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ABSTRACT 

 

Oceanic, atmospheric and land processes over the Maritime Continent (MC) play an important 

role in the Earth’s climate system. In addition, a primary ocean current within the MC, the 

Indonesian Throughflow (ITF), is a major part of the global thermohaline circulation. This work 

investigates the intraseasonal variability (20-90 days) of the Indonesian Throughflow, which is 

primarily forced by the Madden-Julian Oscillation (MJO) using a 1/12° global HYbrid Coordinate 

Ocean Model (HYCOM) reanalysis and satellite altimeter data. To quantify the ITF transport 

variations over the MJO life cycle, composites of the ITF transport through the major straits in the 

Indonesian Seas are constructed. A prominent transport reduction during the MJO active phase is 

found in all major straits. Also, a transport enhancement during the suppressed phase, that is 

comparable to the reduction, is evident. As a result, the net effect of the MJO on the ITF transport 

is very small because of the cancellation of the enhancement and reduction. Upper ocean 

variability associated with the MJO in the Indonesian Seas is then compared with major 

atmospheric variables. During both active and suppressed phases of the MJO, surface winds over 

the MC are consistent with the spatial pattern of MJO-induced upper ocean currents. The role of 

remote ocean response in the ITF variations is further investigated. During the active phase, sea 

surface height and along-shore current anomalies generated in the central Indian Ocean by the 

MJO forcing propagate along the coast of Java and Sumatra as a coastal Kelvin wave, which 

largely influences the ITF transport at exit passages and Makassar strait. During the suppressed 

phase, the propagation of Kelvin wave is not clearly detected in the composite, suggesting that 

local winds over the MC are mostly responsible for the ITF variation. The effect of Kelvin waves 

on the ITF variability is further examined for MJO events observed during DYNAMO field 

campaign. The propagation of Kelvin waves from the equatorial Indian Ocean to the ITF exit 
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passages is evident during both active and suppressed phases, suggesting that upwelling Kelvin 

waves contribute to the ITF transport through the exit passages for some MJO events. 
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1. INTRODUCTION 

 

Oceanic and atmospheric processes over the Maritime Continent (MC, Fig. 1) play a key 

role on Earth’s climate and global ocean circulation. As the MC is located on the warmest ( ̴ 28°C) 

ocean area in the world, called the “Tropical Warm Pool” or the “boiler box” of the Tropics 

(Ramage, 1968), the area has a potential to transfer a large amount of energy to the atmosphere, 

and thus ocean variability in this region affects climate variations across the globe on multiple time 

scales (Neale and Slingo, 2003). Such climate variability includes changes in the Walker 

Circulation through frequent convective storms (Keenan et al., 2000), the El Niño Southern 

Oscillation (ENSO) (Lau and Chan, 1983), the Indian Ocean Dipole (Saji et al., 1999), and the 

Madden-Julian Oscillation (MJO; Madden and Julian, 1971, 1972). Therefore, it is important to 

investigate the upper ocean processes over the MC region that could largely affect the sea surface 

temperature (SST). 

 
Fig. 1. The Maritime Continent (green area). Adapted from: http://www.bom.gov.au/climate/about/tropics/maritime- 

continent.shtml) 

http://www.bom.gov.au/climate/about/tropics/maritime-continent.shtml
http://www.bom.gov.au/climate/about/tropics/maritime-continent.shtml
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The MC includes many small islands and narrow straits (Fig. 1). There, atmospheric 

convection is very intense, and it provides a critical heat source for the atmospheric circulation on 

the planetary scale. Larger-scale organization of thunderstorm activity as well as strong sea-breeze 

is strongly influenced by the orography (Neale and Slingo, 2003). In addition, the convection over 

the MC could be described as a part of the planetary monsoon system (Lau and Chan 1983b, Meehl 

1987, and McBride 1998). On the interannual timescale, ENSO can modulate the rainfall over the 

MC (Philander, 1985). During the ENSO warm phase, strong convection shifts to the central 

Pacific, leading to the rainfall suppression over the MC (e.g., Qian, 2008). 

 

 
Ocean circulation over the MC region is a portion of the upper branch of the global ocean 

thermohaline circulation. The Indonesian Throughflow (ITF, Fig. 2), which is a major current 

within the MC area, carries about 15 Sv of waters from Pacific to Indian Ocean (Sprintall et al., 

2009) and it flows through the complex bathymetries in the MC. This is a well-known area for the 

transformation and formation of very distinct water masses due mainly to strong tidal mixing 

(Koch-Larrouy et al., 2008). Waters in the Indonesian Seas are fresher than those of the Indian 

Ocean (Gordon et al., 1997) and they contribute significantly to the upwelling of cold water in the 

global conveyor belt. The waters carried by ITF further affect larger areas of the Indian Ocean. 

They flow across the tropical Indian Ocean and a significant portion of ITF waters enter the 

Agulhas Current system, where they are identified in many Agulhas eddies in the Atlantic (Song 

et al., 2004). Also, some of the waters in the Indonesian seas flow southward, providing a water 

source for the Leeuwin Current along the western coast of Australia (Gentilli, 1972). 

The ITF varies on several different time scales. For example, Meyers (1996) found that the 

ITF is stronger during La Niña and weaker during El Niño, with the magnitude of the variation of 
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about 5 Sv. It is suggested that during the ENSO, a westerly wind anomaly in the equatorial Pacific 

Ocean causes the decrease of the sea level in the western Pacific, which results in the decrease of 

the pressure gradient between the western Pacific and the eastern Indian Ocean, and thus the ITF 

weakens. This result is further supported by Wijffels and Meyers (2004) and Rejeki et al. (2017). 

