West Java

(WJ; 107 E); and East Java (EJ; PIB), as shown irFig. 5 (as an example). Figuieclearly shows thelistinetivetypical
features of neasurface zonal currents along the three meridional sections, namely the coastal (SJICpéarea. BS atSM,;

~7°ST 8.5S atWJ;, and ~8S1 9.5°S atEJ), the transitional zone (=257 9° S atSM; ~8.2S7110°S atWJ, and ~9.5S1

10.8° S atEJ); and the offshore (ITF/SEC) area - 12°S atSM; ~1° S112°S atWJ; and ~10.5S7 12°S atE)).

Furthermore, because we are specifically interested in zonal current characteristics off southern waters of Sumatra and Jav
we selected three points on each transect, namely paint$\y;, and A;on the Transect A; pointssi, Bws, and B;on the
Transect B; and pointssts, Gwi, and G;on the Transect C with respect to thetinetiveparticularfeatures of zonal currents
shown in Fig. 2, Fig 3ce, and Fig. 4-5. Here, the subscrip@M, WJ, andEJ of the nine selected points represent regions,

which close to Sumatra, West Java, and East Java, respectively.

3.2 Climatological Current Fields

Basedon the uniquefeatures of neasurface zonal currents along the three meridional sectih\erBerCes; WI: Awsr
Bws-Cwy; andSM: Asu-Bsu-Csw in Fig. 2 asshown in Fig5, we further investigatedertical structure of zonal currealong
thesectionsFigure 6 shows seasonakpthmeanprofiles of zonal current velocity and its average lmatological current
field) over the period of 64 years (192013). Seasonal variations thie zonakurrents weranalysed during DJF, MAM,
JJA, and SON ghe-nine-ebservatigachpoints (SectionsE], WJ, and $/), as shown in Fig. 2. It can be clearly seen in Fig.
6 that there arelistinetivespecialcharacteristics of the mean zonal currents on eagfidionaltransect (denoted by black

lines in the Fig6). In the following subsections, vamalyzsedthe climatdogical current fields of eacmeridionaltransect.
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3.2.1 Vertical Structure of Zonal Current along Meridional Section EJ (Ae3-Bes-Cks)

Different zonal currensystem along the meridional transect East Java (EB#-Cey) can clearly be seen Figs. 6af. On

average, for the period 1950 through 2013, zonal climatological curregj @tearshore area) generally flows eastward from

the sea surface to 100 m depth (Figs. 6a and 6d) and reaches its maximum value of aboutOltli§ suggestethat the

average zonal current at this point is mainly attributed to SJC and it shows seasonal variations. During the SE monsoon (JJA
the strength of climatological eastward SJC at this poinpper 10 m depth reduces (Fig. 6d). Meanwhile, durind\the
monsoon (DJF), the current in thpper 10 m (Fig. 6d) flows more eastward in response to the prevailing northwesterly winds
(Fig. 7). In general, the mean eastward currenteat during DJF was attributed tocal winds. Interestinglyduring this

monsoon period (DJMpwever the eastward curreat Agy, particularly that at depth beneath 100 m, strengthenseouis

up to ~800 m. Other physical processes may account farthencekastward current dhis poinfes-particularhy-that-at
depth-beneath-100.1The SJC and SJU@hich are seasonally varying currents and predominantly eastarerdefined as
the surface current in thgoper 150 m and the subsurface current beneath 150 m down to 1000 m, respectivehar(lska
al., 2006) and-theyare—attributed The eastwardlowing SJC and SJUC aiietensified coinciding withthe arrival of a

seasonatlownwelling Kelvin wavealonggt the south coast of Java (e.g., Sprintall et al., 1999, 2000; Iskandar et al., 2006).

Downwelling Kelvin waves originating in the equatorial Indian Ocean during the transitional monsoons propagate along the
coasts of western Sumatra and southern Javaphitise speeds ranging from 1.5 to 2.9-h{esg., Sprintall et al., 2000;
Syamsudin et al., 2004; Iskandar et al., 2005). These phase speeds indicate that the downwelling Kelvin waves will arrive a
Agjin 217 41 days. In this case, downwelling Kelvin veswgenerated during the monsoon transition period in November may
arrive at A;in December/January. Therefore, in addition to the local eastward winds, the downwelling Kelvin waves may also
contribute tostrengtherthe eastward currents atAduring theNW monsoon, including those at depth beneath 100 m.
Meanwhile, the average current a; Bhe transitional zone) is westward. It is suggested that the mean westward current at the
point Be;is more dominated by the ITF (shown by black lines in Figs. 6b and 6e). Based on observation in the exit passages
(Lombok Strait, Timor Passage, and total ITF along exit passages), ITF in JJA is stronger than that in DJF (e.g.,tSprintall e
al., 2009). Irthis study, however, it is found that westward current at the peirettB00 m depth is stronger during DJF than

JJA. This phase changing (delay) of the ITF seasonality from JJA to DJF at this point is also found in the Ombai Strait as
documented by Sprtall et al. (2009, their Table 3; 2010, their Fig. 3). Moreover, Sprintall et al. (2010) found cores of
subsurface maximum ITF during DJF extending fromi28® m (100800 m) depth at the northern (southern) part of the
strait. In thipresenstudy, thé seasonal feature of the subsurface maximum ITF is also fouagdmtBich the corresponding
westward current at this point reaches its maximum values at ~100 m depth and the maximum westward current is stronge
during DJF than JJA (Figs. 6b and 6egnide, we suggest that the primary driver for zonal westward currepntiattBe ITF

coming from the southern Ombai Strait. To confirm the above relation, we have calculated the correlation between zonal
westward current at a depth of ~100 m at poiata®d that representing subsurface (~200 m) maximum ITF in the southern

Ombai Strait (Sprintall et al., 2010). The correlation coefficient between the zonal westward current at ~100 ry ahthe B
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that of the southern Ombai Strait is 0.58 with the 95%ifsigimce level approximately +0.33. This study shows that the zonal
westward current at 100 m depth at Bas a strong correlation with the subsurface (~200 m) maximum ITF in the southern
Ombai Strait, confirming that the ITF flowing from the Ombai Stisathe primary driver for zonal westward current ai B

In the offshore region of the study area, zonal currentafFys. 6c and 6f) flows westward throughout the year and has
average velocity around 0.20 m is the upper 100 m. Under such charéistis we supposed that the westward current at

this point is the SEC in the southeast Indian Ocean, which joins the ITF flowing out from the Lombok and Ombai Straits, and
Timor Passage. The HYCOM westward current at this point is stronger during &J2JXRawhich is associated with seasonall
characteristics of the ITF in Lombok Strait, Timor Passage, and of the total ITF through the Lombok and Ombai Straits, and
Timor Passage (Potemra, 1999; Sprintall et al., 2009). The westward curren{RigE 6cand 6f) reaches its maximum

value of about 0.31 m's

3.2.2 Vertical Structure of Zonal Current along Meridional Section West Java (AJ-Bwi-Cwa)

Figures 6¢ show vertical structure of zonal curraibng the meridional transect West Java (WdBws-Cwy). Similar to

Ae; mean zonal current atwA (nearshore region) is attributed to SJC, which generally flows eastwappén 100 m depth

(Figs. 6g and 6j) and reaches its maximum value of about 0.2 @us simulation shows that during the monsoonditions

(MAM and SON), SJC is eastward and intensified by the propagation of coastal Kelvin waves associated with the Wyrtki Jet
in the equatorial Indian Ocean, which is forced by the local equatorial zonal winds during both monsoons. These waves
propagat along the Sumattdava coast (i.e., Sprintall et al., 2000; Druskha et al. 2010, Iskandar et al. 2009) and some portions
propagate northward into the Lombok and Makassar Straits (Susanto et al., 2000; 2012; Pujiana et al., 2013), whereas th
remaining p&s continue eastward (Syamsuddin et al., 2004). Furthermore, the present study shows that the eastward currer
during SON is stronger than that during MAM, which is consistent with mooring observation in the Makassar Strait (Susanto
et al., 2012; their Ei. 3). The stronger eastward current during SON was supposed to be attributed to the faster and more
intense climatological Wyrtki Jet during SON than that during MAM (Knox, 1976; McPhaden, 1982; Han et al., 1999; Qiu et
al., 2009; McPhaden et al., 2015g$: 1d and 2e of Duan et al., 2016) and also associated with the stronger wind forcing over
the eastern equatorial Indian Ocean during the SON compared with the MAM period (figure not shown), which is responsible
for the Jet.

Moreover, it can be seen ttdhiring the NW monsoon the eastward current\ai (kigs. 6g and 6j) is weaker than that at A

(Figs. 6a and 6d). The weaker current afy Anay exist as a consequence of the weaker mean NW monsoon at this point
compared with that at@A(Fig. 7). Intereshgly, at a depth of 100 m, there is a maximum westward curren{atuking DJF

with velocity of about 0.1 ms(Figs. 6g and 6j). Here, we suggest that ITF is the cause of the westward current at 100 m at
Aw; during the DJF. In regard to the ITF, Fig. 3 of Sprintall et al. (2010) shows cores of subsurface maximum ITF extending
from 100 m to 250 m depth in the noetn part of the Ombai Strait and from 100 m to 800 m depth at the southern part of the

strait during DJF. Meanwhile, the influence of ITF on the zonal currentgtA00 m is weaker as a consequence of the
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stronger NW monsoon atedcompared with thosat Aw;(Fig. 7), so that the current flows rather eastward @td@ring DJF

(Figs. 6a and 6d).

