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Abstract
The South Java Coastal Current (SJCC) transports warm water from the tropical Indian Ocean toward the southeast
along the coastal areas of western Sumatra and southern Java. This study aims to reconstruct the SJCC and examine
its seasonal and interannual variations during different phases of the Indian Ocean Dipole (IOD) and El Niño–Southern
Oscillation (ENSO) from 1993 to 2023. Surface ocean currents were examined using the Ocean Surface Current
Analysis Real-time (OSCAR) dataset, along with sea level anomaly (SLA), ERA5 surface wind, Niño 3.4, and Dipole
Mode Index (DMI). Results reveal that, on the intraseasonal timescale, the SJCC exhibits a dominant periodicity of
about 76 days. In general, the eastward surface currents along the southern waters of Java are formed throughout
the year. From June to September, the eastward surface currents are usually absent under normal conditions but
appear during negative IOD and La Niña events, driven by wind mechanisms and Kelvin wave activity. Conversely,
during positive IOD and El Niño events, the eastward surface currents weaken significantly or are suppressed, especially
from October to January. The influence of IOD events on the eastward surface currents is stronger than that of
ENSO. The variability of the eastward surface currents is affected not only by seasonal monsoon winds but also by
large-scale ocean-atmosphere interactions and the movement of equatorial Kelvin waves. Understanding these processes
is essential for more accurate prediction of regional circulation, heat transfer, and climate variability in the southeastern
tropical Indian Ocean.
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1. Introduction
The dynamics of the waters south of Java, which form part

of the southeastern tropical Indian Ocean, are highly com-

plex and influenced by multiple key oceanographic fac-

tors (Wijffels et al., 1996; Pranowo et al., 2016; Ningsih

et al., 2021). These dynamics result from the interaction

between several currents, including the South Equatorial

Current (SEC) and the SJCC (Wyrtki, 1961; Feng and Wijf-

fels, 2002; Utamy et al., 2015), significant upwelling phe-

nomena (Wyrtki, 1962; Susanto et al., 2001; Qu et al., 2005;

Kuswardani and Qiao, 2014; Atmadipoera et al., 2020;

Wirasatriya et al., 2020; Wen et al., 2023), and the IOD

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

(Adiwira et al., 2018), which has substantial impacts on

regional climate variability (Saji et al., 1999; Webster et

al., 1999; Ashok et al., 2001). Additionally, the Indone-

sian Throughflow (ITF) serves as a major conduit for wa-

ter mass exchange between the Pacific and Indian Oceans

(Potemra, 1999;Wijffels et al., 2002; Gordon, 2005; Gordon

et al., 2010; Sprintall et al., 2019; Jin and Wright, 2020),

while the ENSO plays a crucial role in modulating both

oceanic and atmospheric variability in this region (Susanto

and Marra, 2005; Hood et al., 2015). Despite the impor-

tance of these processes, detailed investigations into the

SJCC remain limited, including the characteristics during

the IODandENSO.However, thesephenomena significantly

alter sea surface temperatures, wind patterns, and ocean
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circulation.

SJCC is a predominantly eastward-flowing, coastally

trapped current along the southern coast of Indonesia from

Java to Sumba. Its variability is strongly influenced by re-

mote equatorial forcing associated with the South Equato-

rial Counter Current (SECC), often transmitted via coastal

Kelvin waves (Quadfasel and Cresswell, 1992; Utamy et

al., 2015). However, there is considerable debate regard-

ing the persistence of the SJCC. Some studies suggest that

the SJCC forms only during the northwest monsoon, while

others indicate it is a year-round phenomenon. This cur-

rent system plays a significant role in heat and nutrient

exchange between the central Indian Ocean and the wa-

ters along the southern Java and western Sumatra coasts.

Studies have demonstrated that the SJCC influences the

distribution of temperature, salinity, and nutrient concen-

trations in this region (Utamy et al., 2015). Additionally,

the interaction between the SJCC and the ITF generates

mesoscale eddies that exhibit both cyclonic and anticy-

clonic characteristics, with diameters ranging from 20 to

200 km (Tussadiah et al., 2016). Previous research has

shown that, in addition to its predominant flow toward

the Central Indian Ocean (CIO), the SJCC transports water

masses from the IndianOcean into the Indonesian Seas and

the Banda Sea through various straits, such as the Sumba

and Ombai Straits (Atmadipoera et al., 2022).

In terms of regional climate, the presence of the SJCC

is critical in regulating sea surface temperature (SST) vari-

ability and atmospheric circulation over the Indonesian

region. The warm water masses transported by the SJCC

influence rainfall patterns and the formation of strong at-

mospheric convection, particularly during the northwest

monsoon (Schott et al., 2009). This process contributes to

the high precipitation intensity observed across Sumatra,

Java, Bali, and Timor (Aldrian and Susanto, 2003). Notably,

the increased precipitation during the northwestmonsoon

coincides with the development of the SJCC, highlighting a

strong linkage between oceanic circulation and regional

weather systems (Wu et al., 2013).

Given the critical role of the SJCC inmodulating regional

climate, ocean circulation, and marine ecosystems, this

study aims to reconstruct the existence and variability of

the SJCC under different climate conditions, including nor-

mal years and extreme IOD and ENSO events. Understand-

ing these seasonal dynamics is essential for accurately pre-

dicting current behaviour, heat transport, and broader cli-

matic implications. The findings from this research will

provide a deeper understanding of ocean-climate interac-

tions in the southeastern tropical Indian Ocean, thereby

enhancing climate forecasting, fisheries management, and

regional climate adaptation strategies. Moreover, under-

standing the SJCC’s contribution to global thermohaline

circulation will help improve global climate models and

future climate variability predictions.