On the other hand, other studies suggest that the interannual variability of the ITF is mainly 

governed by the Indian Ocean dynamics (Masumoto, 2002) including that associated with the 

Indian Ocean Dipole (Sprintall and Revelard, 2014; Liu et al., 2015) that counter the ENSO effect 

when the two occur simultaneously. On a decadal scale, it is suggested that the weakening of the 

Walker Circulation due to a warming climate (Vecchi et al., 2006; Tokinaga et al., 2012) weakens 

the ITF (Wainwright et al., 2008; Sen Gupta et al., 2012). 

The seasonal variation in the ITF transport is partly driven by the Asian-Australian 

Monsoon winds (Meyers, 1995). For example, the ITF is maximum during the Australian southeast 

monsoon, during which southearly winds blow over the MC causinga strong Ekman divergence in 

the Indonesian Seas (Sprintall et al. 2009, Gordon and Susanto, 2001). Shinoda et al., (2012) 

demonstrated that the southward ITF transport is reduced during April–May and October– 

November, which is caused by the propagation of coastal Kelvin waves generated by the Wyrtki 

jet in the tropical Indian Ocean while the recovery of the transport during January–March 

originates from upper-ocean variability linked to annual Rossby waves in the Pacific Ocean. 
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Fig. 2. The Indonesian Throughflow and its associated transports on the MC major straits. Adapted from Sprintall et 

al., 2009. 

 

 

 

Prominent intraseasonal variability of the ITF is also identified in recent studies. Qiu et al., 

(1999) found that the intraseasonal signals along the Sumatra/Java coasts were induced remotely 

by coastal Kelvin waves with the period of 50-85 days that are generated by intraseasonal 

anomalous surface zonal winds in the central equatorial Indian Ocean. Schiller et al., (2010) further 

demonstrated that the signals of intraseasonal Kelvin wave are detected as far east as the Banda 

Sea and that the intraseasonal variability in the region is also forced by local winds. They also state 

that part of the intraseasonal wave energy is transmitted through Lombok Strait northward to 

Makassar Strait, causing a decrease in the ITF transport. Pujiana et al. (2013) provided the detailed 

description of Kelvin wave characteristics between the Lombok and Makassar Straits. It is 

suggested that equatorial westerly wind bursts in the Indian Ocean associated with the MJO 

generate these intraseasonal coastal Kelvin waves that penetrate into the Indonesian seas. A recent 

study by Napitu et al., (2019) further examined the ITF transport variation through the Makassar 

Strait associated with the MJO based on the analysis of mooring data. They reported that the 
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Makassar Strait throughflow transport is increased during the MJO suppressed phase, while the 

transport is decreased during the active phase. 

While these previous studies on ITF intraseasonal variability suggest some important 

oceanic processes that could influence the ITF, the ITF transport variations through most major 

straits in the Indonesian Seas over the life cycle of the MJO have not been quantified. Most of 

these studies focus on the ITF transport through the Makassar Strait, and the variation of ITF 

transport on the intraseasonal time scale through other major straits is not well understood. In 

addition, these studies mostly investigate the impact of MJO during the active phase, and the MJO 

influence on ITF transport during the suppressed phase is not emphasized, and thus the net effect 

of MJO on the overall ITF transport is not well known. 

A major goal of this study is to quantify the intraseasonal variability of overall ITF 

transport through major straits over the MC. As described above, a large portion of ITF 

intraseasonal variability is caused by the MJO. The MJO is the dominant mode of the intra- 

seasonal variability in the tropics, and it has an important impact on the global weather and climate 

(e.g. Zhang, 2005). It is a basin-scale perturbation characterized by deep convective clouds and 

low-level winds with 20 to 90-day period that propagates eastward over the Indo-Pacific Oceans 

(Fig. 3). As it has been mentioned before, larger-scale intraseasonal activity can be largely 

modified over the MC. When the MJO propagates over the region in its mature phase, it is 

modulated by the underlying surface properties and then moves to the West Pacific. For example, 

the MJO tends to propagate over the MC during the MJO suppressed phase when the SST in the 

Indonesian Seas is warmer (Napitu et al., 2017). Since the variations of ITF could largely modify 

the SST in the MC region, it is crucial to investigate ITF variability which could further feedback 

on the MJO propagation. 
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Fig. 3. The surface and upper-atmosphere structure of the MJO for a period when the enhanced convection is centered 

in the Indian Ocean and the suppressed convection is centered over the west-central Pacific Ocean. Horizontal arrows 

indicate wind anomalies. The entire system moves eastward over the warm pool. (https://www.climate.gov/news- 

features/blogs/enso/what-mjo-and-why-do-we-care) 

 

 
 

Until recently, it has been difficult to describe ITF transports through all major straits in 

the Indonesian Seas due to the lack of in-situ observations as well as other reliable high-resolution 

data. A new high-resolution (1/12°) global ocean reanalysis has been recently created, which can 

provide a useful tool to investigate the upper ocean variability including the ITF. In this study, we 

analyze the high-resolution ocean reanalysis along with the satellite and in-situ data to examine 

the effect of the MJO on the upper ocean currents and the ITF transport. 

The following specific questions will be addressed in this study: 

http://www.climate.gov/news-
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I) How does the transport of the ITF through major straits in the Indonesian Seas vary 

during the MJO active and suppressed phases, and what is the net effect of the MJO on the overall 

ITF transport? 