To further investigate which one is more influential between the ITF and the NW monsoon to force the zonal current at the
Aws and Ag;at 100 m depth, we hawarried out correlation between the zonal current at both points (each at depth of ~100
m) and each the NW zonal wind and the zonal current representing subsurface (~200 m) maximum ITF in the southern Ombe
Strait (Table 1). Here, the ITF in the southeantf the Ombai Strait was chosen for carrying out the correlation because the

ITF flows mainly through the southern part of the passage (Sprintall et al., 20%0)aktfoundobservedhat the subsurface

maximum ITF during DJF exists at a depth of @00 m in both the northern and southern parts of the Ombai Strait and it
is stronger during DJF than JJA in both parts of the strait (Fig. 3 of Sprintall et al., 2010). In this study, the DclFreonsl

in the period of 2004 through 2006 in the d¢wmuwh Ombai Strait derived from the INSTANT program
(http://www.marine.csiro.au/~cow074/ instantdata.htm) were used for the correlation analysis.

It is found that during DJF the zonal current at;At 100 m shows high correlation with the subsurface (+vDthaximum

ITF in the southern Ombai Strait, whereas its correlation with the NW zonal wind is weak (Table 1). Moreover, although
during DJF the correlations between the zonal currentgtA 00 m and eache NW zonal wind andhe subsurface (~200

m) maximum ITF in the southern Ombai Strait are below the significance level, the NW zonal wind is more influential to force
variation of zonal current atéAat 100 m than the ITF. Hence, during DJF we suggest that the westward current simulated at
Aws at 100m is ITFrelated, whereas that atAs relatively NW zonal wingelated. As already discussed, in addition to the
local eastward winds during DJF, it is suggested that the arrival of downwelling Kelvin waves in December/January at A
may contribute t@ net eastward current across the water column, which in turn reducing the influence of ITF at this point.

In the transition region, the mean current at B westward and it is more dominated by the ITF (denoted by black lines in
Figs. 6h and 6k Similar to B, the seasonal feature of the subsurface maximum ITF is also foung, & ®hich the
corresponding westward currert this point reaches its maximum value at ~100 m depth and it is stronger during DJF than
JJAand(Figs. 6h and 6k). In th study, it is also found that the zonal westward cusr@n100 m depth at\g has a strong
correlation with the subsurface (~200 m) maximum ITF in the southern Ombai Strait, with correlation coefficient about 0.77
and with the 95% significance level@pximately +0.33, corroborating that the ITF flowing from the Ombai Strait is the main
driver for zonal westward current at this point.

Furthermore, like &, characteristic of persistent westward current exists in the offshore regign \{@ich is attibuted to

SEC and the westward current has mean velocity around®32m s' in the upper 100 m (Figs. 6i and 6l). The simulated

westward current atyg shows seasonal variations and reaches its maximum value of about 048 m s

3.2.3 Vertical Structure of Zonal Current along Meridional Section Sumatra (Asm-Bsm-Csw)

Vertical structures of zonal currealibng the meridional transect Sumatra (SMy/Bsu-Csm) are shown in Figs. 6m Similar
to Agzand Awy, mean zonal current atsé (nearshore region) isastward, attributed to SJC, and associated with the Kelvin

wave propagation. However, due teMdocated in front of west of Sumatra Island (Fig. 2), which is oriented indhtewest
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southeast direction, the meridional component of velocity at thigt oalso dominant (Figs. 1a and 2). Therefore, zonal
currents at Aw are relatively weaker than those atAand Ag;, which are located in front of south of Java Island oriented in
thewesteast direction. For example, during SON, the eastward currachies its maximum velocity of about 0.05 as
Aswm(cyan lines in Figs. 6m and 6p), whereas it is about 0.23 (@t Aws; Figs. 6g and 6j) and 0.20 m &t Ag;; Figs. 6a and
6d) at ~3650 m depths.

Furthermore, results of this study show that a maximum value of the eastward mnredbya-Kehdin-waveat Asm, Awy,

and Ag,is found at a certain depth (at ~30 m depths) anthis strengthening of eastward floivis supposed to be attributed

to abaroclinic Kelvin wave. The baroclinic Kelvin wave propagating vertically and horizontally along its waveguide can exert
energy the most at a certain depth (Drushka et al., 2010; Pujiana et al., 2013; Iskandar et al., 2014). Accordingrio laborato
experiment observation conducted by Codiga et al. (1999) and Hallock et al. (2009), Kelvin wave can be trapped in a slope
and propagates along an isobath. This phenomenon is known asrafgped baroclinic Kelvin wave. Moreover, Kelvin wave
which propagates ahg continental slope with strong stratification can cause strong current velocity. Codiga et al. (1999) also
found that this slope Kelvin wave is formed after encountering a cdikgbathymetry. Meanwhile, Pujiana et al. (2013)
shows that Kelvin wave ppagation from Lombok Strait to Makassar Strait, across Sunda continental slope, is along isobaths
at depths greater than 50 m. In this present study, eastward current along the Transect A has maximum current velocity e
depth ~3050 m. Therefore, it is ggested that this maximum eastward current ai 5@0n depth associated with slepe
trapped Kelvin wave, which propagates at that depth along the southern coasts of Sumatra and Java.

In the transition region, characteristic of average zonal current thatological current field) at & (Figs. 6n and 6q) is
different from that at &; (Figs. 6h and 6k) anddB(Figs. 6b and 6e). The average currentst iB eastward, while at points

Bws and B, it is westward. During NW and transitional periods of thensomn, zonal current atsi flows eastward and
reaches its maximum velocity of about 0.12fasa depth of 40 m within the period of SON (Fig. 6g). Meanwhile, during

SE monsoon, the zonal current at this point flows westward. In contrast to the mabnurcents in the nearshore region
(Asw), it seems that the average zonal current fieldsatig®not attributed to SJC. The reason is tkg Bcation, which is far

from the coasts of Mentawai Islandsd Enggano Island off the western coast of Sumatra by 430 km. This distance is more
than Rossby radius of deformation at this latitude (~90 km). Thereby, Kelvin waves, which affect the SitQwadi@inot

exist at this point. We suggest that the current variabilitysati®influenced by tropical current systems in the Indian Ocean,
such as the Equatorial Counter Current (ECC), Southwest Monsoon Current (SWMC), and Wyrtki Jet. Here, veel display
seasonal averaged surface currents over 64 yearsi A@BE) and schematics of the tropical current systems in the Indian
Ocean as supporting evidence (Fig. 8).

Figure 8 shows thatds is located at an area, which is affected by the ECC, SWMC, and Wyrtki Jet. It can be seen in the Fig.
8a that during DJF, surface currents along the equatorial Indian @weknminated by the westward North Equatorial Current
(NEC) and the eastward ECRIeanwhile, during JJA (Fig. 8c), the NEC disappears and the ECC becomes absorbed into the
SWMC, which dominantly flows eastward in the northern Indian Ocean (Tomczak and Godfrey, 1994). In addition, during the

transitional periods (MAM and SON), the Jegienerated and it causes a strengthening of eastward flows along the equatorial
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Indian Ocean (Figs. 8b and 8d). This explains the cause of climatological curreqi s eastward and reaches its
maximum velocity during SON and MAM. These currentg @CC, SWMC, and Wyrtki Jet) flow eastward before they turn
and some part of their flow feed into the SEC in the southern Indian Ocean.

Current characteristics in the offshore regios)@enerally show similarities with those atfand G; as shown irrigs. 60
and 6r. The current atsg is attributed to SEC and flows westwardyahrround, with mean velocity around 0183 m st

in the upper 100 m. In addition, the strength of westward currengvataies seasonally and reaches its maximum vdlue o
about 0.42 m-sduring SON (Fig. 6r).

3.3 Zonal Current Variability

EOF analysis gives vertical mode structures (spatial mode) and their normalized temporal mode variabilities relative to the
mean which influence zonal current variability in the stugdaaBefore performing the EOF analysis, the average value of the
current data has been removed (solid black lines in the Fig}. 6a furtheranalyzse the zonal current characteristics in the
nearshore and offshore areas, and the transition regioedretivem, we examined the EOF modes of zonal current across the
three meridional sections (EJ, WJ, and SM). In this paper, we only considered the first mode of EOF (EOF1) analysis since i
is associated with the largest percent of the variance. Figum& stertical structures and their associated temporal variability

of EOF1 of zonal currents along the meridional sections. Here, as an example, the temporal variability is only shown for the
last eightyear period of the EOF1 (2006 to 2013). It can berljleszen that remarkable features of zonal currents are revealed
betweemearshore andffshore areass-well-adn the three meridional sections (Fig. 9).