2. Material and methods
2.1 Geographic characteristics
The research location comprises the western part of Suma-

tra and the southern waters of Java extending to Sumba

Island, which includes 13°S–4°S and 101°E–117°E (Fig-

ure 1). The region south of Java exhibits significant depth

variation, ranging from shallow continental shelf areas

near the island to the deepest parts of the Java trenches.

The continental shelf extends from the coastline to depths

of approximately 50–200 m, serving as an important re-

gion for coastal upwelling and marine productivity, partic-

ularly during the southeast monsoon (SEM) (Utamy et al.,

2015). Beyond this, the continental slope rapidly descends

to depths of 1,000–3,000 m, creating a transition zone

where water mass mixing and thermohaline circulation

occur.

From the surface to depths of almost 100 to 150 m, the

South Java Current (SJC) flows along Java’s southern coast

over a width of 100 to 200 km. During monsoon seasons,

this current reaches peak velocities of 0.5 to 1.0 m s−1, and

during transitional seasons it averages 0.2 to 0.4 m s−1

(Iskandar et al., 2006). The monsoon cycle controls its

seasonal dynamics, and enhanced upwelling, caused by

the SJC, flows westward during the SEM (June to Septem-

ber), decreasing surface temperature by 2 to 3°C and raises

salinity (Purba and Khan, 2019). During this period, veloc-

ities might reach a maximum of 1.0 m s−1. The SJC lasts

90 days. This water mass has a strong velocity in boreal

winter (Michida and Yoritaka, 1996; Sprintall et al., 1999).

Conversely, the Under-SJC, a subsurface current, exhibits a

60-day variant cycle influenced by theMadden-Julian Oscil-

lation (MJO) and is driven by winds in the eastern equato-

rial Indian Ocean, particularly over Sumatra. Furthermore,

the ITF waters create a relatively narrow and strong cur-

rent flowing from the major exit channels throughout the

tropical South Indian Ocean, specifically between 8 and

14°S. This current is part of the westward-flowing SEC. It

consists of a well-defined low-salinity core of surface-to-

thermoclinewater, as well as a second core at intermediate

depths (600 to 1200 m) characterized by the lowest salin-

ity and highest silica content.

2.2 Data and method
In this study, we used the Ocean Surface Current Analysis

Real-time (OSCAR) dataset to analyze surface circulation

dynamics and the RAMA dataset for OSCAR data verifica-

tion. The OSCAR dataset is widely recognized for its ability

to estimate near-surface geostrophic and geostrophic cur-

rents by incorporating satellite-derived sea level, wind

stress, and sea surface currents. Several studies have vali-

dated OSCAR’s accuracy, particularly in tropical and equa-

torial regions. For instance, Bonjean and Lagerloef (2002)

introduced the OSCAR dataset and demonstrated its capa-

bility in diagnosing tropical Pacific Ocean currents. Sim-

ilarly, Johnson et al. (2007) conducted extensive valida-



Reconstruction of the South Java Coastal Current during the Indian Ocean Dipole and El Niño … 3/19

tion against in situ observations (moored current meters,

drifters, and shipboard profilers), confirming OSCAR’s re-

liability in capturing time-averaged zonal and meridional

currents. Rio et al. (2014) further evaluated OSCAR by

comparing it with altimetry-based and in situ datasets,

highlighting its effectiveness in representing global ocean

circulation patterns. For regional applications, Yu et al.

(2019) utilized OSCAR data to examine the seasonal and in-

terannual variability of the Indonesian Throughflow (ITF),

demonstrating its effectiveness in capturing major current

systems in the Indonesian seas. Given these validations,

the use of OSCAR in this study provides a robust approach

to analyzing surface current dynamics in the southeastern

Indian Ocean, particularly in relation to the SJCC and its

interactions with the ITF and the SEC.

To ensure the reliability and accuracy of the analy-

sis, this study uses well-established, widely recognized

datasets. The spatial resolution of OSCAR data is

0.25°×0.25° (ESR, 2022). OSCAR data have been vali-

dated against in situ observations and altimeter-derived

geostrophic currents, making it a reliable source for study-

ing ocean surface circulation patterns, including the SJCC.

Similarly, the sea level anomaly dataset from Copernicus

Marine Service has been widely used in ocean circula-

tion and climate variability studies, as it provides accu-

rate sea level measurements derived frommulti-satellite

altimetry (Le Traon et al., 1998). The data have a reso-

lution of 0.125°×0.125° (Copernicus Marine Service In-

formation, 2024). RAMA data is obtained from the web-

site https://www.pmel.noaa.gov/. The ERA5 surface

wind dataset, also from Copernicus, is one of the most

comprehensive global atmospheric reanalysis products,

offering high-resolution wind-field data that are crucial

for understanding wind-driven ocean currents and coastal

upwelling processes (Hersbach et al., 2020). The data have

a spatial resolution of 0.25°× 0.25° (Hersbach et al., 2023).

To analyze the influence of large-scale climate variability,

the study incorporates the NINO 3.4 Index from NOAA’s

Physical Sciences Laboratory (Rayner et al., 2003) and

the DMI from the Japan Meteorological Agency (Saji et al.,

1999). These indices are widely used to assess the impact

of the ENSO and the IOD on regional and global ocean-

atmosphere interactions (Saji et al., 1999; Webster et al.,

1999; Trenberth, 1997).