II) How does the remotely-forced ocean variability associated with the MJO contribute to 

the ITF transport in major straits? 

 

 
2. DATA AND METHOD 

 
2.1 Data 

 
2.1.a. High resolution ocean reanalysis data 

 
This study used the ocean reanalysis consisting of the 0.08° Hybrid Coordinate Ocean 

Model (HYCOM; Bleck, 2002) and the Navy Coupled Ocean Data Assimilation (NCODA; 

Cummings 2005, Cummings and Smedstat, 2013). This reanalysis product is referred to as 

“HYCOM reanalysis” hereafter. The NCODA includes remotely sensed sea surface height (SSH), 

SST and sea ice concentration along with in-situ surface and subsurface observations of 

temperature and salinity. The details of the NCODA data are described in Cummings (2005) and 

the explanation of the assimilation method is found in Cummings and Smedstad (2013). HYCOM 

combines the z-level coordinate for the unstratified sea, the isopycnal coordinate in the open ocean 

and a terrain-following one for coastal areas. The details about HYCOM can be found in Bleck 

(2002). The daily mean values of velocity and sea surface height for the period 2004–2015 are 

used in this study, which includes many MJO events. Also, the period covers one of the major in- 

situ observations of ITF: International Nusantara STratification ANd Transport program 

(INSTANT) during 2004-2006. The HYCOM reanalysis will be validated against in-situ and 
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satellite observations over the MC region and the Central Indian Ocean in this study, while it has 

been extensively validated in other areas (Yu et al., 2015, Thoppil et al., 2016). 

 
 

2.1.b. In-situ and satellite data 

 

This study employs both satellite and in-situ data. The in-situ data includes those collected 

during the INSTANT program. This program (Sprintall et al., 2004) was designed to directly 

measure the ITF in major straits in the Indonesian Seas. It consisted of a 3-year deployment of an 

array of moorings and coastal pressure gauges to measure sea level and full-depth in situ velocity, 

temperature, and salinity since August 2003. The moorings were located on the ITF main pathway 

passages: Makassar, Lombok and Ombai Straits and Timor and Lifamatola Passages (Fig. 4). This 

study employed hourly velocity time series from the two Makassar Strait ADCP moorings for the 

comparison with HYCOM reanalysis. 

The data collected during the Cooperative Indian Ocean Experiment on Intraseasonal 

Variability (CINDY)/ Dynamics of the Madden-Julian Oscillation (DYNAMO) field campaign 

(Yoneyama et al., 2013, Zhang et al., 2013) are also used. The upper ocean data were obtained 

from multiple instruments including CTD profiles, ADCP moorings, XBT launchings, sea gliders. 

Three MJO events were observed during the campaign in boreal fall/winter 2011/12. Strong upper 

ocean response to those MJO events was measured during the campaign (e.g., Moum et al. 2014, 

Shinoda et al. 2013, 2017). The upper ocean velocity data measured by ADCPs are used in this 

study. The velocity data from the Research Moored Array for African–Asian–Australian Monsoon 

Analysis and Prediction (RAMA) program (McPhaden et al., 2009) was also employed. 

Sea surface height (SSH) data from Archiving, Validation, and Interpretation of Satellite 

Oceanographic (AVISO) are used (National Center for Atmospheric Research Staff (Eds), 2016). 
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AVISO SSH data have been created based on the satellite altimetry measurements from 

TOPEX/Poseidon, Envisat, Jason-1, and OSTM/Jason-2, which provides daily SSH values on 

0.25° grids. NOAA Interpolated Outgoing Longwave Radiation (OLR) data (Liebmann and Smith, 

2006) are used, which are presented on a 2.5° x 2.5° global grid. Daily winds at 10 m height 

obtained from the National Centers for Environmental Prediction (NCEP) Climate Forecast 

System Reanalysis (CFSR) (Saha et al., 2010) for the period of 2004-2010 and the Climate 

Forecast System Version 2 (CFSv2) (Saha et al., 2014) for the period of 2011-2015 are also used. 

 

 
2.2 Composite analysis 

 
To detect common processes acting in most MJO events, oceanic and atmospheric 

variables derived from the HYCOM reanalysis and observations for the period 2004-2015 are used 

to form the composite of the MJO, following the method used in Guan et al., (2014). The composite 

is based on the Real-time Multivariate MJO (RMM) Index (Wheeler and Hendon, 2004), a season- 

independent index that can be used to detect the MJO events. This index is based on a pair of 

empirical orthogonal functions (EOFs) for OLR and wind anomalies, and it describes an MJO 

event as an eight-phase cycle. The principal component time series that are a result of the 

projection of observed data onto the multiple-variable EOFs, vary mostly on the intraseasonal 

time scale of the MJO only. For the purpose of this study, an MJO event was defined as the period 

of time during which the RMM MJO index magnitude is greater than 1 for at least thirty 

consecutive days. The climatology of all variables was calculated as the result of the harmonic 

analysis of the daily mean values for the 2004-2015 period. And after that, the composite is 

constructed by averaging the anomalies in respect of the climatology of the variable for each MJO 

phase. 
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3. RESULTS 

 
3.1 Comparison of HYCOM reanalysis with observations 

 
To validate the HYCOM reanalysis over the MC region, velocities in the major straits or 

passages of the ITF in the HYCOM reanalysis are first compared with those from the INSTANT 

observations for the period 2004-2006. Mean transport values as well as the vertical structures of 

mean currents are calculated for all major straits. The mean transport values for all major straits 

(Fig. 4) agree well with values estimated from observations (Table 1). 

