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A B S T R A C T   

Intraseasonal variability (20–90 days) of the Indonesian Throughflow (ITF), which is primarily forced by the 
Madden-Julian Oscillation (MJO), is investigated using a high-resolution global ocean reanalysis and satellite 
altimeter data. Previous studies show that during the MJO active phase, downwelling Kelvin waves generated in 
the central equatorial Indian Ocean propagate along the coast of Sumatra and Java islands, affecting the ITF 
transport at exit passages in the Indonesian Seas and Makassar Strait. However, the intraseasonal variation of the 
ITF transport through these straits over the MJO life cycle, especially during the suppressed phase, has not been 
quantified. To quantify the ITF transport associated with the MJO, composites of ITF transport through major 
straits in the Indonesian Seas are constructed using a 0.08◦ global HYbrid Coordinate Ocean Model (HYCOM) 
reanalysis. A prominent reduction of ITF transport through major straits is found during the MJO active phase, 
and a transport enhancement comparable to the reduction is evident during the suppressed phase. As a result, the 
net effect of the MJO on the mean ITF transport is very small due to the cancellation of the enhancement and 
reduction. The magnitude of the MJO-associated ITF transport variation through all ITF exit passages is about 6 
Sv, which is about 50% of the total transport. While the propagation of coastal Kelvin waves during the MJO 
active phase and their impact on ITF transport is clearly evident in the composite, such Kelvin wave influence on 
ITF transport is not clearly detected during the suppressed phase. This suggests that anomalous winds over the 
Maritime Continent (MC) area are mostly responsible for the ITF variation during the suppressed phase in many 
MJO events. Yet, during some MJO events, remotely-forced upwelling Kelvin waves and their significant impact 
on the ITF transport are evident during the MJO suppressed phase.   

1. Introduction 

Oceanic and atmospheric processes over the Maritime Continent 
(MC) play a key role in the Earth’s climate and global ocean circulations 
(e.g., Sprintall et al., 2014; Lee et al., 2019). As the MC is located in the 
warmest (~28 ◦C) ocean area in the world, 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 (e.g., Neale and Slingo 2003). 

Ocean circulation over the MC region is a portion of the upper branch 
of the global ocean thermohaline circulation. The Indonesian 
Throughflow (ITF), which is a major current within the MC area, carries 

about 10–15 Sv of waters from the Pacific to the Indian Ocean (Gordon 
2005; Sprintall et al., 2009; Gordon et al., 2010). ITF flows through the 
complex bathymetries in the Indonesian Seas and its mean and vari
ability largely influence Pacific and Indian Ocean circulations (e.g., Lee 
et al., 2002; McCreary et al., 2007). Because of the importance of the ITF 
for global ocean circulation and climate variability, transport through 
major straits in the Indonesian Seas has been intensively studied in the 
last few decades (e.g., Sprintall et al., 2009; Gordon et al., 2010; Susanto 
et al., 2012). For example, the International Nusantara STratification 
ANd Transport program (INSTANT) was designed to estimate the ITF 
transport in all major straits in the Indonesian Seas, and intensive 
measurements were conducted during 2004–2006 (Sprintall et al., 
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2004). As a result of these observational studies on the ITF in recent 
years, uncertainties of mean ITF transport are now substantially reduced 
(e.g., Gordon et al., 2010; Susanto et al., 2016). However, large un
certainties still exist for the variability of ITF transport. 

