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ABSTRACT

The Indonesian Throughflow (ITF) is the principal low-latitude ocean gateway linking the
Pacific and Indian Oceans, and its variability contributes to inter-basin redistribution of heat
and freshwater. Although seasonal and interannual variability of the ITF is well documented,
the extent to which intraseasonal forcing interacts with the background climate conditions
remains insufficiently quantified. Here we investigate the modulation of Makassar Strait ITF
variability by the Madden-Julian Oscillation (MJO) under concurrent El Nifio-Southern
Oscillation (ENSO) and Indian Ocean Dipole (IOD) conditions. Daily 1/12° GLORYS12
reanalysis fields for 2004-2020 are evaluated against INSTANT mooring observations and
used to construct strong MJO phase composites of circulation and transport. The results show
clear phase-dependent intraseasonal variability. Surface currents generally strengthen during
suppressed MJO phases and weaken during active phases, with seasonal dependence in the
magnitude and depth of the response. The largest transport variability occurs within the
thermocline, with values at 100 m reaching approximately 4.7-5.0 Sv during JJA phases 1-2,
while transport during other seasons and phases is generally lower. ENSO and IOD modify the
MJO response in different ways. El Nifio can enhance early-phase surface currents while
reducing late-phase transport, whereas La Nifia maintains a stronger background throughflow
without proportionally increasing MJO anomalies. Positive IOD events introduce additional
seasonal and phase-dependent modulation, particularly during JJA-SON. These results indicate
that Makassar Strait transport variability reflects state-dependent interaction among monsoonal
forcing, interannual climate modes, and intraseasonal MJO variability rather than simple linear

superposition.

Keywords: Indonesian Throughflow, Madden-Julian Oscillation, El Nifio-Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), thermocline transport variability, ocean-atmosphere

interaction, tropical inter-basin exchange.

1. Introduction

The Indonesian Throughflow (ITF) constitutes a fundamental component of the global
ocean circulation system and serves as the only low-latitude interocean exchange linking the
Pacific and Indian Oceans (Gordon, 1986; Sprintall et al., 2014). The ITF transfers warm,
relatively fresh Pacific waters into the Indian Ocean and contributes to regional heat and

freshwater redistribution, while also influencing the strength and structure of the global
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thermohaline circulation (Gordon, 2005; Sprintall et al., 2014). Approximately 70% of the total
ITF transport passes through the Makassar Strait, making it the principal conduit of tropical
inter-basin exchange (Gordon et al., 2008). Mooring observations from 2004 to 2006 reported
a mean transport of 11.6 +3.3 Sv (1 Sv = 10° m? s™'), highlighting both its magnitude and
variability (Gordon et al., 2008).

ITF variability spans multiple temporal scales, including intraseasonal, seasonal, and
interannual variability (Gordon et al., 2019). Its transport structure is vertically complex, with
distinct surface and thermocline responses to atmospheric forcing (Song and Gordon, 2004;
Susanto and Gordon, 2005). Because the Maritime Continent lies at the convergence of major
tropical climate systems, the ITF is strongly influenced by coupled ocean-atmosphere
processes, including the Asian-Australian monsoon, the El Nifio-Southern Oscillation (ENSO),
the Indian Ocean Dipole (IOD), and the Madden-Julian Oscillation (MJO) (Webster et al.,
1998).

Intraseasonal variability over the Maritime Continent is dominated by the MJO, a planetary-
scale eastward-propagating atmospheric disturbance with a 30-90-day periodicity (Madden and
Julian, 1971, 1972; Yoneyama et al., 2008). As the convective envelope propagates across the
Indonesian seas (typically phases 4-5), associated wind stress anomalies can modify sea level
gradients and upper-ocean circulation. Previous studies suggest that MJO-related variability
accounts for a substantial fraction of transport variations along the ITF pathway, influencing
up to ~50% of variability in the outflow region and ~20% within the Makassar Strait
(Tamasiunas et al., 2021). However, the mechanisms governing phase-dependent modulation,
particularly during suppressed versus active MJO conditions, remain incompletely

characterized.

On interannual timescales, ENSO and the IOD strongly modulate Indo-Pacific circulation.
ENSO is characterized by anomalous sea surface temperature (SST) variability in the central
and eastern tropical Pacific and induces large-scale changes in atmospheric convection, wind
stress, and thermocline structure (Yeh et al., 2018; McPhaden et al., 2021). Westerly wind
bursts associated with MJO activity can generate equatorial Kelvin waves, alter thermocline
depth, and influence the onset or amplification of El Nifio events (McPhaden et al., 2021;
Zhang, 2005). The IOD, defined by zonal SST gradients across the tropical Indian Ocean
(Nagura and McPhaden, 2010; Yang et al., 2015), is also coupled to intraseasonal variability,

and IOD conditions can modulate MJO activity over the Indian Ocean and Maritime Continent

4
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(Wilson et al., 2013). These interactions suggest that intraseasonal and interannual climate

modes are dynamically linked rather than independent.

Although seasonal and interannual ITF variability are well characterized, the coupled
influence of intraseasonal MJO forcing and concurrent ENSO-IOD conditions on Makassar
Strait transport remains insufficiently quantified, eventually with respect to the vertical
structure of transport anomalies under combined climate states and their potential for state-
dependent modulation. Understanding these multiscale interactions is essential because ITF
variability affects the redistribution of heat and freshwater across ocean basins and, in turn,

influences global overturning circulation and tropical climate feedbacks.

Here, we investigate the coupled influence of the MJO and ENSO-IOD variability on ITF
transport in the Makassar Strait using high-resolution ocean reanalysis validated against in situ
observations. By examining phase-locked intraseasonal variability under different interannual
climate conditions, we aim to clarify how cross-scale ocean-atmosphere interactions regulate

tropical inter-basin exchange.