The SJCC was identified each month using two criteria:

(i) the occurrence of eastward-flowing surface currents

south of Java that advect water from the tropical Indian

Ocean, and (ii) the sea level gradient between the south-

eastern Sumatra region and the Java Sea. The SJCC is con-

sidered present when the sea level in the southeastern

Sumatra region is higher than in the Java Sea, which fa-

vors eastward transport along southern Java, and absent

when the gradient is reversed. Anomalous events (e.g., IOD

or ENSO years) were detected by directly comparing the

monthly patterns with the corresponding climatological

fields, rather than subtracting a mean climatology, so that

the full seasonal cycle was retained. For validation, daily

OSCAR zonal currents (July 2010–July 2011) were com-

pared with RAMAmooring observations at 12°S and 80°E,

yielding significant relations that confirm the suitability of

OSCAR for representing surface currents in this region. The

averaging domain (105°E–114°E, 7°S–9°S) follows the clas-

sical definition of the SJCC given by Soeriaatmadja (1957)

and encompasses the core of the eastward jet. Although

Figure 1. Research location with bathymetry
1

2
arc second is provided from www.gebco.net. The dark-blue line

represents SJC, the light-blue line represents under-SJC, and the yellow line – ITF and SEC. These three main currents are

adopted from several findings (Gordon et al., 2010; Iskandar and McPhaden, 2011; Atmadipoera et al., 2022).

https://www.pmel.noaa.gov/
www.gebco.net
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Figure 2. Relation between in situ data from RAMA and

OSCAR data.

OSCAR uncertainties are larger near coasts, the agreement

with RAMAprovides confidence in our estimates. The com-

parison focused on daily zonal currents at 12°S and 80°E,

from 1 July 2010 to 30 June 2011. This analysis assesses

how well OSCAR data capture the variability of ocean cur-

rents relative to direct observations (Figure 2).

Our findings show that OSCAR zonal currents closely

match RAMAobservations, with a correlation coefficient of

0.89 and a root-mean-square error of 10.10 cm s−1. These

numbers show that OSCAR data offer a reliable picture of

daily zonal current fluctuations. While some differences

appear at extreme current values, the overall match con-

firms that OSCAR is a reliable data source for studying

ocean current dynamics in this area.

2.3 Analysis
The SJCC was identified each month using two criteria: (i)

the presence of eastward surface currents south of Java

advecting water from the tropical Indian Ocean, and (ii)

the sign of the sea level gradient between the southeastern

Sumatra region and the Java Sea. The SJCC is considered

present when the sea level in the southeastern Sumatra

region is higher than in the Java Sea, which favors east-

ward transport along southern Java, and absent when the

gradient is reversed. Anomalous events (e.g., IOD or ENSO

years) were assessed by direct comparison with monthly

climatological fields, rather than by anomaly subtraction,

to preserve the full seasonal cycle.

DailyOSCARzonal currents (July 2010–July 2011)were

validated against RAMAmooring observations at 12°S and

80°E, showing strong agreement and confirming OSCAR’s

suitability for representing surface currents in this region.

Monthly means of currents, sea level anomaly, and winds

were then computed from daily data. All analyses were

conducted within 105°E–114°E and 7°S–9°S, consistent

with the classical SJCC definition. To distinguish the SJCC

fromeddy-driven eastward flow, two regimeswere defined.

The canonical SJCC refers to the seasonal eastward coastal

current occurring from October to May, characterized by

elevated coastal sea level, sustained eastward zonal ve-

locities, and tropical Indian Ocean water-mass signatures.

The event-driven SJCC denotes similar dynamical signa-

tures occurring outside this period, primarily during La

Niña or negative IOD events. Regional wind forcing and

climate indices (DMI and Niño 3.4) were analyzed to as-

sess their respective roles in modulating SJCC variability

(Figure 3).

A clear relationship is observed between strong El Niño

events and positive IOD, as in the 1997–1998 and 2015–

2016 El Niño episodes, where both indices peaked signifi-

cantly. Conversely, during La Niña years, such as 2010, the

NIÑO 3.4 index dropped. A notable exception to this ENSO-

IOD relationship occurred in 2019 when a strong positive

IOD developed independently of a major El Niño. While

El Niño often drives positive IODs, other atmospheric and

oceanic factors can also contribute to their formation. The

2019 event underscores the need for further research into

non-ENSO drivers of IOD variability, such as regional wind

patterns and ocean-atmosphere feedbackmechanisms. Ex-

amining the long-term trends, the indices frequently fluctu-

ate above and below the±1.0 threshold, marking periods

of extreme climate variability. Positive IODs consistently

coincide with El Niño phases, whereas negative IODs are

less frequently observed during La Niña events.

To distinguish variability across temporal scales, ana-

lyses were conducted separately for seasonal, interannual,

and subseasonal timescales. Seasonal variability was ex-

amined using monthly climatological means of zonal sur-

face currents, sea-level anomalies, and surface winds. In-

terannual variability was assessed using monthly anoma-

lies relative to the climatology and composited for selected

ENSO and IOD events.

To investigate the spatiotemporal evolution of the SJCC

and its dynamical forcingmechanisms, Hovmöller diagrams

were constructed using sea level anomaly, zonal surface

current velocity, and zonal wind stress. The fields were

meridionally averaged over the southern Java coastal wave-

guide (7°–9°S) and plotted as a function of longitude and

time. Zonal current Hovmöller diagrams were employed

to assess the continuity, persistence, and longitudinal co-

herence of eastward flow along the southern Java coast,

allowing differentiation between the SJCC and short-lived

or localized eastward currents. Zonal wind Hovmöller di-

agrams were analyzed to evaluate the contribution of lo-

cal wind forcing and its phase relationship with the ob-

served current variability. The combined Hovmöller ana-

lysis of SLA, zonal currents, and zonal winds provides

a physically consistent framework for distinguishing the

coastally trapped SJCC from wind-driven Ekman flows,

eddy-induced transport, and transient sea level anomalies.
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Figure 3. The time series of the Dipole Mode Index (DMI) and the Niño 3.4 Index from 1995 to 2023.