 

 Transports (Sv) 

HYCOM 

reanalysis 
Observations 

Makassar -11.05 -11.6 (Gordon et al., 2008), -12.7 (Susanto et al, 2012) 

Lombok -2.79 -2.6 (Sprintall et al., 2009) 

Ombai -4.17 -4.9 (Sprintall et al., 2009) 

Timor -5.80 -7.5 (Sprintall et al., 2009) 

Lifamatola +9x10-3
 -1 (van Aken et at., 2009) 

Table 1. Transport values obtained from HYCOM reanalysis data (left) and based on observations (right) in the major 

straits in the Indonesian Seas for the period 2004-2006. Negative values indicate a transport from Pacific to Indian 

Oceans. 
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Fig. 4. The 1/12° global HYCOM topography (m) for the Indonesian Seas and the major straits. 

 

 

 
The vertical structures of mean currents across the major straits also agree well with 

observations (Fig. 5). For example, the location of the maximum mean current from the HYCOM 

reanalysis is quite similar to that for the observations for Lombok Strait (Fig. 5a), although the 

current is a little weaker (~0.2 cm/s). Mean along-strait currents for Ombai Strait (Fig. 5b) are also 

similar to the observations, including those in the deeper area. For Timor Passage (Fig. 5c) the 

agreement is very good for the entire column. Both the magnitude and the vertical structure of the 

mean velocity are very similar to those found in observations. 

The time series of along-strait velocity at the Makassar strait was compared with INSTANT 

observations (Fig. 6). The reanalysis is able to capture the variability of the Makassar Strait 

Throughflow reasonably well, including its semi-annual and intraseasonal variations. For example, 

the decrease of southward along-strait velocity observed during April-June 2005 is well 

reproduced by the HYCOM analysis. This intraseasonal fluctuation of along-strait velocity is 

associated with the MJO event observed during this period (not shown). 
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Fig. 5. Mean 2004–2006 along-strait velocity (cm/s) vs. depth for (a) Lombok Strait, (b) Ombai Strait and (c) Timor 

Passage from observations (left column) and the HYCOM reanalysis (right column). Note that negative values indicate 

flow into the Indian Ocean. The panels for observations are adapted from Metzger et al., 2010. 
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Fig. 6. Time series of along-strait velocity profile from INSTANT observations (top panel) and the HYCOM reanalysis 

(bottom panel). 

 

 

 

The observational estimates should have some uncertainties, which may partly stem from 

the limited number of moorings across the straits. Fig. 7 shows the time series of the transport 

through the Makassar Strait estimated from INSTANT observations, the HYCOM reanalysis, and 

the estimates from the HYCOM reanalysis using the two nearest grid points to the mooring 

locations (calculated by the extrapolation method used in Gordon et al., 2008). Differences 

between the two estimates from the HYCOM reanalysis in transport (blue and red curves) 

sometimes exceed 1 Sv. These differences could be due to an intensification of the along-shore 

currents in the upper 200 m near the shelf break that is evident in the HYCOM reanalysis, which 

cannot be fully covered by the moorings (Fig. 8). 
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Fig. 7. Transport through the Makassar Strait estimated from observations (black line), from the HYCOM reanalysis 

(blue line) and estimates derived from only the velocity at the two grid points closest to the mooring locations in the 

HYCOM reanalysis by using the extrapolation method by Gordon et al., (2008) (red line). 

 

 
Fig. 8. Average along-strait velocity through the Makassar Strait (Labani Channel) during 2004-2006. The locations 

of INSTANT mooring observations are indicated by vertical red lines. 
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Since other data that include intraseasonal variability are not available in the Indonesian 

Seas, comparisons with the in-situ data for other regions in the tropical Indian Ocean are made to 

further validate the intraseasonal variability in the HYCOM reanalysis. Here, upper ocean current 

velocities are compared with DYNAMO and RAMA buoy measurements for the period of MJO 

onset in the central Indian Ocean. Fig. 9 shows the time series of near-surface zonal currents from 

observations (DYNAMO, solid line; RAMA, dotted line) and the HYCOM reanalysis (dashed 

line) for the period of mid-September 2011 to mid-January 2012. While there are differences in 

mean currents or long-term variations (Fig. 9a and Fig. 9b), intraseasonal variations associated 

with the MJO in the HYCOM analysis agree well with those of the observations (Fig. 9c and Fig. 

9d). For example, the acceleration of the eastward jet on the equator in late November produced 

by the westerly winds associated with the MJO is well reproduced by the HYCOM reanalysis. 

Also, the agreement is very good for the first half of December 2011 and most of January 2012, 

including the rapid decay of equatorial jet in early January (Fig. 9c and Fig. 9d). 
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Fig. 9. (a) Daily surface zonal velocity (m/s) from the DYNAMO mooring at 0°, 79°E (solid) and from the HYCOM 

reanalysis at the DYNAMO’s buoy location (dashed line), (b) same as (a) except from the RAMA mooring at 0°, 

80.5°E (dotted line) and from the HYCOM reanalysis for the RAMA buoy location (dash line). (c) and (d), same as 

(a) and (b) but the mean values for each time series are subtracted. 

 

 

 

Fig. 10 displays the time series of the vertical profile of zonal currents for the same period 

shown in Fig. 9. The profiles from the HYCOM reanalysis (top two panels of Fig. 10) agree fairly 

well with DYNAMO although some discrepancies are found. The model is able to reproduce well 

the vertical extent of the eastward jet and its intensification from the beginning of December 2011, 

in spite of its magnitude being smaller than the observed one. Also, the observations show a weak 

westward current at around 100 m after December 2011, which is also present in the reanalysis, 

although the currents are a little stronger. 