In general, temporal mode of EOF1 of zonal currents across each meridional section shows irdfase@sEmiannual
variabilities both in the nearshore and transition regions, whereas annual and interannual variations exist in theedfshore a
However, the vertical structures of EOF1 in each section are quite different. In the nearshore areandt S€eiy. 9a), the

vertical structure of EOFL1 is characterized by-tayer flow with a gradual decrease in speed from the surface to 800 m depth,
whereas in the transition and the offshore regions the flow velocities decrease morenidpidhpthunil theybecomerem
the-surface-tmearly zero at depths of about 500 m and 300 m, respectively. Meanwhile, in Section WG) (g @ertical

structure of EOF1 is also characterized by-tayer flow in whichtheits unidirectional vertical structure gradually decreases

from the surface to a depth of about 450 m in all areas. In contrast, a different vertical structure of fgFd infSection

SM (Fig. 9e). In this section, the vertical structure is characterized bilajeo flow in the nearshore and transition regions

with the changeover between the two typefiaf occurringat a depth of about 100 m and 200 m, respectivelgddition,

in the offshore area of Section SM, the vertical structure of EOF1 displaydirectional flow from the surface to a depth of

~500 m.

To examine the EOF modes of zonal currents in more detail, further analysisrficasned at three points each meridional
transect, namely pointsg4 Bej, and G; (Transect EJ); pointsy, Bwg, and Gy (Transect WJ); and pointssf, Bsw, and Gm

(Transect SM). Table 2 displays dominant variances at those points. From the Table 2, the first three modes at each poir

12



395

400

405

410

415

&

(exceptAvw)al ready represent O 95% of the total v atpdnsAsgaad I n
Aepal ready represent O 91% of the total variance.

In here, we only consider the first modes of EOF analysis for further analysis since their percent variances (except at poin
Asw) are more than 50% of the total variance (Table 2). Since the temporalilitgraftthe EOF1contains more than one
frequency (Figs. 9b, 9d, and 9f) atedfind out what frequencies are dominant in the EQ@Rgas then analysed by using the

EEMD method to decompose the signal. In this study, the EEMD analyses of currenty aresanted at one point on each
meridional transect, namelywA(Transect WJ), Bu (Transect SM), and&(Transect EJ). Thew, Bsw, and G;points were

chosen to investigate SJC variability, interannual variability in the open SETIO, and SEC and ITF variabilities, respectively
The EEMD analysis of the first temporal EOF mode provides 10 modes/signals in which the first signal of the BBMD res

is the summation of the second to tenth signals, which is the same as the original EOF first temporal mode of zonal currents
Meanwhile, the secoiigixth signals of the EEMD result vary from intraseasonal to interannual variabilities. The remaining
signals of EEMD result show the loigrmvariation anctrend.Moreover, the proportion of contribution of each EEMD mode

to the EOF1 is estimated by calculating standard deviation of each EEMD mode relative to the total variance of.RG1 (Figs

12). In geneal, the contributions of each EEMD mode to the EOF1yatalid Bsw, from largest to smallest, are intraseasonal,

semiannual, annual, interannual, and lveen (Figs. 10 and 11). Intriguingly, however, the contribution of f@mm signal

(19.2 %) at G, is larger than the interannual (16.3%) and annual (14.7%) signalsl@ig-or the scope of this papae

only focused orthe analysis fothe EOF1 of zonal current from intraseasonal to interannual timescales. The interesting results

concerning the egtence of pronounced contribution of letsgm variationto the EOF1 at € will be investigated in a future

study.

3.3.1 Intraseasonal, Semiannual, and Annual Variations

Figures10ai b show vertical structure and temporal variability of the EOF1 (58%taf variance) at fy, respectively. In
order to see more clearly temporal variation of the EOF1 inl®ig. we have provided the last eigfgar period of the EOF
first temporal mode (FiglOc, as an example). Current velocity variability relative te thean flow can be obtained by
multiplying the vertical mode structure (Fita) with the temporal variability (Fid.Ob).

Intraseasonal, semiannual, and annual variabilities of the EOF first temporal mageatrasults of the EEMD analysis are
displayed in Fig. 10d-f, where their power spectra (left) show maximum energyrab8th, 6month, and 12Znonth periods,
respectively. At this point, the highest power spectrum occurs at semiannual variabilityO&jign this figure (right), the

semiannualariability of the EOF first temporal mode afvfclearly shows the presence of an eastward anomaly of the zonal

current during the MAM and SON, which may flaecedenhancedy downwellingKelvin waves associated with thNeyrtki

Jetin the equatorial Indian Oce@w/yrtki 1973 QuadfaselndCresswell- 1992 Sprintalletal;-2000,-20 IMpanwhile, the
anomaly of the zonal current atvfis westward during JJA in response to the prevailing southeasterly local winds during the
SE morsoon. On the other hand, during DJF, the anomaly of the zonal currewt & #ot associated with the prevailing

northwesterly local winds during the NW monsomnywhichthe current anomaly is westward during this monsoon (fig).
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As already discusskin Sect3.2 (Table 1 and Fig. 78his may be attributed to the ITF that has more influence on variation of
zonal current at 4y during DJF than the NW local wind

Similar to Awg, the first mode of EOF vertical structure and its tempwagiability (64% of total variance) atdg show
seasonal pattern (Rglla-c). It is also found that signalith-on a6-month (semiannual) period is quite dominant a4 8-ig.

11e). In order to see more clearly the seasonal variation, we have propdebhility distribution function of the EOF1 of
zonal currents for each of the NW, SE, and transition seasogg at 8 depth of ~40 m (Fig4) The 40 m depth was selected
as an example because the most obvious seasonal variation of currents atélsisrdepth. It is found that variation of zonal
current at By is dominantly eastward during DJF (Figla) and this eastward current is enhanced during MAM and SON
(Figs. 14b and d), which may be attributed to the tropical current systems in the ckam (ECC, SWMC, and/yrtki Jet).
Meanwhile, during JJA (Fig.4t), the dominance of eastward curreatiuces,and the current tends to be dominantly
westward FurthermoreFigures 2a-c show the first mode of EOF vertical structure andeitsporal variability (72% of total
variance) at €. In general, anomaly of the zonal current aj i€ westward, which is supposed to be associated with the
meeting of SEC driven by trade winds and the ITF at this region. The EEMD analysis of the EXORal alurrent at £also
shows intraseasonaiterannual variabilities (Fg 12d-g), where it is found that interannual timescale dominates the zonal
current variation at € (0.017powerperyeapewer/yea).

To obtain a betteanderstanding of the zonal current characteristicsvat Bsv, and G we have summarized maximum
energy density of zonal currents at intraseasonal, semiannual, annual, and interannual timescales that exists atasach point b

on power spectrum calculah in Figs. 10-12 (Table 3). It is shown that the zonal currents at Arehaves peak energies

which areconsecutively dominated by semiannual, intraseasonal, and annual signals, while interannual signal is weaker thar
them at this pointFurthermore, although semiannual and intraseasonal signals are domingnt #teBe is pronounced
interannual variation of the zonal current at this point. In contrast, the zonal current variabiliy igstdGminated by
interannual signal.

Furthermorepased on the power spectrum calculation shown in Ei§.able 3), it is found that intraseasonal variability of

the SEC (zonal current aELis also prominent{about0.012powerperyeapewer/yed) in addition to the interannual signal
(~about0.017power peryeapewer/yea). Meanwhile, based on sea level anomaly data in the period of October 1992 to the
end of 1998 (about 6 years), Feagd Wijffels (2002) suggested that the strongest intraseasonal variability in the SETIO
occurs in the SEC during the JuBeptember seas@nd baroclinic instability seems to be the leading cause. On the other
hand, in this study, we found that the strongest intraseasonal variability occurs in the SJC (zonal cuyspritras different

result seemdue todifferences in the length of dataed in this study (64 years) and that in Famd\ijffels (2002) (6 years).

In addition, in this study, wanalyzsed intraseasonal variability from the signal of the EOF first temporal mode of zonal
currents (accounting for 58%, 64%, and 72% of totabvee at Avs, Bsm, and Gy, respectively), whereas FeagdWijffels
(2002)analyzsedthe intraseasonal variation from standard deviation of thea sea level anomaly data based on the 100

day highpass filtered altimeter data during the four seasdasuaryMarch, AprikJune, JulySeptember, and October
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December). Moreover, some of the difference may also be due to the fact that altimeter data do not resolve coastal process

well. However, further study is required to address this issue.

3.3.2 Interannual Variations

In this study, it is found that the most energetic zonal current variations of EORd, 8sf, and G, exist at ~30 m depth

(Figs. 10a, 11a, and 2a). To investigate exclusively the ocean currents at interannual timescale, ¢cagggation analyses

have been applied between the zonal currents at a depth of about 30 m at pgiBtssAand G; and each of the climatic
indices (e.g., ONI and DMI), as shown in Table 4. The ONI and DMI indices from 1950 to 2013 used in thisestinmbva

in Fig. 13.

The analysis of lagged correlation shows that the currentsyaidl G; show positive correlations with the ONI, namely
r(18)=0.24 and(4)=0.27, respectively, with the 95% significance level approximately £0.07, indicating tEANifio (La

Nifia) event idavourablefor an eastward (westward) currents at these points.(Fig and12g) and also pointing out that

ITF transport is lower (higher) during El Nifio (La Nifia) events (Fieux et al., 1996; Meyers, 1996; @odBiusanto1999;

Ffield et al., 2000; Susanto et al., 2001; SusantbGordon, 2005; Susanto et al., 2012; Liu et al., 2015; SusartSong,

2015; and Zhang et al., 2016). EN8@=rtsseens to have a strongest influence on the zonal current variabilitg dT@he

4), which is located close to the exits of the ITF. The ENSO signals penetrate into the SETIO mainly through the equatorial
Pacific and coastal ocean Indonesian waveguides (WigfettMeyers, 2004; Zhang et al., 2016). Meanwhile, the present
study shavs that the correlation between the zonal currentagiad ONI is weak and below the significance level.