Figure 4. Monthly pattern of surface current circulation (vectors) overlaid with sea level (colours). Grey colours

represent island surroundings.

This approach also enables assessment of SJCCmodulation

under different climate states, including normal years and

extreme ENSO and IOD events.

3. Results
3.1 Monthly climatology of ocean currents and wind
Surface circulation and sea level in the southern waters of

Java exhibit a pronounced seasonal cycle linked to mon-

soonal forcing (Figure 4). The eastward surface currents

are strongest and most spatially extensive during the bo-

real winter and transition seasons (October–May), extend-

ing from the coastline to ∼9°–10°S and accompanied by

elevated sea level (up to ∼14 cm). During this period, sea

level in the southernwaters of Java remains predominantly

positive, supporting sustained eastward flow along the

coast.

The seasonal cycle begins in January, when an elevated

sea level (≈13–14 cm) along southern Java supports awell-

developed eastward surface current extending offshore
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Figure 5. Wind and sea surface currents patterns. a) Monthly zonal currents (blue bars), zonal wind in western Sumatra

(orange bars), and zonal wind in southern Java (green bars). b) Zonal wind and currents from 1993 to 2024, c) monthly

ocean currents velocity (m/s) and direction (left) and wind (right) velocity and direction.
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Figure 6. Power spectrumof zonal currents in the southern

waters of Java.

to approximately 9°S–10°S. From February to March, the

sea level gradually decreases (∼8–10 cm), and the east-

ward surface currents weaken and become more spatially

confined, indicating a transition toward monsoon rever-

sal. During April–May, sea level rises again (∼10–12 cm),

accompanied by renewed and broader eastward surface

currents along the southern Java coast. In contrast, during

the southeastmonsoonperiod (June–September), sea level

drops to near-zero and negative values (down to ∼9 cm),

and the eastward surface currents are restricted mainly to

the central and eastern sectors of southern Java, consistent

with intensified upwelling conditions. From October on-

ward, sea level increases rapidly and the eastward surface

currents re-establish along the entire southern Java coast,

reaching their maximum extent in November–December,

when sea level exceeds ∼14 cm.

Themonthly surfacewind patterns overwestern Suma-

tra and southern Java reflect the strong influence of the

Asian-Australian monsoon system, driving distinct sea-

sonal transitions in the equatorial eastern Indian Ocean

(Figure 5). During the northwest monsoon (January–

March), winds are generally weak and directed from the

northwest to the west over both regions. A transitional

phaseoccurs inApril–May,whenwindsoverwestern Suma-

tra shift southwestward while southeasterly winds begin

to develop along the southern coast of Java. The southeast

monsoon (June–August) is characterized by strong, well-

organized southeasterly winds along southern Java and

east–southeasterly winds west of Sumatra, corresponding

to the period of maximumwind intensity. From September

to October, wind strength decreases, and directions grad-

ually reverse. By November–December, weak northwest-

ward winds dominate again, marking the re-establishment

of wet-season conditions. Average power spectra of zonal

currents in the southern waters of Java cover the area of

7°S–9°S and 105°E–114°E (Figure 6). The zonal current

spectrum at the intraseasonal timescale shows a dominant

significant peak around 76 days.

3.2 Seasonal variability of the eastward surface cur-
rents and sea level under IOD conditions

In general, during a negative phase of the IOD, anomalies

in sea surface circulation are observed. Under normal con-

ditions from June to September, the eastward surface cur-

rents typically form only in the central to eastern parts

of southern Java, with relatively limited coverage. In June

2016, however, the eastward surface currents developed

along the entire southern coast of Java, with a notably

broad extent from the shoreline, reaching as far south as

10.4°S. Sea level in the southern waters of Java rose signifi-

cantly, reaching approximately 39.10 cm. In July 2016, the

eastward surface currents also formed along the southern

coast of Java, thoughwith a narrower extent from the coast

to 8.9°S, accompanied by a sea level rise of 23.51 cm. In

August, the eastward surface currents extended from the

coastline to 8.6°S, with sea level increasing to 15.70 cm.

Then, in September 2016, the eastward surface currents

were again observed, with coverage reaching 9.1°S. The

sea level in the southern waters of Java further rose to

22.36 cm (Figure 7).

Under normal conditions, from October to December,

the eastward surface currents typically develop along the

southernwaters of Java, with a broad extent that reaches as

far south as 9.7°S. However, during the positive IOD phase,

the extent of the eastward surface currents became nar-

rower, accompanied by a decrease in sea level. In October

2019, the eastward surface currents were observed only

in the western part of southern Java (107.8°E–110.3°E),

extending from the coastline to 8.1°S, with a concurrent

sea-level drop of−15.90 cm. In November 2019, the east-

ward surface currents were confined to the central and

eastern regions of the southern waters of Java (107.5°E–

112.3°E), with coverage from the coast to just 8.4°S and a

sea level of approximately−2.73 cm. In December 2019,

the eastward surface currents were observed only in the

central southern Java region (107°E–110.3°E), reaching

up to 8.1°S, and in the eastern part (110.5°E–114°E), ex-

tending up to 8.6°S. By January 2020, the eastward surface

currents developed along the entire southern coast of Java,
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Figure 7. The pattern of sea surface circulation from June to September 2016 during a negative IOD event (left) and

October 2019 to January 2020 during a positive IOD event (right). Grey colours represent the island surroundings.

extending from the coastline to 8.9°S, with sea level rising

to approximately 9.18 cm.