The comparison of the reanalysis with RAMA buoy’s data (Fig. 10 bottom two panels) 

also shows that the HYCOM reanalysis is capable of reproducing the eastward surface jet. After 
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December, the similar westward currents below the eastward jet is generated, which are well 

reproduced in the reanalysis, although it is a little stronger than observations. 
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Fig. 10. (a) Vertical section of zonal velocity (m/s) at 0, 79°E (top) from the DYNAMO mooring and (bottom) from 

the HYCOM reanalysis. (b) Same as (a) from the RAMA mooring at 0°, 80.5°E (top) and from the HYCOM reanalysis 

(bottom). Note that the top two panels have different range of vertical axis than that of the bottom two panels. 
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A comparison between SSH derived from satellite altimeter (AVISO) and the HYCOM 

reanalysis is further performed for the period of the DYNAMO field campaign (Fig. 11). Due to 

the strong MJO event during DYNAMO, a strong eastward equatorial jet was generated, which 

produced a significant increase in SSH along the coast of Sumatra (e.g., Shinoda et al. 2017). The 

HYCOM reanalysis is able to reproduce the SSH anomalies near the Sumatra coast, as well as the 

negative anomalies in the central Indian Ocean around 5°S. 

 
Fig. 11. (top) SSH anomalies (m) averaged for 20–31 December from AVISO satellite altimeter data. (bottom) Same 

as top but from HYCOM reanalysis. 

 

 

 

The comparisons with observational data described above demonstrate that velocity and 

SSH fields in the HYCOM reanalysis including intraseasonal variations are sufficiently accurate 

for the further analysis, which will be described in the following sections. 
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3.2 MJO composites 

 
3.2.a. ITF transport associated with the MJO 

 
Based on the RMM index, 18 MJO events were detected for the 2004-2015 period. All of 

them except for two events are defined as those in which the index magnitude exceeds 1 for at 

least 30 consecutive days. The two exceptions are the events observed during DYNAMO 

(November-December 2011), which are widely discussed in previous studies (e.g., Gottschalck et 

al., 2013, Shinoda et al., 2013b, 2016, 2017, among others). 

Composite transports of ITF through all major straits within the Indonesian Seas 

(Makassar, Lombok, Ombai Straits and Timor passage) and other narrow exit passages of ITF 

(Sunda and Sape Straits, Fig. 4) are calculated (Fig. 12). The sections used for the transport 

calculation are indicated in Fig. 4 as solid black lines. A significant reduction of the transport is 

found in all major straits during the MJO active phase over the MC (phase 4, 5 and 6), which is 

consistent with previous observational and modeling studies (e.g., Arief et al., 1996, Pujiana et al. 

2013, Shinoda et al. 2016, Napitu et al., 2019). For all major ITF exit straits (except for Timor 

Passage), the reduction of the transport is around 2 Sv, which is similar to estimates from 

observations for Makassar Strait (Pujiana et al., 2013, Napitu et al., 2019). In addition to the 

reduction of ITF transport during the active phase, a significant enhancement of the ITF transport 

during the MJO suppressed phase over the MC (phase 1 and 2) is evident. The magnitude of the 

enhancement is comparable to that of the reduction during the active phase. For Lombok and 

Ombai Straits and Timor Passage, the enhancement of the transport is slightly smaller (~1 Sv) than 

the reduction. However, the amplitude (deviation from the mean) of the variation of the transport 

due to the MJO (~2 Sv) is comparable to their mean transport for both Lombok and Ombai Straits. 

For Makassar Strait, the enhancement of the transport during the suppressed phase is about 2 Sv, 
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which is also close to the reduction of the transport during the active phase. Hence the net effect 

of the MJO on the ITF transport is nearly zero, in which the reduction is nearly cancelled out by 

the enhancement. This can be verified on Table 2. 

 

Strait / 

Passage 
Makassar Sunda Lombok Sape Ombai Timor 

Av. 

anomalous 

transport 

(Sv) 

 

0.03 

 

-0.01 

 

0.10 

 

0.00 

 

0.15 

 

0.05 

Table 2. Average anomalous transports (Sv) associated to the MJO in the MC major straits based on the composite 

of Fig. 12. 

 

 
In addition to the prominent reduction during the MJO active phase and enhancement 

during the suppressed phase in all major straits, a variation of transport through other small 

passages such as Sunda and Sape strait is also significant (~0.5 and ~0.7 Sv respectively, Fig. 12). 

Given that the total transport for Sunda Strait varies from 0.24 ± 0.1 Sv in the boreal winter to – 

0.83 ± 0.2 Sv in the boreal summer (Susanto et al., 2016), the enhancement or reduction of the 

transport produced by the MJO could be more than twice of the total transport. 

The fluctuation of ITF transport anomaly (Fig. 13a) and total transport (Fig. 13b) is further 

calculated by adding the transport anomaly and total transport values at all ITF exit passages 

(Lombok, Ombai, Sunda and Sape Straits and Timor Passage). The amplitude of the transport 

fluctuation due to intraseasonal variability is about 3-4.5 Sv (Fig. 13a, Fig. 13b), which is about 

25 to 37% of the mean ITF transport. Note that the amplitude of the total transport fluctuation is 

not exactly the same as the amplitude of transport anomalies. This is because each MJO phase 

include the data from different seasons. 
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Fig. 12. MJO composite of total (green line) and anomalous (blue line) transport through Makassar Strait (upper left), 

Sunda strait (middle left), Lombok strait (bottom left), Sape strait (upper right), Ombai Strait (middle right) and Timor 

passage (lower right). See Fig. 4 for the locations of straits and passages. 
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Fig. 13. MJO composite of anomalous (a) and total (b) transport for the summation of transport through all exit 

passages of ITF. 