The ITF varies on several different time scales. Previous studies 
suggest significant ITF variability on seasonal (e.g., Sprintall et al., 2009; 
Shinoda et al., 2012), interannual (e.g., Meyers 1996; Masumoto 2002; 
Wijffels and Meyers 2004), decadal (e.g., Wainwright et al., 2008), and 
centennial (e.g., Feng et al., 2018) time scales. In addition, prominent 
intraseasonal variability of the ITF is identified in recent studies (e.g., 
Qiu et al., 1999; Schiller et al., 2010; Zhu and Murtugudde 2010; Pujiana 
et al., 2013; Shinoda et al., 2016; Napitu et al., 2019). These studies 
indicate that a large portion of ITF intraseasonal variability is caused by 
wind forcing associated with the Madden-Julian Oscillation (MJO; 
Madden and Julian 1972), which is a dominant mode of atmospheric 
intra-seasonal variability in the tropics (e.g., Zhang 2005). For example, 
Qiu et al. (1999) found that the intraseasonal signals along the Suma
tra/Java coasts were induced remotely by coastal Kelvin waves that are 
generated by intraseasonal anomalous surface zonal winds in the central 
equatorial Indian Ocean, and these anomalous coastal currents affect the 
ITF transport at Lombok and Makassar Straits. Schiller et al. (2010) 
further demonstrated that the signals of intraseasonal Kelvin waves are 
detected as far east as the Banda Sea and that the intraseasonal vari
ability in the region is also forced by local winds. Pujiana et al. (2013) 
provided the detailed description of Kelvin wave characteristics between 
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 the Indonesian Seas. A 
recent study by Napitu et al. (2019) further examined the ITF transport 
variation through Makassar Strait associated with the MJO based on the 
analysis of mooring data. They reported that Makassar Strait through
flow transport is significantly decreased during the MJO active phase, 
while the transport is increased during the suppressed 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. Although some 
of the recent studies estimate the ITF transport variability associated 
with the MJO (e.g. Drushka et al., 2010; Pujiana et al., 2013; Napitu 
et al., 2019), most of these studies focus on the ITF transport through a 
specific strait (e.g., Makassar Strait) or for the short time period when 
the in situ data are available (e.g. INSTANT), and the overall variation of 
ITF transport on the intraseasonal time scale through major straits and 
the relation of the transport between those straits are not well under
stood. In addition, these studies mostly investigate the impact of the 
MJO during the active phase. However, significant anomalies of surface 
forcing fields including winds are observed during the suppressed phase 
of the MJO, which generate large sea surface temperature (SST) 
anomalies (e.g., Shinoda et al., 1998; Vialard et al., 2013; Marshall and 
Hendon 2014). Hence it is likely that such wind anomalies during the 
suppressed phase produce prominent anomalous currents including ITF. 
Yet the MJO influence on ITF transport during the suppressed phase is 
not emphasized in previous studies, 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 associated with the MJO. 
Until recently, it has been difficult to describe ITF transport variability 
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 high- 
resolution (0.08◦) global ocean reanalysis has been integrated 
recently, 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:  

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 Kelvin waves associated with the 
MJO contribute to the ITF transport in major straits during the 
active and suppressed phases? 

Ocean circulations including the ITF over the MC region in the high- 
resolution reanalysis are first validated based on the comparison with 
existing observational data. Then the MJO composites of ITF transport 
through major straits are constructed. A particular emphasis in the 
analysis is given to the examination of net effect of MJO on the long- 
term or mean ITF transport by quantifying the transport during both 
active and suppressed phases. 

2. Data and method 

2.1. Data 

2.1.1. High resolution ocean reanalysis 
This study employs the eddy-resolving global ocean reanalysis, 

which was created using a system similarly configured to the US Navy’s 
operational Global Ocean Forecast System (Metzger et al., 2014). It 
consists of the HYbrid Coordinate Ocean Model (HYCOM; Bleck 2002) 
that is two-way coupled to the Community Ice CodE (CICE) and assim
ilates available observations using the Navy Coupled Ocean Data 
Assimilation (NCODA; Cummings 2006; Cummings and Smedstad 
2013). This reanalysis product is referred to as “HYCOM reanalysis” 
hereafter. HYCOM has an equatorial horizontal resolution of 0.08◦

(1/12.5◦ or ~ 9 km near the equator), which makes it eddy-resolving for 
the oceanic mesoscale. HYCOM uses a hybrid vertical coordinate which 
combines the z-level coordinate for the unstratified sea, the isopycnal 
coordinate in the open stratified ocean and a terrain-following sigma 
coordinate for coastal areas. Surface forcing fields are derived from 
Climate Forecast System Reanalysis hourly products (CFSR; Saha et al., 
2010). Further details of HYCOM are found in Bleck (2002). 

The data assimilated by 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 from XBTs, 
CTDs, moored and drifting buoys, gliders and even marine mammals. 
NCODA also includes synthetic temperature and salinity profiles deter
mined by the Improved Synthetic Ocean Profile (ISOP; Helber et al., 
2013), in which satellite SSH and SST observations are projected 
downward based on the statistical relationships derived from the global 
data sets. Further technical details of HYCOM/NCODA system are found 
in Cummings and Smedstad (2013), Metzger et al. (2014), and Helber 
et al. (2013). Because of the high horizontal resolution (0.08◦), the 
HYCOM reanalysis can adequately resolve complex bathymetry and 
topography in the Indonesian Seas and thus is suitable for this study. 
Signficant care was taken in the HYCOM topography file to properly 
define the sill depths in the key ITF passages. 