Furthermore, negative correlation is found between 10D and zonal curreris[BtW - U: r(9)=-0.09], Bsm [DMI - U: r(1)=-

0.28], and @; [DMI - U: r(11)=0.13]. The correlation analysis indicates that IOD is most influential to force interannual
variation of the zonal currents ak¥ with the IOD leading the zonal currents by 1 month. The influence of interannual
phenomenon atdg, such as IOD, is ginger and relatively instantaneous than that at poktar@ Aw,. This maybedue to

the location of By, which is close to the center of eastern pole of the IOD (EQ6°S; Saji et al., 1999). In contrast to ONI,

there is 10D signals atwy althoughthe IOD signals at this point are weak comparedsia Bnd G;(Table 4).This indicates

that some of the IOD signals are coastally trapped.

Table 5 lists extreme and neutral years and their concurrent events through01850o further investigate ertannual
variation of zonal current, we summarized presence of major climate modes (ENSO and/or IOD) and the corresponding curren
anomalies at the points ofsiB and G; (Table 6) based on the lagged correlation analyses in Table 4 and the interannual
variations of zonal current (Fégllg and12g), and the ONI and DMI (Fig.3), respectively. In the Table 4, the GNIland

DMI-U correlations are independent of IOD and of ENSO, respectively. Meanwhile, the current anomalies, which are
attributed to the presence of major climate modes (ENSO and/or IOD) shown in the Table 6, could be focedibynces
ofENSO or 10D, or theambined effect of them. In this study, the amounts of respective contribution values of ENSO and

IOD, or the combined effect of them on the current anomalies shown in the Table 6 are still unknown. Further studies are thu:
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required to more quantitativelyetermine the contribution values of each of climate modes on zonal current variations in the
study area as well as their possible teleconnection.

In addition to the lagged correlation analysis (Table 4), partial correlation analysis was also condcettén: 30D tend to

co-occur with ENSO. Table 7 shows the partial correlation coefficients between zonal currents at 30 m on interannual timescale

and eachONI and DMI. As for the ONI, the currents revealed significant positive correlations;atu@ing al monsoon

seasons. This positive correlation suggests that El Nifio (La Nifia) events caused an eastward (westward) anomaly of curren

at this point. Meanwhile, the partial correlation between the currents and the DMI showed significant negative catrelation

Bswm, in which it occurred only during the SE monsoon (JJA), as shown in Table 7. This negative correlation indicates that an

eastward (westward) anomaly of the currents was induced by negative (positive) IOD. The results of the partial correlation

analysis confirm and complement the previous findings in Table 4 that EMS&i@ly contributed to the zonal current

variability at G;in DJF, MAM, JJA, and SON, whereas the IOD had a significant influence on the variability of current at

Bsm and only in JJA.1 this present study, howevevhat are the causes thie influenceof IOD on the current variability at

Bsm_only in JJA are still unresolved. Further research is necessary to explain the dynamical links of this matter.
AdditionallyFurthermere tFhe last mode (Figy 10h, 11h, and 2h) represents lontermvariaion andtrend which may be
associated with lonterm internal variability within the Indian Ocean or remote forcing from the Pacific Oceain-iarg

may discuss in detail in future paper.

3.3.3 Relationship of the Zonal Current Variations at Avs, Bsm, and Ces to Both Remote and Local Wind Forcings

To confirm possible influences of wind forcings on dominant variations of zonal curren;aB4v, and G; we have
calculated the correlation between them. In this study, it is found that the zonal currepigcbdgeto the shoreprehave

peak energ@eminated-bgt semiannuatighatperiod(0.140powerperyeapewerfyeay Table 3). The semiannual variations

of the zonal current atyy show the presence of an eastward anomaly of the zonal current during MAM and SON, which may
be associated with Kelvin waves forced by wingier the equatorial Indian Ocean (Wyrtki, 1973; QuadfasdiCresswell,

1992; Sprintall et al., 1999, 2000, 2010). Furthermore, we have calculated the correlation between zonal currentsrin the uppe
layer (30 m) at Ay and zonal winds for the semiannual signals extracted using the EEMD methodbjFichet 30 m uper

layer flows at Av; show a strong positive correlation with the zonal winds over the equatorial Indian Ocean, with the winds
leading the current by approximately one month. The positive correlation indicates that the flows are to the east when the
winds blow from the west to the east, and vigarsa for the easterly wind. The emm®nth lagef-betweerthe flows at Av;
with-andthe zonal winds in the equatorial Indian Ocean is in agreement with the expected arrival time of Kelvin waves at this
point, suggsting that it is of about 1B 35 days with phase speeds ranging from 1.5 tor2s8 (e.g., Sprintall et al., 2000;
Syamsudin et al., 2004; Iskandar et al., 2005). Interestingly, there is also a weaker positive correlation of the 3@yerupper
flows & Aw; at lag of about one month with zonal trade winds in the western equatorial Pacific Ocean (WEPQ) at semiannual
timescale, indicating that a strengthening (weakening) of easterly trade winds over the WaRDrablefor anomalous

westward (eastwardjurrents at 4. The strengthening of easterly trade winds over the WEPO will increase sea level in the
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northern waters of West Papua and New Guinea, enhancing eastward pressure gradient across the Indonesian seas and fore
strengthened ITF transportinSe the currents atwy are strongly correlated to the ITF (Table 1), it is suggested that this
525 possible dynamic could result in anomalous westward currentg;aaiAd viceversa for the weakening winds over the WEPO.
Semiannual (0.13powerperyeapeweriyea) signal of current variations is also dominant af But it is weaker than that at
Aws. In addition, there is pronounced interannual (0 @2erperyeapower/yred) variation of the zonal current ag(Table
3 and Fig.11g), in which 10D ismost influential to force interannual variation of currents at this point (at 38ss)pwnin
{Table 4. Like at Awy, we also look for the relationships of the upper layer flow (30 mkatvBth the zonal winds but for
530 the interannual signal obtained using the EEMethod (Fig. 6). At interannual timescale, the 30 m upper layer flowssat B
show a strong positive correlation with the zonal winds over the eastern tropical Indian Ocean, in which the response of the
flows to the zonal winds are relatively instantamgy at a lag of about one month (Fig).1Location of the zonal winds
affecting interannual variations of the upper layer flowsstiB in accord with the eastern pole region of IOD (3Q1D°E,
10°S0°S; Saji et al. 1999).
535 Furthermore, as already eapied, the zonal current variability a¢Qclose to the exits of the ITF) is dominated by interannual
| (0.017powerperyeapeweriyeay signal in which the influence of ENSO is strongest at this point at depth of 30 m (Table 4).
To enhance ownderstanding of possible relationship of zonal currentsgibGvind forcings at interannual timescale, we
have also calculated the correlation between the upper layer flow (30 m)aatdGhe zonal winds, particularly in the Pacific
| Ocean. Like at By, the interannual signals of both flewnd winds are extracted using the EEMD method. At interannual
540 timescale, the flows atgGat 30 m show a significant positive correlation with the local winds and the remote winds over the
equatorial Pacific Oceam which the response of the flows to the zonal winds are about 4 to 6 months. In addition, we also
found that the 4nonth lag signalareis stronger than the signals with the 5 to 6 mowthag. Figure Z shows a correlation
map between the Pacific wisdnd the currents at{n the case of a-thonth lag.

Previous study conducted by Wijffels and Meyers (2004) shows that the variabtliy[iiF region associated with Kelvin

b45 and Rossby waves originatiingthe Indian and Pacific Oceans, respectivélyey have revealed the pathways for equatorial

Pacific wind energy traveling down thapuan/Australian shelf break and radiating westwaoihaating Rossby Waves into

the Banda Sea and southeast Indian Ocean (thei2®igHence, there is a contribution of the westwanapagating Rossby

wWaves tothe ITF variability insidethe Indonesianeas or at théTF exit regions(Ombaiand Lombok Straits, and Timor

Passage which lead into the SETIO as well as the western coast of Sumatra and the southern coasOoi &avallation

550 (Fig. 2) clearly shows that ITF flowing from the exit pagss of Indonesian seas (Lombok, Ombai, and Timor passages) feeds

into the SETIO regionVioreover, Wijffels and Meyers (2004)ave computethe remotely driven Pacific Rossby wave speed

as a function of latitudelThe phase spesthave been compared witthe theoretical Rossby wave speduissed on atlasf

Chelton et al. (1998)n this study we have estimated the travel time of the westvpaoghagating Rossby waves excited by

the wind anomalies in the central and western Pacific to the SETIO, especially aExnpbdased orthe pathways for the

b55 Pacific signas introduced by Wijffels and Meyers (2004). gereral, it was found that the equatorial Pacific sigrelound

130° Wtook approximately3.01 months téhe Cgjbased othemean phase speeflabout 0.2 cm s! takenfrom Wijffels and
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Meyers(2004). This travel time estimation wasgthin the range ofthe 4month lagdbetwee the flows at &, andthe Pacific

winds derived from the lagged correlation analysis in Eig

4 Conclusions

Basic features of zonal currents and their temporal variability in the SETIO region adjacent to the-$avaatcaithern coasts

have been studied using global HYCOM output over the course ofil2603. There exististinctivepeculiarfeatures of
zonalcurrents in coastal (the SJC) region, offshore (the ITF/SEC) region, and transition zone between coastal and offshore
regions of the SETIO. In general, surface zonal currents on Transect A (the SJC region), especially along the southern coas
of SumatraJava (98°E-114°E), show seasonal characteristics, which are eastward (westward) during DJF (JJA). Moreover,
the eastwardlowing currents are enhanced during MAM and SON associated with the propagation of coastal Kelvin waves.
On the other hand, westwaedrrents are dominant along Transect C (the ITF/SEC region). Meanwhile, although westward
currents are quite dominant along Transect B (the transition zone between the SJC region and ITF/SEC region), eastwar
currents are also present, especially on lowmigis 95 to 107°E.