 

 

 

To further examine the vertical structure of current fluctuation, composite of the along- 

strait velocity across each strait is calculated. Fig. 14 shows the vertical section of the along-strait 

velocity across the Lombok Strait. The strong (> 0.2 m/s) anomalous southward currents (MJO 

phase 2) extends to only about 70 m depth while the northward anomalies (phase 6) extend all the 

way to about 150 m. Similar results are found for Ombai Strait and Timor Passage (not shown). In 

Ombai Strait, the difference between the vertical extent of current anomaly during the suppressed 

phase (~90 m) and active phase (~175 m) is similar to the one in Lombok Strait. For Timor passage, 

the difference is larger than that for Lombok (~35 m of vertical extent for the suppressed phase 

versus ~175 m for the active phase). These results suggest that the vertical motion near the coast 

changes the vertical extent of along-shore surface currents. To confirm the effect of vertical 

motion, the composite of the temperature along the same section in Lombok Strait is constructed 

(Fig. 15). The large cold anomalies around the thermocline depth (~100 m) during the suppressed 

phase suggest strong upwelling associated with negative SSH anomalies (described in the next 
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section), which can decrease the along-shore current vertical extent. Similarly, the warm 

anomalies around the thermocline depth indicate the downwelling during the active phase, which 

may cause the increase of the surface current vertical extent. 
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Fig. 14. MJO composite of along-strait velocity anomaly (m/s) across the Lombok strait. Positive values indicate 

northward currents. 
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Fig. 15. MJO composite of temperature anomaly (°C) across the Lombok strait. 
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3.2.b. Large-scale ocean circulation around the Indonesian Seas 

 
To compare MJO-associated oceanic variability with MJO-associated winds and 

atmospheric convection, composites of major atmospheric variables, OLR and surface winds, are 

constructed (Fig. 16). Consistent with previous MJO composite analyses (e.g., Pohl and Matthews 

2007, Chattopadhyay et al., 2013, Zhang et al., 2019), negative OLR anomalies (intense 

convection) appear in the central Indian Ocean during phase 1 and 2 and the convection is centered 

over the MC around phase 4. Easterly wind anomalies are present over most of the MC for phases 

8, 1 and 2 and they propagate eastward, followed by westerly and northwesterly (for the Southern 

Hemisphere) wind anomalies for phases 4, 5 and 6. 

To describe the large-scale upper ocean variability associated with the MJO and to compare 

it with the transports through major straits, the composites of average ocean current velocity in the 

upper 150 m and SSH anomalies are computed (Fig. 17). During the MJO suppressed phase over 

the MC, negative SSH anomalies are present in most of the MC region, with maximum values 

along the Nusa Tenggara Islands. Along the southern coast of those islands, westward velocity 

anomalies associated to the SSH anomalies are found. In Makassar Strait, southward velocity 

anomalies are found, which is the same as the mean ITF direction. These southward anomalies 

reach the southern part of Indonesian Seas and exit mainly through Lombok but also through Sape 

Strait. Southward current anomalies in the western end of the Banda Sea (centered around 125°E, 

5°S for MJO phase 2) exit the Indonesian Seas through Ombai Strait with values of around 0.2 

m/s, and part of them might also exit through the Timor Passage. The southward anomalies present 

in the Banda Sea together with those found in Makassar Strait seem to be connected to the Pacific 

Ocean through the Celebes and Philippine Seas where westward current anomalies are found. The 

SSH and velocity anomalies shown on Fig. 17 are consistent with the enhancement of the ITF 
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transport described in the previous section, as the strong negative SSH anomalies south of the Nusa 

Tenggara Islands produce strong upwelling close to the exit passages. During the active phase, 

positive SSH anomalies are found over the entire MC region, with the maximum values along the 

Nusa Tenggara islands. On phase 5 of the MJO, the strong positive SSH anomalies along with the 

westward current anomalies to the south of the Nusa Tenggara islands penetrate into the Lombok 

Strait, producing very strong northward current anomalies, which are also found in Sape Strait. 

After penetrating the Indonesian Seas, those northward current anomalies travel westward into the 

Banda Sea, through the Flores Sea. During phases 6 and 7, the northward anomalies present in 

both Lombok and Sape Strait propagate northward to Makassar Strait all the way to the Celebes 

and Philippine Seas. The eastward current anomalies found in the south of the Nusa Tenggara 

archipelago during those phases propagate eastward along with the SSH positive anomalies, 

reaching Ombai Strait and entering the Flores Sea. At the same time, northward current anomalies 

found in the Banda Sea around 129°E, 5°S travel northward to the Ceram Sea where they are 

forced to the east by the topography, exiting to the north through the Halmahera and the Philippine 

Seas where they connect to the Pacific Ocean. 
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Fig. 16. MJO composite of OLR (W/m2) and CFSR winds (m/s) at 10 m. height. 
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Fig. 18 shows composites of winds at 10 m height and wind speed for the MC area. During 

the MJO suppressed phase, anomalous easterly winds are evident over most of the MC region, 

with a maximum speed anomaly of about 1 to 2 m/s. Strong northeasterly wind anomalies are 

found over the Makassar Strait, which are favorable for causing the enhancement of the ITF. 