The daily mean values of velocity and sea surface height for the 
period 2003–2015 are used in this study, during which many MJO 
events are observed. Also, the period covers one of the major in-situ 
observations of ITF: the International Nusantara STratification ANd 
Transport program (INSTANT) during 2004–2006. The HYCOM rean
alysis will be validated against in-situ and satellite observations over the 
MC region in this study, while it has been extensively validated in other 
areas (Yu et al., 2015; Thoppil et al., 2016; Shinoda et al. 2019, 2020). 
The transport at major straits in the MC region is calculated using the 
upper 800 m data since the ocean response to the MJO forcing is 
confined mostly in the upper 300 m (e.g., Shinoda et al., 2017). 

2.1.2. In-situ and satellite data 
The in situ data used for the validation of the HYCOM reanalysis 
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includes those collected at Makassar Strait (e.g., Gordon et al., 2008) 
during the INSTANT program (Sprintall et al., 2004). 

INSTANT was designed to directly measure the ITF in major straits in 
the Indonesian Seas. 

The hourly velocity data from the two Makassar Strait ADCP moor
ings are used for the comparison with the HYCOM reanalysis. Also, the 
HYCOM reanalysis is compared with published results of INSTANT 
obervations. 

SSH data from Archiving, Validation, and Interpretation of Satellite 
Oceanographic (AVISO) are used, which provide 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◦ × 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 
2003–2010 and the Climate Forecast System Version 2 (CFSv2) (Saha 
et al., 2014) for the period of 2011–2015 are also used. These wind 
products are used as surface forcing fields for the HYCOM reanalysis. 

2.2. Composite analysis 

To detect common processes acting in most MJO events, oceanic and 
atmospheric variables derived from the HYCOM reanalysis and obser
vations for the period 2003–2015 are used to form the composite of the 
MJO. The composite is based on the Real-time Multivariate MJO (RMM) 
Index (Wheeler and Hendon 2004) to detect the MJO events. The 

method is widely used in many MJO composite studies (e.g., Pohl and 
Matthews 2007; Guan et al., 2014; Marshall and Hendon 2014). 

The RMM index is based on a pair of empirical orthogonal functions 
(EOFs) for OLR and wind anomalies, and it describes a 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. Following Guan 
et al. (2014), the period of MJO event was defined as the time during 
which the RMM MJO index magnitude is greater than 1 for at least thirty 
consecutive days. To assure eastward propagation, the time period when 
the MJO stays 20 consecutive days or more in a single phase is excluded 
from the MJO period used for the composite. Anomalies of all variables 
are calculated by subtracting the climatological seasonal cycle for the 
2003–2015 period. Then the anomalies are intraseasonally filtered using 
Lanczos filter (Duchon 1979) with a 20–90 days cutoff period. The 
composite is constructed by averaging the filtered anomalies during the 
MJO period for each MJO phase. 

3. Results 

3.1. Comparison of HYCOM reanalysis with observations 

To evaluate the representativeness of 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 

Fig. 1. (a) The 0.08◦ global HYCOM topography (m) for the Indonesian Seas. (b) The dashed grey boxed inset shows straits where the ITF transport is calculated. The 
solid black boxed inset denotes the Nusa Tenggara islands. 
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the vertical structures of mean currents are calculated for all major 
straits. The mean transport values for all major straits (Fig. 1) agree well 
with values estimated from observations reported in previous studies 
(Table 1). 

The vertical structures of mean currents across the major straits also 
agree well with observations (Fig. 2). 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. 2a), although the cur
rent is a little weaker (~0.2 cm/s). Mean along-strait currents for Ombai 
Strait and Timor Passage (Fig. 2b and c) are also similar to the obser
vations. However, there some discripacies in the detailed current 
structure. For example, the secondary minimum of the mean current at 
around 150 m in Ombai strait in observations is not found in the rean
alysis. Also, HYCOM underestimates the velocity minima in all straits. 

The time series of along-strait velocity at Makassar Strait was 
compared with INSTANT observations (Fig. 3). The reanalysis is able to 
capture the variability of 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 reanalysis. This intraseasonal 

fluctuation of along-strait velocity is associated with the MJO event 
observed during this period (not shown). 

The time series of transport at Makassar Strait estimated from the 
HYCOM reanalysis is compared to that from mooring observations 
(Fig. 4). Since the observational estimates should have some un
certainties, which may partly stem from the limited number of moorings 
across the straits, the transport is also estimated using the two nearest 
grid points to the mooring locations with the extrapolation method used 
in Gordon et al. (2008). Although differences between the two estimates 
from the HYCOM reanalysis in transport (blue and red curves) some
times exceed 1 Sv, both time series from the HYCOM reanalysis agree 
well with the observational estimates. In particular, semi-annual varia
tion is well captured by the HYCOM reanalysis. These results are 
consistent with different versions of HYCOM simulations (Metzger et al., 
2010; Shinoda et al. 2012, 2016). 