2. Methods
2.1 Study area and data

The study focuses on the Makassar Strait, the primary western route of the Indonesian
Throughflow (ITF), which carries approximately 70% of total ITF transport (Gordon et al.,
2008). Volume transport was calculated at two cross-sectional locations: (A) the northern
entrance of the strait and (B) near the INSTANT mooring site at the Dewakang sill (2°51.9'S,
118°27.3'E; Gordon et al., 2008). Figure 1 illustrates the study area and the 2 (two) sites A and

B, for volume transport calculation.
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Figure 1. Study area in the Makassar Strait (MS), Indonesian waters (left). Volume transports
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are calculated at points A (strait entrance in the northern MS) and B (INSTANT mooring at
Dewakang Sill in the southern MS) (right). The INSTANT mooring data from 2004 to 2006 at

2°51.9'S and 118°27.3'E are used to evaluate reanalysis performance.

We analysed daily data spanning 2004-2020 from the Copernicus Marine Service Global
Ocean Physics Reanalysis (GLORYS12). GLORYSI2 assimilates satellite and in situ
observations into a high-resolution ocean circulation model to reconstruct historical ocean
states (Jean-Michel et al., 2021). The dataset has a horizontal resolution of 1/12° (~9 km at the
equator) and 50 vertical levels, enabling representation of mesoscale and upper-ocean
variability. Previous assessments indicate that GLORYSI12 reproduces seasonal and
interannual variability realistically across regional scales (Jean-Michel et al., 2021; Amaya et

al., 2023).

Reanalysis currents were validated against in situ observations from the International
Nusantara Stratification and Transport (INSTANT) program conducted between January 2004
and November 2006 (Gordon et al., 2008; Sprintall et al., 2004). The INSTANT mooring,
deployed at 2°51.9'S, 118°27.3'E, recorded current velocities at nominal depths of 50, 150,
350, and 750 m. The mooring was first deployed in January 2004, serviced in July 2005, and
recovered in November 2006 (Gordon et al., 2008). These observations provide the benchmark

estimate of Makassar Strait mean transport (11.6 = 3.3 Sv).
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2.2 Transport calculation and validation

Indonesian Throughflow (ITF) volume transport was calculated from the meridional current
velocity in the GLORYS12 reanalysis by integrating velocity across the horizontal width and
vertical thickness of the selected cross-sectional layers at locations A and B in the Makassar

Strait. The transport through a layer bounded by depths (z1) and (z2) was expressed as
Zp X2
T (z,2,,t) = f j v(x,z,t) dx dz
Zq X1

where T(z1,z2,t) is the volume transport through the specified layer at time (t), v(x,z,t) is the
meridional velocity component, x is the horizontal distance across the section, and z is depth.
The limits (x1) and (x2) represent the horizontal extent of the selected cross-section, while (z1)
and (z2) are set for the upper and lower boundaries of the vertical layer, respectively. The

integral was evaluated numerically using the gridded velocity data:

Ny Ny

T(t) = Z Z Vi k(D AX; Azy

i=1 k=1

where T(t) is the volume transport at time (t), vik (t) is the meridional velocity in horizontal
grid cell (i) and vertical layer (k), Delta x; is the horizontal width of grid cell (i), Delta z k is the
vertical thickness of layer (k), and Nx and N; are the numbers of horizontal grid cells and

vertical layers included in the integration, respectively.

The horizontal grid-cell width was set to 8,333.4 m, while the vertical thickness of each
model layer was obtained from the depth-dependent layer-thickness data. The depth-resolved
transport profiles shown in Figures 7 and 8 were calculated over the vertical intervals of 0-25,
26-56, 56-110, 110-156, 156-200, 201-250, and 251-300 m, corresponding to nominal depths
of 25, 50, 100, 150, 200, 250, and 300 m, respectively. Each value represents meridional
volume transport integrated across the selected horizontal section and over the corresponding
vertical interval, rather than velocity at a single depth or cumulative transport from the surface
to the nominal depth. Transport was expressed in Sverdrups (Sv), where 1 Sv = 10° m® s

Negative values indicate southward transport.

To investigate variability at different timescales, the transport time series were decomposed
using Seasonal-Trend decomposition based on LOESS (STL), a non-parametric method that

separates a time series into trend, seasonal, and residual components (Cleveland et al., 1990).
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After removal of the seasonal component, the resulting anomalies were smoothed using a 30-

day moving average to highlight intraseasonal variability.

Reanalysis performance relative to INSTANT observations was evaluated using the root
mean square error (RMSE), mean absolute error (MAE), and Spearman rank correlation
coefficient (p). RMSE and MAE quantify the magnitude of different between reanalysis and
observed velocities, with RMSE assigning greater weight to larger errors. Spearman’s (p)

measures the strength and direction of their monotonic association.
2.3 Atmospheric forcing and climate indices

Daily zonal wind at 850 hPa was obtained from the ERAS reanalysis produced by the
Copernicus Climate Change Service (C3S). The 850 hPa level (~1.5 km altitude) captures
lower-tropospheric circulation anomalies associated with deep convection and is widely used

to monitor Madden-Julian Oscillation (MJO) activity (Wheeler and Hendon, 2004).

MJO variability was characterized using the Real-time Multivariate MJO (RMM) index
(Wheeler and Hendon, 2004), obtained from the Australian Bureau of Meteorology. MJO
activity was classified according to RMM amplitude and propagation phase. Days with an
RMM amplitude >1 were classified as strong MJO conditions, while those with an amplitude
<I were classified as weak MJO conditions. The RMM index divides MJO activity into eight
canonical phases representing the eastward propagation of convective anomalies (Wheeler and
Hendon, 2004; Lestari et al., 2022). Only strong MJO conditions were included in the

composite analyses.