During the MJO active phase, the wind anomalies reverse their direction, which is westerly over 

most of the region and southwesterly over Lombok, Sape and Makassar Straits. The direction of 

the wind anomalies is also consistent with the reduction of the ITF transport during the active 

phase. 
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Fig. 17. MJO composite of upper-ocean (average over 0–150-m depths) velocity (m/s) and SSH anomalies (m) from 

the HYCOM reanalysis for the MC region. 
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Fig. 18. Detail over the MC of the MJO composite of CFSR wind velocity (m/s) and speed (m/s) anomalies. 
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3.2.c. Influence of oceanic Kelvin waves generated by MJO forcing on ITF 

 
The composites of average ocean current velocity in the upper 150 m and SSH anomalies 

are computed once again for a larger domain to examine the contribution of remotely forced ocean 

response to the MJO for the ITF transport variation (Fig. 19). During the MJO active phase over 

the MC (phases 4 and 5 of Fig. 19), when westerly winds are found in the equatorial Indian Ocean, 

eastward currents along the equator generate positive SSH anomalies at the eastern boundary. Then 

the anomalous SSH and southeastward along-shore currents propagate along the coast of Sumatra 

and Java islands. During the suppressed phase over the MC (phases 8 and 1 of Fig. 19), negative 

SSH anomalies with the magnitude and time evolution similar to those during the active phase are 

also present. 

The same composite analysis is carried out using AVISO SSH data (Fig. 20) to validate 

the results obtained from the HYCOM reanalysis. The composite of SSH anomalies from AVISO 

is very similar to that from the HYCOM reanalysis, including the spatial distribution and 

magnitude. For example, for the MJO phase 1, both composites reveal negative SSH anomalies 

around the coast of Sumatra and Java with the magnitude of about -0.08 to -0.06 m, and during 

phase 5 the location of the positive SSH anomalies around the coast is nearly identical. 
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Fig. 19. Larger domain of the MJO composite of upper-ocean (average over 0–150-m depths) velocity (m/s) and SSH 

anomalies (m) from the HYCOM reanalysis. 
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Fig. 20. MJO composite of upper-ocean (average over 0–150-m depths) velocity anomalies (m/s) from the HYCOM 

reanalysis and AVISO’s SSH anomalies (m). 
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The propagation of SSH and upper ocean current anomalies during the MJO active phase shown 

in Fig. 19 and Fig. 20 appears to be consistent with MJO-induced coastal Kelvin waves from the 

central equatorial Indian Ocean, which are discussed in previous studies (e.g., Pujiana et al., 2013, 

Marshall and Hendon 2015, Shinoda et al. 2016, 2017). 

To further examine the Kelvin wave propagation from the central Indian Ocean to Ombai 

Strait and Timor Passage, a Hovmöller diagram of composite SSH along the equatorial Indian 

Ocean and the coast of Sumatra and Java (lines shown in the top panel of Fig. 19 and Fig. 21) is 

constructed. (Fig. 22). 

 
Fig. 21. Chosen path (black solid line) for the calculation of the Hovmöller diagram on top of 1/12° global HYCOM 

topography (m). The path is also featured on Fig. 19 upper left panel as a solid white line. 

 

 

The propagation of positive SSH anomalies along the path (the line shown in Fig. 21) 

between phases 4 and 6 is clearly evident in SSH from both HYCOM reanalysis and AVISO. The 

phase speed (~2.9 m/s) is consistent with the first baroclinic mode Kelvin wave speed in this region 

(e.g., Drushka et al., 2010). 
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The propagation of negative SSH anomalies during phases 2 and 3 is not as clear as that in 

active phase in the composite. However, the propagation of the negative anomalies can be found 

for some of the MJO events, which will be discussed in Section 3.3. 

 
Fig. 22. Hovmöller diagram of SSH anomalies at different MJO phases from (a) HYCOM reanalysis and (b) AVISO. 

A, B, C, and D locations can be found on Fig. 21 and the black solid line indicates the phase line of ~2.9 m/s. A period 

of 65 days is used to calculate the phase speed. 

 

 

3.3 Case study 

 
To further evaluate the influence of the remote ocean response to the MJO on the upper 

ocean current variability, a case study for the period of the DYNAMO field campaign is carried 

out. During DYNAMO, three strong MJO events were observed (Gottschalck et al 2013, Shinoda 

et al., 2013b). While the intraseasonal variability of upper ocean currents during DYNAMO at 
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Makassar Strait and their mechanism have been discussed in a recent study (Shinoda et al. 2016), 

those in other areas including Sunda, Lombok and Ombai Straits and Timor Passage (Fig. 4) have 

not been examined so far. Fig. 23 shows the SSH and upper-ocean (average over 0–150-m depths) 

velocity anomalies during the period of suppressed phase and active phase of the MJO events 

observed in DYNAMO. During the suppressed phase, negative SSH anomalies and the associated 

anomalous currents are shown to propagate eastward from the Indian Ocean and along the coastline 

to the Nusa Tenggara Islands (Fig. 23). They are followed by positive SSH anomalies that also 

reach as far as Ombai Strait during the subsequent active phase. These variations of SSH and upper 

ocean currents during the MJO events observed in DYNAMO are consistent with the results of the 

composite analysis. 
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Fig. 23. SSH (shading; m) and upper-ocean (average over 0–150-m depths) velocity anomalies (vectors, m/s) for 

November 26, 29, December 06, 27, 31, 2011 and January 5, 2012 relative to the climatology for the 2004-2015 period 

from the HYCOM reanalysis. 