Comparisons with the in-situ data collected in the central equatorial 
Indian Ocean during DYNAMO are also made to further validate the 
intraseasonal variability in the HYCOM reanalysis (not shown). Intra
seasonal variations associated with the MJO in the HYCOM reanalysis 
agree well with those of the mooring observations. In particular, the 
reanalysis is able to reproduce the acceleration of the eastward jet on the 
equator produced by the westerly winds associated with the MJO and its 
decay a month later. These results are also consistent with other versions 
of HYCOM simulations (Shinoda et al. 2016, 2017). 

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. 5). Due to the strong MJO event during 
DYNAMO, the strong eastward equatorial jet 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. 

The comparisons with observational data described above demon
strate that velocity and SSH fields in the HYCOM reanalysis including 
intraseasonal variations are sufficiently accurate for the further analysis, 

Table 1 
Transport (Sv) in the upper 800 m obtained from the HYCOM reanalysis (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 In
dian Oceans.   

Transports (Sv) 

HYCOM 
reanalysis 

Observations 

Makassar − 11.05 − 11.60 (Gordon et al., 2008), − 12.70 (Susanto 
et al., 2012) 

Lombok − 2.79 − 2.60 (Sprintall et al., 2009) 
Ombai − 4.17 − 4.90 (Sprintall et al., 2009) 
Timor − 5.80 − 7.50 (Sprintall et al., 2009) 
Lifamatola +9 × 10− 3 − 1 (van Aken et at. 2009)  

Fig. 2. 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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which will be described in the following sections. 

3.2. MJO composites 

3.2.1. ITF transport associated with the MJO 
Based on the RMM index, 20 MJO events were detected for the 

2003–2015 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 (Novem
ber–December 2011), which are widely discussed in previous studies (e. 
g., Gottschalck et al., 2013; Shinoda et al., 2013b, 2016, 2017). 

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. 1) are 
calculated (Fig. 6a) based on the filtered along-strait velocity data. The 
sections used for the transport calculation are indicated in Fig. 1 as solid 
black lines, onto which the gridded data are interpolated for the calcu
lation. A significant reduction of the transport is found in all 4 major 
straits during and right after the MJO active phase over the MC region 
(phases 4, 5, and 6), and a phase lag between the straits is evident. In 
Lombok Strait, the transport starts being reduced at phase 4 and the 
maximum positive anomalous transport occurs at phase 6. In Ombai and 
Makassar straits, the reduction starts later (phase 5) and the anomaly 

reaches its maximum at phase 7. In Timor Passage, the anomalous 
transport is maximum at phase 5. The timing of the reduction in 
Makassar Strait in relation to the MJO phase is consistent with previous 
observational and modeling studies (e.g. Pujiana et al., 2013; Shinoda 
et al., 2016; Napitu et al., 2019). For three of the major ITF straits 
(Lombok, Ombai and Makassar), the maximum anomalous transport is 
between 1.3 and 1.6 Sv, which is similar to estimates from observations 
for Makassar Strait (Pujiana et al., 2013; Napitu et al., 2019). The 
maximum anomalous transport is much smaller in Timor passage (~0.5 
Sv), although the mean transport is larger than other exit passages. 

In addition to the reduction of ITF transport, a significant enhance
ment of the transport is also evident during the suppressed phase of the 
MJO. The magnitude of the enhancement in the major straits is com
parable to that of the reduction. For Lombok, Ombai and Makassar 
Straits, the maximum negative anomalous transport occurs at phase 3 
and the magnitude is smaller (~1 Sv) than the maximum positive 
anomaly. However, the relatively large negative anomalous transport 
occurs for a longer period than the large positive anomaly. This is 
because the period of suppressed phase is generally longer than the 
active phase (e.g., Shinoda et al., 1998). For example, in Ombai Strait, a 
large negative anomaly occurs at phases 2, 3, and 4 which is 281 days 
total during all MJO events with − 0.92 Sv average transport anomaly, 
while a large positive anomalous transport is found during phases 6 and 

Fig. 3. Time series of along-strait velocity profile from INSTANT observations (top panel) and the HYCOM reanalysis (bottom panel). Units are cm/s and negative 
velocity indicates southward flow. 

Fig. 4. Transport (Sv) through 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). Mean 
transport values for each method are shown in straight dashed lines of the same colors. 
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7 which is 245 days with 1.37 Sv transport anomaly. The maximum 
negative anomaly at Timor Passage (phase 3) is smaller (~0.25 Sv) than 
the other major straits. 