Interannual climate variability was characterized using the Nifio 3.4 index for ENSO and
the Dipole Mode Index (DMI) for the Indian Ocean Dipole (IOD). ENSO phases were defined
using the Oceanic Nifio Index (ONI), based on three-month running mean SST anomalies in
the Nino3.4 region (5°N-5°S, 120°W-170°W), with El Nifio (La Nifia) conditions identified
when ONI exceeds +0.5°C (falls below -0.5°C) for at least five consecutive overlapping
seasons (McPhaden et al., 2021).

IOD variability was quantified using the DMI, defined as the SST anomaly difference
between the western and eastern equatorial Indian Ocean (Saji and Yamagata, 2003). Positive

(negative) DMI values correspond to positive (negative) IOD events.
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2.4 Composite and interaction analysis

Strong MJO days were composited by phase to evaluate phase-locked intraseasonal
transport variability. The composites were further stratified by concurrent ENSO and 10D
conditions to assess state-dependent modulation. The number of daily samples contributing to
each composite is reported in Table 2. These counts represent phase-days rather than
independent MJO events because consecutive days may belong to the same MJO episode.
Statistical significance of anomalies was evaluated using two-tailed tests with autocorrelation-
adjusted degrees of freedom. For Figures 3-6, only selected strong MJO phases for which
spatial distributions differed significantly from the climatology at the 95% confidence level are

shown, based on a statistical t-test.

3. Results
3.1 Evaluation of GLORYS12 Reanalysis with INSTANT Observations

To assess how well GLORYSI2 represents Makassar Strait circulation, reanalysis
meridional velocities were compared with INSTANT mooring observations during 2004-2006.
The comparison was performed after removing the seasonal component using LOESS
decomposition and applying a 30-day moving average to emphasize intraseasonal variability.
The validation metrics in Table 1 indicate depth-dependent agreement. Mean absolute errors
(MAEs) are 0.23, 0.07, 0.17, and 0.11 m s ! at 50, 150, 350, and 750 m, respectively, while
RMSE values are 0.28, 0.09, 0.19, and 0.12 m s™'. Spearman rank correlations are 0.41, 0.50,
0.59, and -0.11, respectively. The strongest monotonic agreement occurs at 350 m, whereas the
relationship at 750 m is weak and negative. These results support the use of GLORYS12 for
the seasonal and intraseasonal analysis, mainly in the upper and intermediate layers, although

its performance is not uniform throughout the water column.
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Table 1. Validation of GLORYS12 and INSTANT current velocities using Spearman rank

correlation, MAE, and RMSE.

Depths (m)
Validation Methods

50 150 350 750

MAE 0.23 0.07 0.17 0.11
RMSE 0.28 0.09 0.19 0.12

Spearman rank
0.41 0.50 0.59 -0.11
correlation coefficient (p)

The 30-day moving-average time series shows broadly coherent temporal variability
between GLORYS12 and INSTANT, particularly at 150 and 350 m (Figure 2). The smallest
MAE occurs at 150 m, whereas the highest Spearman correlation occurs at 350 m. The larger
discrepancy at 50 m and the weak relationship at 750 m indicate that reanalysis performance

varies with depth, so variability in the deepest layer should be interpreted cautiously.

Figure 2. 30-day moving average time series of GLORYS12 (black solid line) and INSTANT
current velocities (green dashed line) at 50 (a), 150 (b), 350 (c), and 750 m (d).

10
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The smallest MAE occurs at 150 m (0.07 m s™"), whereas the strongest Spearman correlation
occurs at 350 m (p =0.59). The 50-m record has the largest RMSE (0.28 m s7!'). At 750 m, the
correlation is weak and negative (p = -0.11), indicating little monotonic correspondence
between GLORYS12 and INSTANT velocities at this depth. This weak negative association
should not be interpreted as evidence of a robust physical reversal, but rather as an indication

that the two datasets capture the deepest-layer variability differently.

Differences between reanalysis and in-situ velocities may arise from limitations in model
resolution, data assimilation, and the representation of local circulation, as well as
observational uncertainty. These factors can become more consequential at depth, where flow
may be influenced by complex topography and where the available observations are limited.
The weak agreement at 750 m highlights the need for caution when interpreting variability in

the deepest layer.
3.2 Seasonal and Intraseasonal Current Variability during MJO, ENSO and 10D Events

The number of daily samples (n) contributing to each strong Madden-Julian Oscillation
(MJO) phase composite and to the corresponding composites under concurrent ENSO and IOD
conditions is summarized in Table 2. These sample counts establish the sampling basis for
examining seasonal and phase-dependent variability in Makassar Strait currents and for

assessing how the background climate state may influence the MJO-related response.

Table 2. Number of daily samples (n) associated with strong MJO phases in each season and
their co-occurrence with El Niflo, La Nifia, positive IOD, and negative IOD conditions during

2004-2020.
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MJO Strong MJO Strong MJO and Strong MJO and
Phase El Nifio La Nifia

DJF | MAM | JJA | SON | DJF | MAM | JJA | SON | DJF | MAM | JJA | SON
1 66 | 141 285 109 |11 |16 46 |51 26 |29 52 |23
2 93 | 114 219 [ 110 |16 |16 22 |56 49 119 62 |30
3 105 | 150 63 103 |45 |26 9 60 27 |34 18 |23
4 132 | 122 66 | 149 |49 |26 10 |69 45 125 16 |36
5 167 | 106 66 212 |53 |15 9 42 71 |30 13 196
6 180 | 99 84 | 88 70 |7 16 |19 62 |32 18 |45
7 208 | 109 66 |45 76 |11 15 |10 82 |32 6 30
8 110 | 159 74 191 53 132 17 (29 42 139 12 |38
MJO Strong MJO and Strong MJO and
Phase Positive IOD Negative IOD