 

 

Fig. 24 shows the Hovmöller diagram along the same path of Fig. 21 for HYCOM’s SSH 

anomaly for the same dates as in Fig. 23. It is clear that both negative and positive anomalies 

propagate along the path with similar velocities, although the propagation for the negative 

anomalies is not clearly seen in the composite (Fig. 22). This suggests that the propagation of 

upwelling Kelvin waves during the suppressed phase occurs for some of the events, but it is not 

always observed during the MJO events used for the composite analysis. The eastward phase speed 
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for both negative and positive anomalies (~2.9 m/s) is consistent with that of the first baroclinic 

mode Kelvin wave. 

 
Fig. 24. Hovmöller diagram for the DYNAMO study case. A, B, C, and D locations can be found on Fig. 21. Black 

solid lines indicate the phase line of ~2.9 m/s. 

 

 

To examine how the transport is modified during an MJO event, the transport through the 

Lombok Strait is calculated for the period of upwelling and downwelling Kelvin wave propagation 

(Fig. 25). Consistent with the composite transport (Fig. 12), an enhancement of the southward 

transport is found during the suppressed phase of the MJO when the negative SSH anomaly is 
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present (shown on the figure between light blue dashed lines). On the other hand, a reduction of 

the transport occurs during the active phase (between red dashed lines). 

 

 
 

 
Fig. 25. Anomalous (red) and total (blue) transport through the Lombok strait during DYNAMO. Light blue dashed 

lines indicate the transport reduction period and the light red dashed lines, the transport enhancement period. 

 

 

 

4. CONCLUSIONS 

 

To quantify how the MJO influences the Indonesian Throughflow (ITF) transport through 

major straits over the Maritime Continent (MC) region, high-resolution ocean reanalysis (HYCOM 

reanalysis), satellite and in-situ observation data are analyzed. First, mean and intraseasonal 

variability in the ocean reanalysis are compared with the in-situ and satellite data. The mean 

transport through all major straits from observations are very similar to those calculated from the 

reanalysis. Also, the vertical structures of the mean currents in these straits agree well with 

observations. The variation of the along-strait velocity in Makassar Strait is well captured by the 
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HYCOM reanalysis including the intraseasonal variations based on the comparison with the 

INSTANT mooring data. It is noteworthy that the reanalysis shows an intensification of the along- 

strait mean current in Makassar near the shelf break that cannot be covered by the INSTANT 

moorings. The resulting error in the transport through Makassar could be estimated to be about 1 

Sv. To further validate the intraseasonal variability in the HYCOM reanalysis, upper ocean 

currents in the central equatorial Indian Ocean are compared with DYNAMO and RAMA mooring 

data. It is found that the HYCOM reanalysis can adequately reproduce the intraseasonal variability 

of the upper ocean currents associated with the MJO. Also, the reanalysis is able to reproduce the 

large scale SSH variability associated with the MJO based on the comparison with the satellite 

altimeter data during DYNAMO. 

To evaluate the impact of the MJO on the ITF transport, composite time series of transport 

through all major straits within the Indonesian Seas are calculated. A significant reduction of the 

transport during the active phase of the MJO over the MC is evident in all major straits. In addition, 

a large enhancement of the transport during the MJO suppressed phase is also clearly found in all 

straits, and the magnitude of the enhancement is comparable to that of the reduction. Hence the 

transport reduction during the active phase is almost canceled out by the enhancement during the 

suppressed phase and thus the net effect of the MJO on the ITF transport over its life cycle is nearly 

zero. 

The vertical structure of the along-strait velocity in the exit passages is examined. The 

strong negative (southward) velocity anomalies in the Lombok Strait during the active phase 

extends to deeper areas than the positive (northward) anomalies during the suppressed phase. This 

difference is due to strong upwelling (downwelling) during the MJO suppressed (active) phase, 
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which is confirmed by the composite of temperature anomalies. The similar results were also found 

for Ombai Strait and Timor Passage. 

Spatial distribution of composite oceanic variables in the HYCOM reanalysis is compared 

with the surface wind composite over the MC region. The results suggest that anomalous winds 

over the MC region contribute to the enhancement of the ITF transport during the MJO suppressed 

phase and the reduction during the active phase. During the active phase over the MC, the 

composite of SSH and upper ocean currents reveals that positive SSH anomalies and eastward 

currents propagate eastward along the coast of Java and Sumatra, and largely influence the ITF 

transport in major straits. The propagation speed of the positive SSH anomalies along the coast is 

consistent with the first baroclinic mode coastal Kelvin waves. 

A case study is performed for the period of DYNAMO field campaign in fall/winter 2011 

to confirm the influence of remote ocean response to the MJO on the ITF transport. SSH and upper 

ocean current anomalies during this period show the propagation of negative anomalies along the 

coast of Sumatra and Java during the suppressed phase of the MJO event followed by the 

propagation of positive anomalies during the active phase. A Hovmöller diagram confirms the 

propagation of the positive SSH anomalies whose phase speed is consistent with a first baroclinic 

mode of a Kelvin wave. Unlike the result of the composite analysis, the propagation of the negative 

SSH anomalies during the suppressed phase is also clearly evident during this particular event. 

This suggests that the propagation of upwelling Kelvin waves during the suppressed phase occurs 

for some of the events only, but it is not always observed. The enhancement and reduction of the 

transport in the Lombok Strait are evident during the DYNAMO MJO event which is also 

consistent with the composites. 
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