3.3 Sea surface circulation and sea level variability in
southern Java during the 2010 La Niña and 2015
El Niño events

In general, the spatial extent of the eastward surface cur-

rents during the La Niña of 2010 was broader compared

to normal-year conditions. In June 2010, the eastward

surface currents were observed only in the central part

of southern Java (108.3°E–110.5°E), extending from the

coastline to 8.3°S, with a sea level anomaly of approxi-

mately 6.85 cm. In July 2010, the eastward surface current

extent widened, with sea level reaching around 6.13 cm.

These currents formed in the central-southern waters of

the Java region (107°E–110.3°E), extending to 8.4°S, and in

the eastern part of southern Java (110.5°E–114°E), reach-

ing 9.1°S. By August 2010, the eastward surface currents
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Figure 8. The pattern of sea surface circulation from June to September 2010 during the 2010 La Niña event (left) and

October 2015 to January 2016 during the 2015 El Niño event (right). Grey colours represent the island surroundings.

extended along the entire southern coast of Java, reach-

ing 8.6°S, with a sea level of 6.24 cm. In September 2010,

the eastward surface currents again extended across the

southern waters of Java, from the coastline to 8.6°S, ac-

companied by a sea-level rise of approximately 13.83 cm

(Figure 8).

Overall, during the 2015 El Niño, the spatial extent

of the eastward surface currents was narrower than un-

der normal conditions. In October 2015, the eastward

surface currents were observed only in the central part

of the southern waters of Java (107°E–110.3°E), extend-

ing from the coastline to 8.1°S, and in the eastern part

of the southern waters of Java (110.5°E–114°E), extend-

ing to 8.6°S. The sea level in the southern waters of Java

dropped to −9.47 cm. In November 2015, the eastward

surface currents formed along the southern coast of Java,

from the coastline to 9.1°S, with a sea level anomaly of

approximately−1.70 cm. In December 2015, the eastward
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Figure 9. The pattern of sea surface circulation from September to December 2023 during the simultaneous occurrence

of a positive IOD and El Niño. Grey colours represent the island surroundings.

Figure 10. Anomalies of the eastward surface currents from October to January during the 2019 positive IOD and the

2015 El Niño, and IOD/El Niño 2023.
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Table 1. Summary of the eastward surface current anomalies, SLA, wind patterns, and significance during major IOD

and ENSO events.

Event Climate mode Eastward surface current

anomaly

SLA patterns Wind

anomaly

Signifi-

cance

2010 (La Niña) Negative ENSO Strengthened the eastward

surface currents (June–

September)

Elevated SLA Westerly

anomaly

r = 0.65,

p < 0.05

2015 (El Niño) Positive ENSO Suppressed the eastward

currents (October–January)

Depressed

SLA

Easterly

anomaly

p < 0.05

2016 (−IOD) Negative IOD Strengthened the eastward

currents (June–September)

Elevated SLA Westerly

anomaly

p < 0.05

2019 (+IOD) Positive IOD Suppressed the eastward

currents (October–January)

Depressed

SLA

Easterly

anomaly

p < 0.05

2023 (+IOD; El Niño) Combined event Strong suppression of

the eastward currents

(September–December)

Strongly

depressed

SLA

Persistent

easterly

anomaly

p < 0.05

surface currents continued along the southern coast of

Java, extending from the coastline to 9.4°S, accompanied

by a sea-level rise of around 15.28 cm. By January 2016,

the eastward surface currents extended across the south-

ern waters of Java, reaching as far south as 9.5°S, with sea

level rising to approximately 9.08 cm.

3.4 Suppression of the eastward surface currents and
sea level depression along southern Java during
the 2023 positive IOD–El Niño event

In September 2023, the eastward surface currents were

observed only in the central part of the southern waters

of Java (108.8°E–110°E), extending from the coastline to

8.1°S, and in the eastern part of the southern waters of

Java (110.3°E–114°E), extending to 8.6°S (Figure 9).

The sea level in the southern waters of Java dropped

to −16.99 cm. In October 2023, the eastward surface

currents formed only in the central part of the southern

waters of Java (106.8°E–110.3°E), from the coastline to

8.1°S, with the sea level dropping further to approximately

−17.32 cm. In November 2023, the eastward surface cur-

rents remained limited to the central-southern coast of

Java (106.8°E–109.5°E), with a narrower extent that reach-

ed only as far south as 7.9°S, and a sea level anomaly of

approximately −12.05 cm. By December 2023, the east-

ward surface currents were still confined to the central-

southernwaters of the Java region (106.8°E–110°E), reach-

ing as far south as 8.1°S, with a sea level anomaly of around

−2.32 cm.

The eastward surface currents have varying responses

to climatic patterns. In the context of negative IOD condi-

tions in 2016 and La Niña in 2010, the eastward surface

currents intensified from June to September, significantly

above the weak climatological normal, signifying an event-

driven eastward surface current occurring outside its typi-

cal seasonal framework. Conversely, positive IOD events

(2019/2000) and El Niño occurrences (2015/2016) from

October to January typically inhibited or postponed the

eastward surface currents, resulting in diminished east-

ward surface currents relative to climatological norms.