DJF | MAM | JJA | SON | DJF | MAM | JJA | SON
1 - 14 69 |50 - - 12 |-
2 - 10 42 140 - - 5 -
3 - 11 26 |24 - - - -
4 - 4 10 |27 - - - -
5 - 4 3 41 - - - -
6 - 2 3 16 - - - -
7 - 14 4 14 - - 2 -
8 - 24 3 43 - - - -

Strong MJO conditions were defined as days when the Real-time Multivariate MJO (RMM)
amplitude exceeded 1 (Wheeler and Hendon, 2004). These days were assigned to one of the
eight canonical MJO phases that describe the eastward progression of the MJO convective and
circulation anomalies. The phases provide a framework for examining the evolution of
atmospheric forcing across the Indian Ocean, Maritime Continent, and western Pacific
(Wheeler and Hendon, 2004; Rauniyar and Walsh, 2011; Lestari et al., 2026). Table 2 further
separates the strong-MJO samples according to the concurrent El Nifio, La Nifia, positive IOD,
and negative [OD states, allowing the seasonal contribution and sample availability of each

composite to be assessed.

The Makassar Strait circulation exhibits pronounced seasonal variability, upon which MJO
activity introduces intraseasonal fluctuations. The magnitude and spatial structure of the
associated current response may vary among the four seasons: December-February (DJF),
March-May (MAM), June-August (JJA), and September-November (SON), and under
different ENSO and IOD background conditions. The following analysis examines the seasonal
and MJO-phase dependence of surface-current velocity, including its variation under
concurrent ENSO and IOD conditions. The corresponding volume-transport response is

described in Section 3.3.

12
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3.2.1 Wet season (December-February/DJF)

During the wet season (DJF), the greatest changes in surface current velocity associated
with strong MJO events occur near the northern entrance and central Makassar Strait (Figure
3). Comparison with the climatological mean for each MJO phase shows significant differences
during phases 1, 3, and 4 (Table 3). During phase 1, the current velocity at point A decreases
to 0.21 m s7! compared with the climatological mean of 0.37 m s™'. In contrast, during phases
3-4, the current strengthens at point B to approximately 0.40-0.45 m s7', relative to the
climatological mean of 0.22 m s™'. Spatially, current flow from northern Kalimantan and
northern Sulawesi tends to converge toward the central Makassar Strait during phases 1-3,
before turning eastward during phases 4-7. This change in direction contributes to a weakening
of the current in the central strait. In addition, inflow from the Java Sea can modify the

southward current within the Makassar Strait.

The surface current velocity in the central Makassar Strait is the lowest during the wet
season compared with the other seasons. This seasonal condition is consistent with the
influence of the Asia-Australia monsoon, during which water from the Java Sea and Pacific
enters the Banda Sea, contributing to the accumulation of warm, low-salinity water and
suppression of the thermocline. At this time, the Intertropical Convergence Zone (ITCZ)
extends from south of Java toward northern Australia, limiting the movement of water from
the Banda Sea toward the Indian Ocean. The resulting weakening of the pressure gradient
between the Pacific and Indian oceans contributes to weaker flow through the Makassar Strait

(Wyrtki, 1987).

The MJO also exhibits strong seasonal variability over Indonesia during the wet season
(Pei et al., 2021). Previous studies have demonstrated that active MJO phases increase the
probability of extreme rainfall over western and central Indonesia (Birch et al., 2016; Lestari
et al., 2022; Peatman et al., 2014). Although these studies primarily addressed atmospheric
precipitation, the associated atmospheric circulation changes can also influence ocean
conditions. During phases 3-4, when the MJO convective center is located over Indonesia, the
associated circulation can further push Java Sea waters toward eastern Indonesia and reduce
the pressure gradient across the region. This promotes water accumulation near the entrance of
the Makassar Strait and favors an eastward deflection of the flow. Consistent with this

interpretation, Napitu et al. (2019) found that intraseasonal processes responsible for reducing

13
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surface layer ITF transport in the Makassar Strait are more dominant during the wet season

than during the dry season.

The interaction between the MJO and ENSO further modifies the current response. The
MJO and ENSO are known to interact dynamically and influence one into another evolution
(Zhang, 2005). During the mature stage of El Niflo, for example, eastward MJO propagation
can weaken, accompanied by changes in the amplitude of MJO-related zonal winds at 850 hPa
(Lietal.,2023). The MJO - ENSO relationship is also dependent on the type and characteristics
of the El Nifo event (Pang et al., 2016).

In the present study, the spatial distributions of surface current velocity during combined
MIJO-ENSO and MJO-IOD events reveal substantial seasonal modulation. No 10D events
occurred during the DJF period within the 2004-2020 study period. During El Nifio years, the
current is stronger than both the climatological mean and the strong MJO only condition. At
phase 1, current velocity increases to approximately 0.50 m s at point A and 0.45 m s at
point B. This is particularly notable because phase 1 under strong MJO conditions alone is
weaker than the climatological mean. The occurrence of El Nifio therefore substantially

modifies the current response to the MJO during the wet season.

Previous studies have shown that the response of Indonesian monsoon rainfall to the MJO
can be stronger during El Nifio than during La Nifia (Ghelani et al., 2017), while unusually
strong MJO events have also been observed during El Nifio conditions (Marshall et al., 2016).
ENSO can influence MJO propagation, and its effects can depend on the type of El Nifio (Chen
etal., 2016; Pang et al., 2016). Chen et al. (2016) reported that the MJO tends to weaken during
eastern Pacific El Nifio events, resulting in a shorter eastward propagation range, while Li et
al. (2023) found reduced MJO zonal wind amplitude during the mature stage of El Nifio. These
interactions may modify the influence of strong MJO events on Indonesian waters by altering

the associated pressure gradient response.