In the period of 1950 through 2013, the mean (climatological) current velocity of SJC on Transect A is dominantly eastward.
We found that both remote and local wind forcings as well as seasonal conditions are necessary to explaint theriability

in the study area. During JJA, the strength of climatological eastward SJC reduced and the SJC in the upper 100 m along tt
southern coast of Java, at a certain period of time, flowed westward in response to the prevailing soutbealsterigs

during those months. At the depth 100 m, there is a maximum westward currendatriag DIF with velocity of about 0.1

m s?, in which the current at thewA shows high correlation with the subsurface (200 m) maximum ITF in the southern Ombai
Strait (remote forcing), whereas its correlation with the NW local wind is weak. Otherwise, it is found that the NW zbnal win

is more influential to force variation obmal current at A;than the ITF. Therefore, it is suggested that the westward current
simulated at Ay at 100 m during DJF is I'Frelated, whereas that atfat 100 m is relatively NW zonal wincklated.

Moreover, it is found that the average (climagital) current at Bu is eastward, while at pointssBand B, it is westward,
suggesting that the mean eastward currentsatiginfluenced by tropical current systems in the Indian Ocean, such as the
ECC, SWMC, and Witki Jet, whereas the mean westwadrents at the pointsWd and B-;are more dominated by the ITF.

In contrast, current characteristics on Transect C (offshore region) generally show similarities at all pai@is;(@nd &),

where the current along this transect flows westward tirout the year, confirming that Transect C is the SEC/ITF region.
Seasonaly variationof the westward current on the Transect C agrees well with that of ITF in Lombok Strait, Timor Passage,
and through the three exit passages (the total ITF throughothédk and Ombai Straits, and Timor Passaige}in which

it-during JJA, the flowis strongeruring-JJdAthanduring DJF.

The EOH mode of zonal current across the three meridional sections (EJ, WJ, acteSi{)shows uniquefeatures of zonal

currents betweenearshore andffshoreregionsin the sectionsln Sections EJ and Wihe vertical structure of EOFR$

characterized byreelayer flow. In the nearshore area of Section EJ, the vertical structure of &€§#adysa gradual decrease
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595

in speed from the surface to 800 m depth, whereas in the transition and the dcifslastiee flow velocitiesdeclinemore

rapidly with depth reducing tonearly zero at depths of about 500 m and 300 m, respectiMebnwhile, in Section WJ, the

onelayer flowof thevertical structure of EOFg¢howsaunidirectional vertical structurevhichgradually decreases from the

surface to a depth 6450 m in all area€On the contraryin the nearshore and transition regiofsSection SMit is marked

by two-layer flow, in whichthe velocity reversdbetween the two types 8bw taking placeat a depth oapproximatelyl00

m_and 200 m, respectivel\Meanwhile in the offshore area of Section SM, the vertical structure of E&HIbits a

unidirectional flow from the surface to a depthabbut500 m.

In this study, the predominant variation content ofztheal current anomalies in the region is quantitatively identified, varying
from intraseasonal to interannual timescales. The analysis indicates that the zonal curker(d@dedto the shorejrehave
peak energieswhich are successivelgonsecutivelydominated by semiannudb-140-pewer/yea), intraseasonafo-670
powerlyeay, and annual0-038powerfyeay signalperiods in which interannualo-003power/yeaysighalperiod is weaker
than them at this point. Moreover, although semianf@al35pewer/yea) and intraseasondb-033-pewer/yeay sighals

variationsare dominant at & (close to the center of eastern pole of the IOD), there is pronounced inter&uadal

powerfead variation of the zonal current at this point. In contrast, the zonal current variabiligy (@tdSe to thenajorexits
passageef the ITF) is dominated by interannglo17power/yeay signal. Nevertheless, in addition to the interannual signal,

the power spectrum analysis shows that intraseasonal variability of the zonal current (SEG3 ats® prominen{o-012

pewe,p/_yea)r_ his mav—be attributedto-the baroclinic—instabili v phiseam o—be the main ause—o he prominent

The lagged correlation analysis shows thatSO seemmito have a strongest influence on the zonal current variabilitgat C

with the zonal current lagng the ENSO by 4 months Meanwhile,the IOD is mostdominantin _controlling interannual

fluctuationof the zonal current atdg, with the 10D leading the zwl currents by 1 montiurthermore, based dhe partial

correlation analysist has been revealdétiat ENSOcontributes to the zonal currentariationat Ge;in all monsoon seasons

(DJF, MAM, JJA, and SONwhile the 10Dplays a significantrole in controllingthe variationof current at By only in JJA.

In this study.thedynamical linkshat causeéhe influenceof IOD on the current variability atdg only in JJAarestill not

known Therefore, firtherstudyis essentiato elucidatethe physical mechanism&sponsible fothis topic.there-are-peositive

vith-nerthwesterly
jon- of

eem-to have a

In this studyit might be able toesolve variations on time scales greater ih&grannuakyclebased on thelYCOM output

over a relatively long period of timelere theproportion calculation afontribution of each EEMIhode to the EOEFshowed
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that the order of each mode's contributiofiom largest to smallesit Awy; and Bsm is intraseasonal, semiannual, annual,

interannual, and lonterm signalsinterestingly the contribution of longerm signakt Cg;is larger thanhe interannual and

6525 annual signalsHowever, he detailedanalysisof long--term signalis notthe scope of this researahdmight be considered

as future studyMoreover,future works, which include detailing the forcing mechanisms as welhasstigating decadal

variability and determining the cause of the ldagn signals are necessary to bperformed to gain abetter

understandingf these interesting topic$hi

Data Availability

The data used in this study are depositedtpt://www.oceanography.fitb.itb.ac.id/member/nsn/

Author Contribution

635 Primary author NSN formulated research goals and aims, developed methodology, conducted investigation process, designe
model, and prepared the published work. SLS maiathiesearch data, prepared data presentation, and draftadtigie
manuscript. RDS supervised tresearctprojectand EEMD methodologyH designed modaimulationand validated the
model resul.

Competing Interest

640 The authors declare that thieave noconflict of interest.

Acknowledgements

The authorsvould like to gratefully acknowledge data support from the following institutions. The moored RAMA current is

provided by the NOAA (https://www.pmel.noaa.gov/tao/data_deliv/e@bjavarama.html), whilehe INSTANT current is

available at the INSTANT Web sitbtfp://www.marine.csiro.au/~cow074/instantdata hffine wind fields are obtained from
645 the NOAA (ttps://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surfac@en@®NI is provided by

the NOAA/CPC at http://www.cpc.ncep.noaa.gov/data/indices/. The DMI is from HEMSTEC at

http://www.jamstec.go.jp/frcgc/research/d1/iod/iod/dipole_mode_index.Mednwhile, the HYCOM simulation results are

available at Research Group of Oceanogrdfi; Faculty of Earth Sciences and Technology, Bandung Institute of

Technology kittps://www.oceanography fitb.itb.ac.id/member/fisiWe would like to thank the support given by the

20


https://www.oceanography.fitb.itb.ac.id/member/nsn/
http://www.marine.csiro.au/~cow074/instantdata.htm
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surface.html
https://www.oceanography.fitb.itb.ac.id/member/nsn/

650

655

660

665

670

675

680

DIKTI underBasic Research Grant 202921 and Program of World Class Professor (WCB)&, for funding this works
and making the writing of this paper possible. R. Dwi Susanto is supported20/&and National Aeronautics and Space
Administration (NASA) grant #80NSSC18K0777 and Jet Propulsion Labor&lABA subcontract #1554354 to the

University of Maryland. We appreciate the valuable suggestions, comments, and corrections from anonymous reviewers.

References

Bray, N. A., Wijffels, S. E., Chong, J. C., Fieux, M., Hautala, S., Meyers, G., and Morawitz, W. Ghdracteristics of the
Indo-Pacific throughflow in the Eastern Indian Ocean, Geophys. Res. Lett., 24,25569 1997.

Chelton, D. B., (de) Szoeke, R. A., Schlax, M.G., El Naggar, K., and Siwertz, N.: Geographical variability of faedizkhic
Rossbyradius of deformation. J. Phys. Oceanogr., 281 488, 1998.

Clark, C. O., Webster, P. J., and Cole, J. E.: Interdecadal variability of the relationship between the Indian Oceadezonal mo
and East African coastal rainfall anomalies, J Climate, 16, 1588 https://doi.org/10.1175/1520
0442(2003)016<0548:IVOTRB> 2.0. CQ;2003.

Codiga, D. L., Renourad, D. P., and Fincham, A.: Experiments on waves trapped over the continental slope and shelf in ¢
continuously stratified rotatingcean, J. Mar. Res., 57, 5&3.2. doi:10.1357/002224099321549602, 1999.