The 2023 concurrent positive IOD–El Niño event exhibited

the most significant suppression, with negative anomalies

enduring from September to November despite climato-

logical intensification. In summary, negative phases (La

Niña, negative IOD) amplify the eastward surface currents,

whereas positive phases (El Niño, positive IOD, and their

concurrent occurrence) diminish or attenuate them (Fig-

ure 10).

Conditions during a negative IOD in 2016 and La Niña

in 2010 from June to September are compared with clima-

tology (Figure 10a). The results show that both events pro-

duced values well above the climatological norm, with neg-

ative IOD 2016 peaking sharply in June (∼31.0 cm s−1) and

rising again in September (∼25.2 c ms−1), while La Niña

2010 displayed a steady increase from June (∼6.8 cm s−1)

to September (∼25.2 cm s−1). This suggests that both neg-

ative IOD and La Niña support the enhancement of oceano-

graphic features, such as elevated sea level or strengthen-

ing the eastward surface currents. The impact of positive

IOD (2019/2000) and El Niño (2015/2016) during the

October to January period is notable (Figure 10b). The

positive IOD event exhibited a sharp peak in December

(∼44.9 cm s−1), exceeding climatology, while El Niño

2015/2016 showed a gradual increase, rising from a nega-

tive anomaly in October (−8.4 cm s−1) to a positive value

(∼29.2 cm s−1) in January. While both events show a

delayed response relative to climatology, their influence

varies across months. Meanwhile, in 2023, this event is

characterized by strongly negative anomalies in September

(−27.7 cm s−1) and November (−8.6 cm s−1), with only

a slight recovery by December (3.4 cm s−1), highlighting

its suppressive impact on the eastward currents related
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Figure 11. Relation coefficients between zonal current and the DMI index (left) and Niño 3.4 index (right).

variables (Figure 10c). Negative IOD and La Niña events

consistently show higher-than-normal values, while posi-

tive IOD and El Niño events – especially the 2023 combina-

tion – remain below climatology. These results support the

conclusion that negative IOD and La Niña events enhance

oceanographic activity along the southern coast of Java. At

the same time, positive IOD and El Niño suppress it, with

IOD exerting a more dominant and immediate influence

(Figure 10d). To facilitate comparison across events, the

main findings are summarized in Table 1, which lists the

associated IOD/ENSO phase, the eastward surface current

anomalies, sea level and wind patterns, and statistical sig-

nificance.

The eastward surface currents exhibit a response signif-

icantly modified by large-scale climate patterns. The nega-

tive IOD and La Niña episodes in 2010 and 2016 are asso-

ciated with increased eastward surface currents from June

through September, elevated sea levels along the southern

coast of Java, and anomalies in westerly winds. In contrast,

positive IOD and El Niño events (2015, 2019) result in the

suppression of eastward surface currents during October–

January, the depression of sea level south of Java, and the

presence of easterly wind anomalies. The 2023 combined

positive IOD–El Niño event has the highest suppression.

It is also characterized by considerable sea level depres-

sion and continuous easterly winds. The fact that all of the

associations in question are statistically significant, with

p-values below 0.05, underscores that these distinctions

between events are robust.

The statistical relationship between zonal surface cur-

rents south of Java and large-scale climate variability, rep-

resented by the DMI and the Niño-3.4 index, is illustrated

using scatter plots with linear regression fits and associ-

ated error metrics, providing a quantitative assessment

of their contemporaneous relationships over the study

period (Figure 11). The zonal current exhibits a weak

negative relation with the Niño-3.4 index (r≈−0.16), ac-

companied by a relatively high root mean square error

(RMSE≈0.92 m s−1), indicating a large spread of data

points around the regression line. In comparison, the re-

lationship between the zonal current and the DMI is also

negative but slightly stronger (r≈−0.21), with an RMSE

of approximately 0.56 m s−1, reflecting a tighter clustering

of the data.

Surface currents flow in the same direction as the lo-

cal winds only during December–March (eastward) and

June–September (westward), indicating periods when the

circulation is primarily wind-driven. Zonal winds are pre-

dominantly eastward from December to March and west-

ward from April to November (Figure 12). In contrast,

during the transition seasons (April–May and October–

November), eastward currents persist despite prevailing

westward winds. This decoupling between wind direction

and current response provides clear evidence of remote

oceanic forcing, rather than direct local wind control, gov-

erning the circulation along the southern Java coast. The

SLA Hovmöller diagram further supports this interpreta-

tion. The eastward surface current anomalies are system-

atically associated with positive SLA anomalies propagat-

ing eastward along the coast, whereas westward currents
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Figure 12. Longitude–time Hovmöller diagrams of a) zonal wind stress, and b) sea level along southern Java.

coincide with negative SLA anomalies. The coherent east-

ward propagation of positive SLA signals along the south-

ern Java–Sumba waveguide is consistent with coastally

trapped Kelvin wave dynamics originating from the equa-

torial Indian Ocean. These remotely forced waves elevate

coastal sea level and drive eastward geostrophic currents,

even under unfavorable local wind conditions.

4. Discussion
Analysis results indicate that the eastward surface currents

arepresent throughout the year along the southern coast of

Java, albeit with varying spatial extents. This observation

is consistent with previous studies showing that the east-

ward surface current occurs year-round but is governed by

different mechanisms (Schott and McCreary, 2001; Sprint-

all et al., 2010). At intraseasonal time scales, the zonal

current spectrum displays a dominant peak at approxi-

mately 76 days. This result aligns with several previous

studies. Model simulations using theModularOceanModel

3 (MOM3) indicate a dominant SJCC variability of around

90 days (Iskandar et al., 2006). Consistently, ADCP mea-

surements at 106.75°E, 8.5°S from December 2008 to May

2010 show that the SJCC varies on a 70–100-day timescale

(Utari et al., 2019). These findings highlight the persistent
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Figure 13. Monthly variations of zonal current and sea level difference.

intraseasonal variability of the SJCC in this region.