In contrast, La Nifa conditions are generally associated with stronger and faster MJO
activity. Wei and Ren (2022) found that La Nifia is associated with enhanced atmospheric
moisture over the Indian Ocean and Maritime Continent, which supports stronger and faster
MJO convection. In our results, however, the combination of strong MJO and La Nifia produces
weaker currents than strong MJO events alone. Despite this, current velocity remains higher
than the climatological mean, particularly during phases 3-4, consistent with the generally

stronger Makassar Throughflow during La Nifa years. Previous studies also reported that

14
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Makassar Strait transport tends to increase during La Nifa and decrease during El Nifio
(Susanto and Song, 2015). These results indicate that the current response to the MJO depends
not only on its phase but also on the background ENSO condition.

Table 3. Current velocity (m/s) of points A and B in DJF during strong MJO, strong MJO-EI
Nifio, and strong MJO-La Nifia events compared with the 2004-2020 study-period mean.

Strong MJO Strong MJO & El | Strong MJO & La
Event Nifo event Nifla event
Phase
A B A B A B
1 0.21 0.28 0.52 0.45 0.24 0.21
3 0.41 0.40 0.51 0.46 0.33 0.36
4 0.45 0.35 0.50 0.33 0.48 0.28
Mean 0.37 0.22 0.37 0.22 0.37 0.22

15
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Figure 3. Spatial distribution of DJF surface current velocity for strong MJO composites
(phases 1, 3, and 4) and concurrent La Nifia and El Nifio conditions. The 2004-2020 DJF study-

period mean is given for reference.
3.2.2 First transitional season (March-May/MAM)

During the first transitional season (MAM), current velocity increases relative to the wet
season, particularly in the central Makassar Strait (Figure 4). Significant differences from the
climatological mean occur during MJO phases 2, 3, and 7 (Table 4). At point B, the
climatological current velocity is approximately 0.50 m s™', increasing to 0.60 m s during
phases 2-3 and decreasing to 0.41 m s™' during phase 7. The intraseasonal signal is detectable

to approximately 25 m depth, whereas changes between 50 and 150 m are not significant.

Although MAM represents a transition toward the dry season, the oceanic and atmospheric

conditions remain strongly influenced by the preceding wet season. Consequently, MJO
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influence remains pronounced during these months. During boreal winter (November-April),
MIJO activity is predominantly concentrated in the Southern Hemisphere (Chen et al., 2017).
Although the MJO generally propagates eastward, it can turn southward or weaken while
crossing the Indonesian region (Zhou and Murtugudde, 2020). Such propagation modifies the
cross-strait flow and can also alter the meridional sea surface temperature (SST) gradient along
the Makassar Strait. During active MJO conditions, SST is generally lower in the southern than
in the northern Makassar Strait, possibly reflecting stronger ocean-atmosphere interaction in
the southern region (Shinoda et al., 2016). Napitu et al. (2015) similarly showed that wet season
surface heat flux contributes to SST cooling over Indonesian waters, particularly in the

Southern Hemisphere.

The ITF generally strengthens during the early suppressed MJO phases (phases 1-3). Napitu
et al. (2019) showed that the suppressed phase is associated with anomalous westward and
southward winds over the Java Sea and Makassar Strait. These wind anomalies can lower sea
level in the southern Makassar Strait through Ekman transport, thereby increasing the pressure
gradient and enhancing southward ITF transport. During the active phase, in contrast, eastward
wind anomalies promote accumulation of surface water in the southern Makassar Strait and
reduce the pressure gradient. Intraseasonal changes in the Makassar Strait may also be
connected with coastal Kelvin waves propagating from the Indian Ocean in association with

the MJO (Drushka et al., 2010; Schiller et al., 2010; Zhou and Murtugudde, 2010).

The background ENSO and 10D states further modify this response. During strong MJO -
El Nifo events, current velocity increases substantially during phases 2-3, reaching
approximately 0.80 m s™', while decreasing to approximately 0.20 m s™! during phase 7 relative
to the central strait climatological mean of 0.50 m s™'. Under strong MJO-La Nifia conditions,
current velocity is weaker than during strong MJO events alone, particularly during phase 7,
when it is approximately 0.40 m s™'. The spatial current distribution during MJO-EI Nifio and
MJO-positive 10D conditions is broadly similar, although the positive IOD combination

produces stronger current velocities, reaching approximately 0.86 m s during phases 2-3.

Table 4. Current velocity (m s™) at points A and B in MAM during strong MJO, strong MJO-
El Nifio, strong MJO-La Nifia, and strong MJO-positive IOD events compared with the 2004-
2020 study-period mean.
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Strong MJO | Strong MJO | Strong MJO &

Strong MJO _ )
& El Nifo & LaNina | 10D (+) Event
Ph Event
ase event event
A B A B A B A B

2 0.28 | 0.60 | 0.45 |0.80 0.09 1038 |0.39 |0.86

3 0.39 1059 [ 048 {0.69 |0.25 |0.56 |0.40 |0.70

7 0.24 |1 0.41 |0.16 |0.20 0.34 | 039 | 0.28 0.32

Mean | 0.31 | 0.50 | 031 | 0.50 | 0.31 | 0.50 | 0.31 0.50
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Figure 4. Spatial distribution of MAM surface current velocity for strong MJO composites
(phases 2, 3, and 7) and concurrent La Nifia, El Nifio, and positive IOD conditions. The 2004-
2020 MAM study-period mean is given for reference.

3.2.3 Dry season (June-August/JJA)

During the dry season (JJA), the Makassar Throughflow exhibits strong southward
transport, consistent with previous observations and modeling studies (Gordon et al., 2008).
Significant intraseasonal variability in current velocity during strong MJO events occurs in
phases 2, 3, 6, and 7 (Figure 5). The current becomes particularly prominent in the southern
Makassar Strait near the Labani channel and Dewakang sill. Current velocity increases during
phases 2-3 relative to the climatological mean as the MJO approaches Indonesia (Table 5). At
point A, current velocity increases to approximately 0.43-0.54 m s™', with the increase
extending across much of the strait. Nevertheless, surface current variability associated with
the MJO is generally weaker during JJA than during the wet season, consistent with the weaker

intraseasonal OLR variability reported by Napitu et al. (2015, 2019).