Ding, X., Bassinot, F., Guichard, F., and Fang, N. Q.: Indonesian throughflow and monsoon activity records in the Timor Sea

since the last glacial maximum, Mar. Micropaleontol., 101, 115126.
http://dx.doi.org/10.1016/j.marmicro.2013.02.02813.

Drushka, K., Sprintall, J., Gille, S., and Brodjonegoro, I.: Vertical structure of Kelvin waves in the Indonesian throughflow
exit passages, J. Phys. Oceanogr., 40, i1B#%/. doi:10.1175/2010 JPO4380.1, 2010.

Duan, Y., Liu, L., Han, G., Liu, H., Yu, W., Yang, G., Wang, H., Wang, H., Liu, Y., Zahid, and Waheed, H.: Anomalous
behaviors of Wyrtki Jets in the equatorial Indian &cduring 2013, Sci. Rep., 6(29688)71doi: 10.1038/srep29688.,
2016.

Emery, W.J., and Thomson, R. E.: Data Analysis Methods in Physical Oceanography, Elsevier, New York, 2001.

Fang, G., Wang, Y., Wei, Z., Fang, Y., Qiao, F., and Hu, X.: Interocean circulation and heat and freshwater budgets of the
South China Sea based on numerical model, Dynam. Atmos. Ocean, -3)47(565 72.
https://doi.org/10.1016/j.dynatmoce.2008.09.02309.

Feng, M., and Wijffels, S.: Intraseasonal variability in the South Equatorial Current of the East Indian Ocean, J. Phys.
Oceanogr, 32, 26277.https://doi.org/ 10.1175/1520485(2002)032<0265:IVITSE>2.0.CQ;2002.

Feng, M., Zhang, N., Liu, Q., and Wijffels, S.: The Indonesian throughflow, its variability and centennial change, Geosci.
Lett., 5(3), 1i 10. https://doi.org/10.1186/s40567.801022, 2018.

Ffield, A., Vranes, K., Gordon, A. L., Susanto, R. D., and Garzoli, S. L.: Temperature variability within Makassar Strait,
Geophys. Res. Lett, 2732 240. doi:10.1029/1999GL002377, 2000.

21


https://doi.org/10.1175/1520-0442(2003)016%3c0548:IVOTRB%3e%202.0.%20CO;2
https://doi.org/10.1175/1520-0442(2003)016%3c0548:IVOTRB%3e%202.0.%20CO;2
http://dx.doi.org/10.1016/j.marmicro.2013.02.003
https://doi.org/10.1016/j.dynatmoce.2008.09.003
https://doi.org/%2010.1175/1520-0485(2002)032%3c0265:IVITSE%3e2.0.CO;2
https://doi.org/10.1186/s40562-018-0102-2

685

690

695

700

705

710

Fieux, M., Andrie, C., Delecluse, P., llahude, A. G., Kartavtseff, A., Mantisi, F., Molcard, R., and Swallow, J. C.:
Measurements within the PacHiodian Ocean throughflow region, De&ea Res., 41(7), 1001130.
https://doi.org/10.1016/096@3637(94)9002¢b, 1994.

Fieux, M., Molcard, R., and llahude, A. G.: Geostrophic transport of theidbudfan Oceans throughflow, J. Geophys. Res.,
101(C5), 12,420112,432. doi210.1029/95JC03566, 1996.

Gordon, A. L.: Interocean exchange of thermocline water, J. Geophys. Res., 95&8B H0i:10.1029/JC091iC04p05037,

1986.

Gordon, A. L., and SusantB. D.: Makassar Strait transport: initial estimate based on Arlindo result, Mar. Technol. Soc. J.,
32,3445, 1999

Gordon, A. L., Susanto, R. D., Ffield, A., Huber, B. A., Pranowo, W., and Wirasantosa, S.: Makassar Strait throughflow, 2004
to 2006, Geophy. Res. Lett., 35, L24605f 4. https://doi.org/ 10.1029/2008HL036372, 2008.

Hallock, Z. R., Teague, W. J., and Jarosz, E.: Subinertial slope trapped waves in the northeastern Gulf of Mexico, J. Phys
Oceanogr., 39, 1474485. doi:10.1175/2009JP03925.1020

Han, W., McCreary Jr, J. P., Anderson, D. L. T., and Mariano A. J.: Dynamics of the eastern surface jets in the equatorial
Indian Ocean, J. Phys. Oceanogr., 29(9), 22909. doi:10.1175/15280485(1999)029<2191:DOTESJ>2.0.CO;2,
1999.

Hannachi, A.: A Fimer for EOF Analysis of Climate Data, Department of Meteorology, University of Reading. UK, 2004.

Hanifah, F., and Ningsih, N. S.: The characteristic of eddies in the Banda Sea, Adv Appl. Fluid Mech., 19@2,. 88SN:
09734686.https://doi.org/10.17654/FM019040882016.

Huang, N. E., Shen, Z., Long, S. R., Wu, M. C., Shih, H. H., Zheng, Q., ¥€n, Nung, C. C., and Liu, H. H.: The empirical
mode decomposition and the Hilbert spectrum for me@i and nosstationary time series analysis, Roy. Soc., 454,

903 905. doi:10.1098/rspa.1998.0193, 1998.

Hu, S., and Sprintall, J.: Interannual variability of the Indonesian Throughflow: The salinity effect, J. Geophys. Re&s. Ocean
121, 25962615. doi:101002/ 2015JC011495, 2016.

Hu, S., and Sprintall, J.: Observed strengthening of interbasin exchange via the Indonesian seas due to rainfalliamensificat
Geophys. Res. Lett., 44, 1448156. doi:10.1002/2016GL072494, 2017.

Iskandar, I.,Mardiansyah, W., Masumoto, Y., and Yamagata, T.: Intraseasonal Kelvin waves along the southern coast of
Sumatra and Java, J. Geophys. Res., 110, C04013. doi:10.1029/2004JC002508, 2005.

Iskandar, I., Tozuka, T., Sasaki, H., Masumoto, Y., and Yamagaténtraseasonal variations of surface and subsurface
currents off Java as simulated in a higsolution ocean general circulation model, J. Geophys. Res., 111, C12015. 1
15. https://doi.org/10.102 2006JC0034862006.

Iskandar, I., Masumoto, Y., and Mizuno, K.: Subsurface equatorial zonal current in the eastern Indian Ocean, J. Gepphys. Res
114, C06005. doi:10.1029/2008JC005188, 2009.

22


https://doi.org/10.1016/0967-0637(94)90020-5
https://doi.org/10.17654/FM019040889
https://doi.org/10.1029/%202006JC003486

715 Iskandar, I., MasumotoY., Mizuno, K., Sasaki,H., Affandi, A. K., SetiabudidayaP., and SyamsuddinF.. Coherent
intraseasonal oceanic variations in the eastern equatorial Indian Ocean and in the Lombok and Ombai Straits fron
observations and a higlesolution OGCM, J. Geophys. Res. Oceans, 119,63(hdoi:10.1002/ 2013JC009592014.

Jyoti, J., Swapna, P., Krishnan, R., and Naidu, C. V.: Pacific modulation of accelerated south Indian Ocean sea langl rise du
the early 21st Century, Clim. Dyn., 53, 442332 https://doi.org/10.1007/s0038219-047950, 2019.

720 Kantha, L. H., and Clayson, C. A.: Numerical Models of Oceans and Oceanic Processes, International Geophysics Series. 6t

Academic Press, London, 2000.
Knox, R. A.: On a long series of meaements of Indian Ocean equatorial currents near Addu Atoll -BeafRes., 23, 211
221.https://doi.org/10.1016/0017471(76)9B255, 1976.
KrishnamurthyL., and Krishnamurthy, V.: Decadal and interannual variability of the Indian Ocean SST, Clim. Dyn., 46(1
725 2), 57 70. https://doi.org/10.1007/s0038215-2568 3, 2016.
Liu, Q, Feng, M., Wang, D., and Wijffels, S.: Interannual variability of the Indonesian Throughflow transport: a reviit base
on 30year expendable bathythermograph data, J. Geophys. Res., 120,882) doi:10.1002/2015JC011351, 2015.
Mann, M. E., and_ees, J. M.: Robust estimation of background noise and signal detection in climatic time series. Clim.
Change, 33, 409145, 1996.
730 McPhaden, M. JVariability in the central equatorial Indian Ocean. Part I: Ocean dynamics, J. Mar. Res.,id763P82.
McPhaden, M. J., Wang, Y, and Ravichandran, M.: Volume transports of the Wyrtki Jets and their relationship to the Indian
Ocean dipole, J. Geophys. Res., 120, 53327. doi: 10.1002/2015JC010901, 2015.
Meng, X., Wu,D., Hu, R., and Lan, J.: The interddaavariation of Indonesian throughflow and its mechanism, Chinese Sci
Bull., 49(19), 20582067. doi: 10.1360/03wd0540, 2004.
735 Metzger, E. J., Hurlburt, H. E, Xu, X., Shriver, J. F., Gordon, A. L., Sprintall, J., Susanto, R. D., and (van) Aken, H. M.:
Simulated and observed circulation in the Indonesian Sea$ @ld2al HYCOM and the INSTANT Observation,
Dynam. Atmos. Ocean., 50, 27300. https://doi.orgl0.1016/j.dynatmoce.2010.04.0@010.
Meyers, G.: Variation of Indonesian throughflow and the El Nifio Southern Oscillation, J. Geophys. Res., 10112,2@2%5
doi: 10.1029/95JC03729, 1996.
740 Murray, S. P., and Arief, D.: Throughflow into the Indian Octranugh the Lombok Strailanuary 1985anuary 1986, Nat.,
333, 444447, 1988.
Potemra, J. T.: Seasonal variations of upper ocean transport from the Pacific to the Indian Ocean via Indonesidhgsaits, J.
Oceanogr., 29(11), 298R944.https://doi.org/10.1175/1520485(1999)029<2930:SVOUOT>2.0.CQ 1999.
Pujiana, K., Gordon, A. L., and Sprintall, J.: Intraseasonal Kelvin wave in Makassar Strait, J. Geophys. Res. 20342023
745 doi: 10.1002/jgrc20069., 2013.