A broad eastward surface current, extending from the

coastline to 9°S, occurs from October to May, while a nar-

rower current is found from June to September. The zonal

current (7°–9°S and 105°–114°E) is closely related to the

difference in sea level between the southwestern part of

Java (4.6°S–5.8°S and 105.8°E–106.5°E) and the southeast-

ern waters of Sumatra (5.9°S–6.9°S and 104°E–105.1°E).

Negative (positive) values indicate that the sea level in the

southwestern part of Java is lower (higher) than in the

southeastern waters of Sumatra. From November to May

(June to October), the sea level in the southeastern wa-

ters of Sumatra is higher (lower) than in the southwestern

part of Java. When the sea level in the southwest part of

Java exceeds that in the southeastern waters of Sumatra,

part of the Java Sea current flows into the Indian Ocean

through the Sunda Strait, with some of these currents sub-

sequently moving eastward along the southern coast of

Java (Figure 13).

Based on Figure 13, the water mass source of the east-

ward surface current from November to May originates in

the tropical Indian Ocean, accompanied by sea level rise

along the southern coast of Java. In October, the eastward

surface current originates from the tropical Indian Ocean

and the southwestern part of Java through the Sunda Strait.

Meanwhile, from June to September, the currents thatmove

eastward along the southern coast of Java originate from

the southwest of Java, flowing through the Sunda Strait.

This finding contrasts with earlier studies, which reported

the eastward surface currents forming from November

to June (Soeriaatmadja, 1957), from November to April

(Wyrtki, 1961), during the northwest monsoon (Gingele

et al., 2002; Phillips et al., 2021), or persisting year-round

with varying intensity (Schott andMcCreary, 2001; Utari et

al., 2019). The eastward surface currents exhibit monthly

variability in intensity, with the strongest flow occurring

from November to January, at 21.4 cm s−1, 29.8 cm s−1,

and 21.7 cm s−1, respectively. These results differ slightly

from those of Ningsih et al. (2021), who observed a peak

in the eastward surface current intensity from December

to February. Wijffels et al. (2002) also reported vigorous

eastward current intensity in November. In February and

March, the eastward surface current intensity declines to

12.5 cm s−1 and 8.5 cm s−1. Interestingly, despite theweak-

ening northwest monsoon in April and the emergence of

the southeast monsoon in May, SJCC intensity increases

to 14.3 cm s−1 and 15.7 cm s−1, respectively. Similarly, in

October, although the southeast monsoon remains strong,

the eastward surface currents begin forming at a speed of

9.4 cm s−1.

In May and October, despite the westerly surface winds

over western Sumatra, the eastward surface currents per-

sist. Even in April, when wind speeds are low, and May,

when westerlies dominate, the eastward surface currents

intensity exceeds that of February, when the northwest

monsoon peaks. In October, despite the active southeast

monsoon, strong eastward surface currents still develop.

This decouplingbetween local zonalwind forcing andalong-
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shore current response indicates that the eastward surface

currents cannot be explained solely by local wind-driven

dynamics. The coherent eastward propagation of positive

sea-level anomaly signals along the southern waters of the

Java–Sumba coastal waveguide, as revealed by the Hov-

möller analysis (Figure 12), is consistent with coastally

trapped Kelvin wave dynamics originating in the equa-

torial Indian Ocean. The propagation slope of sea level

anomaly in the Hovmöller diagram corresponds to an east-

ward phase speed on the order of first-mode coastal Kelvin

waves reported in previous studies of the eastern Indian

Ocean.

These conditions suggest that, beyond local winds, an-

other forcing mechanism plays a role in the generation

of eastward surface currents: the propagation of Kelvin

waves from the central tropical Indian Ocean, generated

by the eastward Wyrtki Jet (Iskandar et al., 2006; Syam-

sudin andKaneko, 2013). Wyrtki Jet intensity peaks during

April–May and September–October (Wyrtki, 1973). Pe-

riods during which the eastward surface currents occur

despite weak or opposing zonal winds (April–May and

October–November) therefore reflect a remotely forced

oceanic adjustment rather than a direct Ekman response to

local winds. This mechanism is believed to strengthen the

eastward surface currents in April–May and trigger their

formation in October, despite opposing monsoonal winds.

The SEC, with its peak intensity in September (Wijffels et

al., 1996), may also contribute by reinforcing the Wyrtki

Jet and preventing SJCC formation.

Surface winds are a primary driver of ocean surface

circulation (Wilson et al., 2016; Dohan, 2017; Röhrs et al.,

2021). The positive Indian Ocean DipoleMode typically de-

velops during the boreal summer monsoon season, driven

by negative sea surface temperature anomalies over the

tropical southeastern Indian Ocean, which are induced by

enhanced alongshorewinds off the coasts of Java andSuma-

tra (Xu et al., 2021). The relation coefficient between the

zonal velocity of the eastward surface currents and surface

wind velocity is approximately 0.65, with a t-test signifi-

cance value of around 16.27. It suggests that the eastward

surface current dynamics are closely tied to the wind cir-

culation along the western coast of Sumatra. These results

align with those of Utari et al. (2019), who reported that

eastward surface currents are modulated by local wind

forcing.