During phases 6-7, current velocity at point A decreases to approximately 0.12-0.28 m s™".
At point B, however, the current strengthens during the dry season phases, increasing from the
climatological value of approximately 0.50 m s to nearly 0.99 m s™'. The relatively low
correlation between current velocity and the MJO index during JJA indicates that seasonal
monsoonal forcing is more important than the MJO in determining the overall current state
during this season. During the northwest monsoon, low-salinity surface water from the Java
Sea moves southward into the Makassar Strait, whereas during the southeast monsoon,
southeasterly winds return low-salinity water toward the Java Sea (Gordon et al., 2003). These
winds also transport Makassar Strait water toward the Java Sea, thereby increasing transport
through the Makassar Strait and reducing South China Sea throughflow through the Karimata
Strait (Susanto et al., 2012).

Although the MJO influence is weaker during the dry season than during the wet season,
significant phase-dependent changes remain evident. The MJO-La Nifia current distribution is
generally similar to that during strong MJO events alone. In contrast, the MJO-EI Nifio current
is weaker than the strong MJO response, although it remains stronger than the climatological
mean during phases 2-3, reaching approximately 0.72 m s™! at point B. During phases 6-7, the

current decreases to approximately 0.57 m s'. Positive IOD conditions produce significant
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409  changes relative to MJO only events, particularly a weakening during phase 2 and

410  strengthening during phase 7.

411  Table S. Current velocity (m s™) at points A and B in JJA during strong MJO, strong MJO -
412 El Nido, strong MJO-La Nifia, and strong MJO-positive IOD events compared with the 2004-
413 2020 study-period mean.

Strong MJO | Strong MJO | Strong MJO &

Strong MJO _ )
& El Nifo & LaNina | 10D (+) Event
Ph Event
ase event event
A B A B A B A B

2 0.43 {093 |0.35 |0.93 043 099 | 045 |0.81

3 0.54 10.99 | 0.53 |0.72 0.48 | 1.06 | 0.60 1.04

6 0.28 | 0.71 | 0.49 |0.63 0.62 |0.71 | 0.20 0.70

7 0.12 | 0.68 | 0.23 | 0.57 | 0.27 | 0.66 | 0.50 1.09

Mean | 0.31 | 0.50 | 031 | 0.50 | 0.31 | 0.50 | 0.31 0.50

414

415

416
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419  Figure 5. Spatial distribution of JJA surface current velocity for strong MJO composites
420  (phases 2, 3, 6, and 7) and concurrent La Nifia, El Nifio, and positive IOD conditions. The
421  2004-2020 JJA study-period mean is given for reference.
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3.2.4 Second transitional season (September-November/SON)

During the second transitional season (SON), significant intraseasonal variability is evident
throughout the Makassar Strait (Figure 6). In contrast to the wet season, surface current
velocities are relatively strong. Current velocity tends to increase during phases 1-2, with point
B increasing from a climatological mean of 0.81 m s™' to approximately 0.90 m s™' (Table 6).
During phases 6-7, however, current velocity at point B decreases to approximately 0.50 m s™'.
The weakening during phase 7 extends to approximately 50 m depth, where the current

decreases from a climatological mean of 0.83 m s t0 0.59 m s™'.

Regional geography and bathymetry may contribute to the observed current structure.
Currents during SON remain strong, similar to JJA, in the central Makassar Strait before
turning southward as they pass through the Dewakang Sill. The sill has a depth of
approximately 680 m and constrains the flow through the strait. The narrowing of the flow
pathway can increase current velocity through the channel and may enhance mixing and

turbulence around the sill (Gordon et al., 2019).

Internal tides provide another mechanism that may influence the vertical structure and
variability of Makassar Strait currents. At the Dewakang Sill, internal tidal variability arises
from vertical differences in temperature, salinity, and density, generating depth-dependent
flows. These internal tides are among the processes influencing ocean dynamics and deep water
mixing in the Labani channel (Horhoruw et al., 2015). Therefore, it is important to note that
the observed intraseasonal current response during SON may reflect the combined influence of
atmospheric forcing, regional circulation, bathymetric constraints, and internal ocean

dynamics.

During MJO-La Nifia events, no significant phase-dependent changes are observed relative
to strong MJO events alone, similar to the response during the preceding season. In contrast,
MJO-EI Nifio conditions produce a marked reduction in current velocity in the central strait
during phases 6-7, decreasing to approximately 0.40 m s™' compared with the climatological
mean of 0.81 m s™'. The MJO-positive IOD combination generally strengthens the current
relative to strong MJO events alone. Positive IOD events are associated with reduced SST and
rainfall over Indonesia (Nurdiati et al., 2022), and the IOD typically reaches its maximum
amplitude during SON, when positive 10D years are associated with negative rainfall

anomalies over Indonesia (Ratna et al., 2017). The influence of ENSO and IOD on Indonesian
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454  rainfall develops from JJA and extends into the DJF period (As-syakur et al., 2014), providing

455  an important seasonal background for interpreting the SON current response.

456  Table 6. Current velocity (m s™') at points A and B in SON during strong MJO, strong MJO-
457  El Nio, strong MJO-La Nifa, and strong MJO-positive IOD events compared with the 2004-
458 2020 study-period mean.