Pujiana, K., McPhaden, M. J., Gordon, A. L., and Napitu, A.: Unprecedented response of Indonesian Throughflow to

anomalous Inddacific climatic forcing in 2016, J. Geophys. Res. Ocean., 124, i373%.
https://doi.org/10.1029/2018JC01452019.

23


https://doi.org/10.1007/s00382-019-04795-0
https://doi.org/10.1016/0011-7471(76)91325-5
https://doi.org/10.1007/s00382-015-2568-3
https://doi.org/10.1016/j.dynatmoce.2010.04.002
https://doi.org/10.1175/1520-0485(1999)029%3C2930:SVOUOT%3E2.0.CO;2
https://doi.org/10.1029/2018JC014574

750

755

760

765

770

775

780

Qiu, Y., Li, L., and Yu, W.: Behavior of the Wyrtki Jet observed with surface drifting buoys and satellite altimeter, Geophys
Res. Lett., 36(18), 12a.31. doi:10.1029/2009GL039120, 2009.

Qu,T., and Meyers, GSeasonal characteristics of circulation in the southeastern tropical Indian @ceawys. Oceanogr.,
35(2), 255 267.https://doi.org/10.1175/IJR@682.1 2005.

Quadfasel D., and @sswell, G. R.: A note on seasonal variability of the South Java Current, J. Geophys. Res., 97(C3), 3685
3688. https://doi.ord0.1029/ 91JC03056, 1992.

Saji N. H., Goswani, B. N., Vinayachandran, P. N., and Yamagata, T.: A dipole mode in the tropamalQodan, Nat., 401,

360 363. doi:10.1038/43854, 1999.

Saji, N. H., and Yamagata, T.: Possible impacts of Indian Otipaie mode events on global climate, Clim. Res., 25(2); 151
169. doi:10.3354/cr025151, 2003.

Semtner, A. J., and Chervin, R. M.: Oceggmeral circulation from a global eddgsolving model, J. Geophys. Res., 97, 5493
5550.https://doi.org/10.1029/92JC0009ER92.

Shen, B:W., Cheung, S., Wu, ¥L., Li, J-L.F., and Kao, D.Parallel implementation of the ensemble empirical mode
decomposition and its application for earth science data analysis, Comput. Sci. Eng., 19&j, 49
https//doi.org/10.1109/MCSE.2017.3421555, 2017.

Shinoda, T., Han, W., Metzger, E. J., and Hurlbdrt, : Seasonal wvariation of the Indo
J. Phys. Oceanogr., 42, 1099.23. httpg/doi.orgh0.1175/JPED-11-0120.1, 2012.

Song, Q., Gordon, A. L., and Visbeck, M.: Spreading of the Indonesian throughflow in the Indian D&¥gs,. Oceanogr.,

34, 772792.https://doi.org/10.1175/1520485(2004)034<0772:SOTITI>2.0.CQ;2004.

Sprintall, J., Chong, J., Syamsudin, F., Morawitz, W., HautalaBr@y, N., and Wijffels, S.: Dynamics of the South Java
Current in the IndéAustralian basin, Geophys. Res. Lett., 26(16), 22996.https://doi.org/10.1029/1999GL002320
1999.

Sprintall, J., Gordon, AL., Murtugudde, R., and Susanto, R. D.: A semnual Indian Ocean forced Kelvin waves observed
in the Indonesian Seas, May 1997, J. Geophys. R#s,.17217 17,230.https://doi.org/10.1029/2000JC90EH) 2000.

Sprintall, J., Wijffels, S. E., Molcard, R., Jaya, |.: Direct estimates of the Indonesian throughflow entering the Indian Oce
2004 2006, J. Geophys. Res, 114, C07001L9L doi: 10.1029/2008JC005257, 2009.

Sprintall, J., Wijffels, S. E., Molad, R, and Jaya, |.: Direct evidence of the south Java current in Ombai Strait, Dynam. Atmos.
Ocean., 50, 14A56. https://doi.org/10.1016/j.dynatmoce. 2010.02.006, 2010.

Sprintall, J., and Révelard, J.: The Indonesian throughflow response td&uif@ climate variability,J. Geophys. Res.
Ocean., 119, 1161175. doi: 10.1002/2013JC009533, 2014.

Susanto, R. D., Gordon, A. L., Sprintall, J., and Herunadi, B.: Intraseasonal variability and tides in Makassar Strag, Geoph
Res. Lett., 27(10), 1499502 https://doi.org/10.1029/2000GL011412000.

Susanto, R. D., Gordon, A. L., and Zheng, Q.: Upwelling along the coasts of Java and Sumatra and its relation to ENSO
Geophys. Res. Lett., 28(8), 159%02.https://d0oi.org/10.1029/2000GL011842001.

24


https://doi.org/10.1175/JPO-2682.1
https://doi.org/10.1029/92JC00095
https://doi.org/10.1175/1520-0485(2004)034%3C0772:SOTITI%3E2.0.CO;2
https://doi.org/10.1029/1999GL002320
https://doi.org/10.1029/2000JC900065
https://doi.org/10.1029/2000GL011414
https://doi.org/10.1029/2000GL011844

785

790

795

800

805

810

815

SusantoR. D., and Gordon, A. L.: Velocity and transport of the Makassar Strait throughflow, J. Geophys. Res., 110, C01005.
1i 10. https://doi.org/10/1029/ 2004JC00242005.

Susanto, R. D., Ffield, AGordon, A. L., and Adi, T. R.: Variability of Indonesian throughflow within Makassar Strait- 2004
2009, J. Geophys. Res., 117, C090%3.6L doi: 10.1029/2012JC008096, 2012.

Susanto, R. D., and Song, Y. T.: Indonesian throughflow proxy from sateliiteetdrs and gravimeters, J. Geophys. Res.,
Ocean. 120, 2844£855. doi:10.1002/2014JC010382, 2015.

Susanto, R. D., Wei, Z., Adi, T. R., Zheng, Q., Fang, G., Bin, F., Supangat, A., Agustiadi, T., Li, S., Trenggono, and M.,
Setiawan, A.: Oceanography surrdimg Krakatau Volcano in the Sunda Strait, Indonesia, Oceanography, 29(2), 228
237. https://doi.org/10. 5670/oceanog.2016.31, 2016.

Syamsudin, F., Kaneko, A., and Haidvogel, D. B.: Numerical and observational estimates of Indian Ocean Kelvin wave
intrusioninto Lombok Strait, Geophys. Res. Lett., 31, L243074.H0i:10.1029/2004GL021227, 2004.

Syamsudin, F., and Kaneko, A.: Ocean variability along the southern coast of Java and Lesser Sunda Islands, J. Oceanog
69(5), 557570.https://doi.org/10.007/s1087@13-01926, 2013.

Tomczak, M., and Godfrey, J. S.: Regional Oceanography: An Introduction, Pergamon Press, Oxford, 1994.

Wijffels, S., Sprintall, J., Fieux, M., and Bray, N.: The JADE and WOCE I10/IR6 throughflow sections in the southeast Indian
Ocean. Part 1. water mass distribution and variability, E®egp Res. PT I, 49, 1341362.
https://doi.org/10.1016/S0961645(01)0015%, 2002.

Wijffels, S., and Meyers, G.: An intersection of oceanic waveguides: variability in the Indonesian throughfiow.dghys.
Oceanogr., 34, 1232253.https://doi.org/10.1175/1520485(2004)034<1232:AIOOWV>2.0.CQ;2004.

Wu, Z., and Huang, N. E.: Ensemble empirical mode decomposéinoiseassisted data analysis method, Adv. Adapt. Data
Anal., 1, 141. doi: 10.1142/S1793536909000047, 2009.

Wyrtki, K.: An equatorial jet in the Indian Ocean, Sci., 181,iZ&2, 1973.

Wyrtki, K.: Indonesian throughflow and the associated pressachegt, J. Geophys. Res., 92, 12,911,946, 1987.

Yamagami, Y., and Tozuka, T.: Interannual variability of South Equatorial Current bifurcation and western boundary currents
along the Madagascar coast, J. Geophys. Res. Ocean., 1208866.1doi: 10.1002015JC011069, 2015.

Yuan, Y., Chan, C. L. J., Wen, Z., and Chongyin, L.: Decadal and interannual variability of the Indian Ocean dipole, Adv.
Atmos. Sci., 25(5), 85@66. doi: 10.1007/s0037808-0856:0, 2008.