The surface circulation off southern Java, part of In-

donesian waters, is influenced by IOD and ENSO events

(Nagura andMcPhaden, 2008; Ningsih et al., 2013). During

normal years, the eastward surface currents do not form

from June to September. During negative IOD events, the

intensity ofWrytki Jets in the tropical Indian Ocean intensi-

fies (Srivastava et al., 2025). The strengthening of theWry-

tki Jet is indicated as the cause during June to September,

under negative IOD and La Niña conditions, with eastward

surface currents present. These results are consistent with

those of Atmadipoera et al. (2020), who reported that the

eastward surface currents were formed during La Niña.

The intensity of the SEC in the southeastern part of the

Indian Ocean is further strengthened during El Niño and

positive IOD events (Chen et al., 2022; Mao et al., 2024).

The strengthening of the SEC during positive IOD and El

Niño weakens the Equatorial Counter Current. As a source

of water mass from the eastward surface currents, the

weakening of the Equatorial Counter Current reduces the

intensity of the eastward surface currents from October

to January during positive IOD and El Niño. Since surface

winds drive ocean surface currents, the eastward surface

current variations are closely linked towind dynamics over

western Sumatra. Wind anomalies influence zonal surface

current circulation (Duan et al., 2016). Typically, westerly

winds dominate from June to October. However, during the

2016 negative IOD and 2010 La Niña, winds shifted east-

ward from June to September. The wind intensity change

was more pronounced during the 2016 IOD event than

during La Niña. This eastward shift in surface wind direc-

tion during June to September is suggested as the driving

mechanism for the formation of eastward surface currents

during negative IOD and La Niña events.

Under normal-year conditions, the surface wind speed

in October was−2.98 m s−1, which significantly increased

to −5.29 m s−1 during the positive IOD and to −4.70 m

s−1 during El Niño. In November, surface winds typically

shift eastward; however, during both positive IOD and El

Niño events, the winds continued to blow westward. In

December, surface winds under a positive IOD condition

still blew westward, whereas under El Niño, they shifted

eastward but weakened in intensity. In January, surface

wind intensity was lower during both the positive IOD and

El Niño than in the normal year. The increase in surface

wind intensity during the 2019 positive IOD was greater

than during the 2015 El Niño. Thus, the shift in wind di-

rection and weakening of surface wind intensity off the

western coast of Sumatra during the positive IOD 2019 and

El Niño 2015 are indicated as the causes of the weakening

of the eastward surface currents from October to January.

The surface wind intensity off the western coast of

Sumatra from September to December was markedly en-

hanced during the simultaneous occurrence of positive

IOD and El Niño in 2023 compared to climatological nor-

mal conditions. Overall, surface wind intensity in Septem-

ber increased from −2.98 m s−1 (normal year) to −5.67

m s−1 (2023), and in October from−1.49 m s−1 (normal

year) to −4.24 m s−1 (2023). Under normal conditions,

surface winds in November and December typically blow

eastward, but in 2023, they continued to blow westward.

The increased surface wind intensity in September and

October 2023, along with the persistent westward wind in

November and December 2023, is identified as the cause

of the weakening of the eastward surface currents during

the simultaneous occurrence of positive IOD and El Niño
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in 2023.

The 2023 occurrence, characterized by a positive IOD

coinciding with El Niño, resulted in the most significant

suppression of the SJCC recorded, with sustained nega-

tive anomalies from September to November despite the

climatological tendency toward intensification. A direct

comparison of individual events (the positive IOD in 2019

and El Niño in 2015) indicates that the suppression in

2023 surpassed that of either phenomenon independently.

This indicates a nonlinear compound effect, wherein east-

erly wind anomalies linked to El Niño intensified those

caused by the positive IOD. At the same time, the lack of

eastward-propagating Kelvin waves further diminished

the SJCC. While a comprehensive dynamical separation of

IOD and ENSO influences necessitates more sophisticated

statistical methodologies (e.g., partial regression or EOF-

based decomposition), which exceed the parameters of

this study, our findings underscore that compound climate

events may have additional effects on regional circulation

beyond simply the aggregation of their individual impacts.

5. Conclusion
The SJCC is an important component of the circulation in

the eastern Indian Ocean, influencing water mass trans-

port, upwelling processes, and regional climate variabil-

ity. Previous studies have shown that the SJCC exhibits

significant variability on intraseasonal time scales, which

can affect oceanographic conditions along the southern

coast of Java. Understanding these variations is crucial for

predicting regional ocean dynamics and their impacts on

coastal ecosystems. The results show that within the in-

traseasonal variation, the SJCC has a dominant periodicity

of about 76 days. In general, the eastward surface cur-

rents along the southern waters of Java form throughout

the year, with varying intensities eachmonth. Even though

April-May and October-November fall within the southeast

season, where surface winds move westward, the inten-

sity of the eastward surface currents is quite strong. The

existence and intensity of the eastward surface currents

are primarily controlled by surface wind patterns off the

western coast of Sumatra and the eastward propagation of

equatorial Kelvin waves generated in the tropical western

Indian Ocean. Climate modes strongly modulate this sys-

tem: positive IOD and El Niño events suppress eastward

surface currents during their canonical season (October–

January), while negative IOD and La Niña conditions pro-

mote eastward flow outside this season (June–September).

Among these influences, the IOD exerts stronger control

on the variability of eastward surface currents than ENSO.

The combined positive IOD–El Niño event in 2023 pro-

duced the strongest suppression on record, highlighting

the nonlinear interactions between climate drivers and

underscoring the importance of monitoring variability in

eastward surface currents for regional circulation and cli-

mate prediction.
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