Strong MJO | Strong MJO | Strong MJO &

Strong MJO _ )
& El Nifo & LaNina | 10D (+) Event
Ph Event
ase event event
A B A B A B A B

1 0.71 1091 |0.70 | 0.86 |0.68 |0.80 | 0.66 1.05

2 0.64 | 0.88 | 0.61 |0.84 0.64 | 092 |0.70 0.96

6 0.54 | 0.59 | 0.71 |0.40 0.46 |0.49 | 0.81 0.89

7 0.61 | 0.46 | 0.80 | 042 | 0.54 | 038 | 0.93 0.78

Mean | 0.62 | 0.81 | 0.62 | 0.81 | 0.62 | 0.81 | 0.62 | 0.81

459

460

461
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464  Figure 6. Spatial distribution of SON surface current velocity for strong MJO composites
465  (phases 1, 2, 6, and 7) and concurrent La Nifia, El Nifio, and positive IOD conditions. The
466  2004-2020 SON study-period mean is given for reference.
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3.3 Volume Transport and Vertical Structure

Current velocity describes the local intensity and direction of flow, whereas volume
transport represents the integrated amount of water crossing a specified cross-sectional area
per unit time. To quantify the transport response associated with strong MJO events and its
modulation by ENSO and IOD, volume transport was calculated at two selected locations over
the 17-year study period (Figure 1) and evaluated by season and MJO phase. Point B, located
in the central Makassar Strait near the INSTANT observation site in the Labani channel at the
Dewakang Sill, is mainly relevant to the main Makassar Strait ITF pathway. The Dewakang
Sill is an important control point for water mass transformation, turbulent mixing, and regional
circulation. The vertical distribution of transport shows the largest southward transport near
100 m depth. This is consistent with the thermocline centered vertical structure reported by

Gordon et al. (2012).

Although volume transport was calculated at both points A and B, the depth-resolved
composite profiles shown in Figures 7 and 8 focus on point B, where the main Makassar Strait
ITF pathway and the INSTANT observation site are located. At point B, depth-resolved
transport generally shows limited phase-to-phase variability from the wet season (DJF) through
the first transitional season (MAM) (Figure 7). For the layer represented by the 100-m depth
level, the southward transport magnitude ranges from approximately 1.1 to 2.7 Sv, with the

highest values occurring during MJO phase 7 in DJF and phase 8 in MAM.
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Figure 7. MJO-phase and seasonal volume transport at point B, around the Labani channel

near the INSTANT mooring site, under strong MJO conditions.

A pronounced intraseasonal response in depth-resolved volume transport occurs during the
dry season (JJA). This period coincides with the Northern Hemisphere Summer Monsoon
(NHSM), when the Makassar Throughflow is characterized by stronger southward transport
than during boreal winter (Gordon et al., 2019). Changes in atmospheric circulation associated
with the Asian and Australia-Indonesia monsoons can strengthen easterly winds over the
western Pacific (Wang and Xie, 1997). Consistent with this seasonal forcing, the southward
transport magnitude for the layer represented by the 100-m depth level increases markedly
during MJO phases 1-2, reaching approximately 4.7-5.0 Sv, compared with approximately 1.6
Sv during the other phases.

ENSO further modulates the MJO-related transport response. Previous studies indicate that
La Nifa generally enhances Makassar Strait transport, whereas El Nifio reduces it (Gordon et
al., 2019). In the present analysis, however, the combination of La Nifia and strong MJO
conditions produces a lower southward transport magnitude than strong MJO conditions alone,
particularly during phases 1-3, when it decreases to approximately 3.4 Sv. Under MJO-EI Nifo
conditions, the southward transport magnitude during phase 2 decreases to approximately 2.2

Sv. This reduction is consistent with the previously documented association between MJO
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activity and weakening of surface-layer ITF transport in the Makassar Strait during boreal

summer (Napitu et al., 2019).

The combination of strong MJO and positive IOD produces a distinct phase-dependent
transport response during JJA. The southward transport magnitude remains relatively high
during phases 1-4, at approximately 2-4 Sv, but decreases substantially during phases 5-8 to
approximately 0.4-0.9 Sv. This phase-dependent response suggests that positive 10D
conditions modify the MJO-related transport signal predominantly during the latter MJO

phases, resulting in an overall reduction in transport during phases 5-8 (Figure 8).

During the second transitional season (SON), the southward transport magnitude increases
during phase 5, when the MJO convective center is located over Indonesia, reaching a
maximum of approximately 3.9 Sv. Variability in volume transport may also be influenced by
geostrophic wind forcing and Kelvin waves associated with MJO activity in the Indian Ocean
and along the southern coast of Java (Chong et al., 2000). One possible mechanism for reduced
transport during the transitional seasons is the propagation of Kelvin waves trapped along the
Sumatra coast, which can extend toward southern Java and subsequently influence the

Makassar Strait (Syamsudin et al., 2004; Pujiana et al., 2019).

The interaction between MJO and El Nifio during SON is associated with enhanced
southward transport magnitude, with a maximum of approximately 3.4 Sv during phase 4.
Under positive IOD conditions, the most pronounced changes occur during phases 8 and 1,
when the southward transport magnitude reaches approximately 4 Sv. Taken together, these
results demonstrate that the intraseasonal volume-transport response in the Makassar Strait is
strongly season-dependent. The response reflects the combined influence of MJO phase and
background monsoonal forcing, with ENSO and IOD providing additional modulation and
remotely forced oceanic signals, including Kelvin waves, potentially contributing to transport

variability during the transitional seasons.
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Figure 8. MJO-phase dependence of depth-resolved volume transport at point B near the
Labani Channel and the INSTANT mooring site under concurrent strong MJO-EI Nifo and
strong MJO-positive IOD conditions.

4. Discussion

4.1 Seasonal Background and MJO Phase Dependence

The results support a schematic view of Makassar Strait variability in which the monsoon
establishes the seasonal circulation condition and the MJO modulates it on intraseasonal
timescales. The contrast between DJF and JJA is important in the way that surface current
variability associated with the MJO is relatively prominent during the wet season, whereas the
largest volume transport response occurs during the dry season. However, the same MJO phase

cannot be interpreted independently of the seasonal background.