Zhang, N., Feng, M., Du, Y., Lan, J. and \éJ§, S. E.: Seasonal and interannual variations of mixed layer salinity in the
southeast tropical Indian Ocean, J. Geophys. Res., Ocean. 121, 473%. doi:10.1002/2016JC011854, 2016.

25


https://doi.org/10/1029/%202004JC002425
https://doi.org/10.007/s10872-013-0192-6
https://doi.org/10.1016/S0967-0645(01)00155-2
https://doi.org/10.1175/1520-0485(2004)034%3C1232:AIOOWV%3E2.0.CO;2

Table 1 Correlation coefficients between zonaturrents at 100 m depth at both Avs and As; and each the local NW zonal wind and

subsurface (200 m) maximum ITF in the southern Ombai Strait during DJF in the period of 2004 through 2006.

Correlation Coefficients ()2

Points
U-SMITF U-NWZW
Aw; 0.76 -0.32
Ag; -0.13 0.3¢9

aThe 95% significance level is approximately + 0.83zonal currents at 100 m depth; SMITF: subsurface (200 m) maximum ITF in the
820 southern Ombai Strait; NWZW: northwesterly zonal wind.
b) Correlation below the significance level.

Table 2.Dominant variances at the nine observation points

Variance (%)

Mode Section EJ Section WJ Section SM
Ags Bes Ce Awy Bwa Cws Asm Bswm Cswm
1 60 76 72 58 84 87 37 64 88
2 29 18 20 33 12 10 25 27 9
3 6 4 3 5 13 6
4 2 10
5 6
6
Total 95 98 97 96 96 97 95 97 97
825
Table 3. Maximum energy density(peak energiesiat intraseasonal, semiannual, annual, and interannual timescales at poimsv,,
Bswm, and Ce,.
) Maximum Energy Density (power per yeaiRewerY-ear) and Periods (months)
Foints IS SA AN 1A
Awj 0.070(3.0) 0.140(6.0) 0.038(12.0) 0.003(36.0)
Bswm 0.01533(3.0) 0.135(6.0) 0.007(12.0) 0.012(36.0)
Ces 0.012(2.0) 0.008(6.6) 0.012(12.0) 0.017(44.4)
IS: Intraseasonal; SA: Semiannual; AN: Annual; IA: Interanndaluesshown inbracketsareperiods
830
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Table 4.Lag correlation between the zonal currents at 30 m and eache-ONI and DMI.

Correlation Coefficients (r)® and Time Lag (TL)

Points ONI'i U DMI - U
r TL (months) r TL (months)
Aws 0.0 2 -0.09 9
Bswm 0.24 18 -0.28 1
Ces 0.27 4 -0.13 11

AThe 95% significance level is approximately + 0.07zonal currents at 30 m. Positive correlation coefficients between the currents and
the ONlindicate existence of an eastward (westward) anomaly of the currents during El Nifio (La Nifia). Meanwtile, cagelation
coefficients between the currents and the DMI indicate existence of an eastwardatdestmomaly of the currents during negative
(positive) 10D. A positive (negative) lag indicates that the variability in a former variable (e.g., @MIpteads (lags) that in the latter
variable (the zonal current).

b) Correlation below the significance level.

Table 5. ENSO, 10D, and neutral events during the 1950 2013 periods.

El Nifio NR-ENSO La Nifia
P-10D 1951 1953 1963 1962 1967 1990 1970 1976 1985
1965 1966 1969 2003 2013 1999 2000 2006
1972 1977 1982 2007 2008 2010
1983 1986 1987 2011

1991 1993 1994
1997 2002 2004

2009 2012
NR-10D 1952 1957 1961 1950 1971 1973
1979 2001 2005 1974 1988 1989
1995
N-IOD 1968 1992 1956 1958 1959 1954 1955 1964
1960 1978 1980 1975 1984 1998
1981 1996

NR-ENSO: neutral ENSO-Q.5 °C < ONI < +0.5 °C); El Nifio (ONI > +0.5 °C); La Nifia (ONF&5 °C); RIOD: Positive 10D (DMI >
+0.36 °C); NRIOD: neutral IOD {0.36 °C < DMI < +0.36 °C); NOD: negative IOD (DMI <0.36 °C). Theclassification of ENSO evesnt

is determined by ONIhttp://www.ESRL.noaa.gov/Meanwhile, DMI is used for the classification of IOD events, with criterion according
to Yuan et al. (2008).
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Table 6. Summary of major climate modes (ENSO and/or IOD) and the corresponding current anomalies through 195@013.

Zonal Current (U)

Points Events Current Speed  Observation
(msY Time

NR-ENSO (Jan. 2004) and N®D (Jun. 2005) -0.21 Jul.2005
NR-ENSO (Dec 1980) and-®OD (May 1982) -0.19 Jun. 1982
NR-ENSO (Aug. 1962) and NOD (Jan. 1964) -0.28 Feb. 1964

El Nifio (Feb. 1998) and-FOD (Jul. 1999) -0.35 Aug. 1999

Bsm  El Nifio (Oct. 2009) andOD (Apr. 2011) -0.18 May 2011
La Nifia(Dec. 1995) and 0D (Jul. 1997) -0.50 Aug. 1997

La Nifia (Aug. 2007) and-FOD (Feb. 2009) -0.16 Mar. 2009

La Nifia (Feb. 1995) and-NOD (Jul. 1956) -0.24 Aug. 1956

La Nifia (Oct. 1955) and NROD (Mar. 1957) -0.13 Apr. 1957
NR-ENSO (Oct2001) and NROD (Feb. 2001) -0.18 Jan. 2002
NR-ENSO (May. 1978) and-FOD (Oct. 1977) -0.46 Sep. 1978
NR-ENSO (Mar. 1960) and MNOD (Aug. 1959) 0.41 Jul. 1960

El Nifio (Aug. 1953) and #OD (Jan. 1953) 0.96 Dec. 1953

El Nifio (Nov. 1991) andP-IOD (Apr. 1991) 0.45 Mar. 1992

El Nifio (Nov. 2009) and #OD (Apr. 2009) 0.69 Jan. 2010

& El Nifio (Jul. 1997) and NOD (Dec. 1996) 0.78 Nov. 1997
La Nifia (May. 1988) and-FOD (Oct. 1987) -0.46 Sep. 1988

La Nifia (Sep. 1998) andI®D (Feb.1998) -0.59 Jan. 1999

La Nifia (Nov. 2011) and-FOD (Apr. 2011) -0.61 Mar. 2012

La Nifia (Aug. 1954) and NfROD (Jan. 1954) -0.70 Dec. 1954

La Nifia (Sep. 1988) and NR®OD (Feb. 1988) -0.43 Jan. 1989

850 NR-ENSO: neutral ENSO;-FOD: Positive IOD;NR-IOD: neutral IOD; NIOD: negative I0D. The classification criterion for ENSO and
10D events can be seen in Table 5.
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Table 7. Partial correlation coefficients between zonal currents at 30 non interannual timescaleand each ONI and DMI. Only

values above 95% confidence level ashown.

860 ONI i U (no DMI) DMI 7 U (no ONI)
Points DIF MAM __ JJA ___ SON DIE MAM JIA SON
Aws - - - - - - - -
Bsm - - - - - - -0.76 -
Ce3 046 028 047  0.43 ; ) i ]
The 95%
significance  °0.19  °0.25 °0.26 °023 °063  °0.49  °035  °0.41
level
865
870
875
880
885
890
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Validation of HYCOM zonal currents with OSCAR and RAMA datasets: (a) Locations of validation points: Points @(8°S,
116°E), Oz (7°S, 98E), and Oz (11.5°S, 113E) for the OSCAR data, while R (0°S, 90E) and R: (8.5°S, 106.75E) for the
RAMA data. (b)-(d) Time series of the zonal currents observed by the HYCOM (blue lines) and the OSCAR (red lines) at
a depth of 0.5 m at point Q, Oz, and O3, respetively. Meanwhile (e)(h) are the time series of zonal currents observed by
the HYCOM (blue lines) and the moored RAMA (red lines) at point R at depths of 50, 150, 250, and 350 m, sequentially.
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Meanwhile, (i)-(k) are the same as (efh), except for pointR2 and depths of 40, 80, and 120 m, respectively. In the Figs.

leh (point R1), a monthly low-pass filter has been applied before plottingR MSE: root meansquareerrors; r: correlation

coefficients.
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Figure 2. The area of study interest in the SETIO region adjacent to the Sumatrdava southern coasts. The blue arrows show

-

climatological (yearly mean) surface (1 m) current field over 64 years from 1950 to 2013. Yellow lines are the meridional
sections dong the three longitudes (98°E, 107°E, and 113°E), while red lines are the three selected transects: A, B, and C.

Green, yellow, and cyan circles are the locations in which the zonal currents aa@alyzsed, namely points Asm, Awa, Agj

31



(on the Transect A);points Bsm, Bws, and Bes (on the Transect B); and points Gm, Cwa, and Ces (on the Transect C). The

subscripts SM, WJ, and EJ denote regions which close to Sumatra, West Java, and East Java.
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Figure 3. Time-longitude profiles of: (a) the-ONI, (b) the-DMI; and monthly averages of surface (1 m) zonal currents along (c)
Transect A, (d) Transect B, and (e) Transect C. Positive (negative) values the zonal currents indicate

eastward (westward). Meanwhile, green dash lines denote longitudes of the nine selected points.
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