The phase dependence is physically consistent with changes in the along-strait pressure
gradient. During suppressed MJO phases, anomalous westward and southward winds can drive
Ekman transport and lower sea level in the southern Makassar Strait, strengthening the pressure
gradient that supports southward ITF flow. During active phases, eastward wind anomalies can
promote surface water accumulation and weaken that gradient (Napitu et al., 2019). Coastally

trapped Kelvin waves associated with MJO forcing may provide an additional pathway linking
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Indian Ocean disturbances to Makassar Strait variability (Drushka et al., 2010; Schiller et al.,
2010; Zhou and Murtugudde, 2010).

The seasonal contrast therefore does not imply a weaker role for the MJO in JJA. Instead,
strong monsoonal forcing dominates the surface current field while the MJO signal can emerge

more clearly in the integrated thermocline transport.

4.2 Vertical Structure: Surface Current versus ITF Transport

A central implication is that surface current velocity and ITF volume transport should not
be treated as interchangeable measures. The largest southward transport occurs near 70-120 m
within the thermocline, and the strongest composite response reaches approximately 4.7-5.0
Sv at 100 m during JJA phases 1-2. This vertical structure is consistent with the established
thermocline pathway of the Makassar Strait ITF (Gordon et al., 2012).

The different behavior of surface velocity and transport helps explain why JJA can exhibit
a relatively weak correlation between surface current velocity and the MJO index while
exhibiting a strong transport response. MJO-related wind forcing can modify sea level
gradients and upper-ocean circulation without producing a proportional surface current

anomaly.

The validation results constrain this interpretation. GLORYS12 reproduces variability
reasonably well in the upper and intermediate layers, with the strongest monotonic agreement
at 350 m, whereas the 750 m correlation is weak and negative. The inferred MJO-related

vertical structure should therefore be interpreted cautiously in the deepest layer.

4.3 State-Dependent ENSO and 10D Modulation

The combined composites demonstrate that ENSO does not simply amplify or suppress the
MIJO response uniformly. El Nifio enhances selected early-phase surface currents during DJF
and MAM but is associated with reduced transport during selected later phases in JJA and
SON. This contrast is consistent with a background state interpretation in which ENSO
modifies the basin-scale pressure gradient and thermocline environment in which the
intraseasonal wind forcing acts. The response is therefore not adequately described as a simple

linear sum of MJO and ENSO effects.

La Nifia provides a complementary result. Although the mean Makassar Strait Throughflow

is generally stronger during La Nina, the strong MJO composites do not show a proportional
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increase in the MJO anomaly. In several cases, the combined MJO-La Nifa response is weaker
than the MJO only response. Therefore, the amplitude of an intraseasonal perturbation depends

on the background circulation rather than simply scaling with the mean transport.

Positive IOD conditions introduce another seasonal asymmetry, most clearly during JJA-
SON. The JJA transport response is reduced during later MJO phases, whereas the SON surface
current response is enhanced during selected phases. Because the IOD is strongest during SON,
Indian Ocean boundary forcing may alter the expression of MJO variability within the

Makassar Strait.
4.4 Implications and Limitations

The results indicate that Makassar Strait ITF variability should be interpreted as a multiscale
interaction rather than as the response to an isolated climate mode. The monsoon determines
the seasonal state, ENSO and IOD modify the interannual background, and the MJO perturbs
that state on intraseasonal timescales. This framework helps explain why the same MJO phase
can produce different current and transport responses in different seasons or ENSO/IOD states.
Because the ITF redistributes heat between the Pacific and Indian Oceans, transport changes

of several Sverdrups may be relevant to short-term interbasin heat exchange.

Several limitations should be recognized. The analysis focuses on strong MJO events and
does not represent all intraseasonal variability. The ENSO and IOD composites contain fewer
daily sample sizes than the MJO-only composites, and some phase-specific composites are
based on relatively few samples, their differences should be interpreted as state-dependent
patterns rather than universal responses. The weak validation correlation at 750 m also limits
interpretation of MJO-related variability in the deepest layer. Additional long-term mooring
observations and lagged wind-transport analyses would help test the proposed pressure-
gradient mechanism. A more detailed investigation of the subsurface transport maximum,

following approaches such as Nie et al. (2026), is left for a subsequent study.
S. Conclusions

This study examined seasonal and intraseasonal variability of the Makassar Strait
Indonesian Throughflow (ITF) during strong MJO events and assessed how the response varies
under concurrent ENSO and IOD conditions. The analysis used daily GLORYS12 reanalysis
data for 2004-2020, evaluated against INSTANT mooring observations.
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First, Makassar Strait circulation exhibits clear MJO phase dependence, with early
suppressed phases generally favoring stronger southward flow and later active phases
associated with weaker or deflected surface currents. The magnitude of this response varies

strongly among seasons.

Second, the ITF response is vertically structured. The largest southward transport occurs
within the thermocline, around 70-120 m, and reaches approximately 4.7-5.0 Sv for the layer
represented by the 100-m nominal depth during JJA phases 1-2. Surface current anomalies do

not fully characterize intraseasonal ITF transport variability.

Third, ENSO and 10D modify the MJO response according to the background state and
season. El Nifo enhances selected early-phase surface-current responses but is associated with
reduced transport during selected later phases. La Nifa does not proportionally amplify the
MJO-related anomaly despite the generally stronger background throughflow. Positive IOD
conditions introduce additional phase- and season-dependent modulation, eventually during

JJA and SON.

Overall, the Makassar Strait acts as a dynamically sensitive gateway in which seasonal
monsoon forcing, basin-scale climate variability, and intraseasonal MJO forcing interact. The
results emphasize that MJO-related ITF variability should be evaluated together with the

background oceanic state and its vertical structure.
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