Table 2 shows the average transport anomaly in the major straits 
during all MJO events used in the composite which includes both active 
and suppressed phases. These values are calculated as the average 
transport anomaly for the periods of all MJO events. While the anom
alies are all positive values, they are much smaller than the magnitude of 
the intraseasonal fluctuation, and negligible compared to the mean 
transport. Although the reduction and enhancement of the transport 
through major straits are not completely symmetric as described above, 
the reduction is nearly cancelled out by the enhancement in all major 
straits over the life cycle of the MJO. Hence the net effect of the MJO on 
the mean or long-term ITF transport is nearly zero in all straits because 
of the cancellation (Table 2). 

In addition to the prominent reduction during the MJO active phase 
and enhancement during the suppressed phase in all four major straits, a 
variation of transport through other small passages such as Sunda and 
Sape straits is also significant (~0.2–0.3 Sv, Fig. 6a). 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; Li et al., 
2018), the enhancement or reduction of the transport produced by the 
MJO could be of the same order of the total transport. The mean 
transport anomaly during MJO events in these straits is also much 
smaller than the magnitude of intraseasonal variation and the mean 
total transport (Table 2). 

The clear phase lag of transport variation between the different 
straits and passages discussed above is consistent with the propagation 
of downwelling Kelvin waves during the active phase discussed in pre
vious studies (e.g., Shinoda et al., 2016; Pujiana and McPhaden 2020). 
During the MJO active phase, the maximum reduction occurs first at 
Sunda Strait (phase 5), followed by Lombok and Sape (phase 6) and then 
at Makassar and Ombai Straits (phase 7). On the other hand, during the 
suppressed phase, the phase lag is not as clear as in the active phase. The 
maximum negative anomaly occurs at phase 3 in all major straits. This 
suggests that the local wind forcing may be important during the MJO 
suppressed phase, which will be further investigated in the later section. 

As discussed above, the anomalous positive transport during the 
active phase in Lombok, Ombai, and Makassar Straits are similar, and 
the transport in Lombok leads the other two straits. This suggests that 
about 50% of the anomalous transport along the south coast of Java 
enters into Lombok Strait and another 50% continues to propagate along 
the south coast of Java and enters into Ombai Strait. The anomalous 
transport at Lombok Strait further propagates to Makassar Strait which 
generates a similar amount of anomalous transport. The result also 
suggests that the anomalous transport at Ombai Strait does not signifi
cantly contribute to the transport anomaly at Makassar Strait. Note that 
the transport anomalies generated by local winds modify the above 
scenario. However, further quantification or the isolation of local wind 
contribution is not possible based only on this analysis. The phase lag 
consistent with Kelvin wave propagation is not found at Timor Passage 
where the maximum positive transport anomaly during the active phase 
occurs earlier (phase 5) than that at Lombok Strait, suggesting that local 
forcing contributes to the intraseasonal ITF variation. 

The intraseasonal fluctuation of ITF transport anomaly at all ITF exit 

Fig. 5. Upper panel: SSH anomalies (m) relative to its 2003–2015 climatology 
averaged for 20–31 December from AVISO satellite altimeter data. Lower panel: 
Same as the upper panel but from the HYCOM reanalysis. 

Fig. 6. (a) MJO composite of anomalous transport (Sv) relative to its 2003–2015 climatology through Sunda (dark blue), Lombok (orange), Sape (yellow), and 
Makassar (purple) Straits, Timor passage (green) and Ombai Strait (light blue). See Fig. 1 for the locations of straits and passages. Positive anomalies indicate the 
reduction of the transport from the Pacific to Indian Oceans. (b) MJO composite of anomalous (left ordinate) and total (right ordinate) transport through all exit 
passages of ITF. The mean value during all MJO events is added to the composite anomalies to calculate the total transport. Phases 2 and 3 (5 and 6) are considered as 
the MJO suppressed (active) phase over the MC based on anomalous winds associated with the MJO (see section 3.2.2). 

Table 2 
Average transport anomaly (Sv) during the MJO period in 2003–2015.  

Strait/Passage Makassar Sunda Lombok Sape Ombai Timor 

Av. anomalous 
transport (Sv) 

0.161 0.005 0.098 0.023 0.118 0.031  
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Fig. 7. MJO composite of along-strait velocity anomaly (m/s) relative to its 2003–2015 climatology at Lombok strait. Positive values indicate northward currents.  
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Fig. 8. MJO composite of temperature anomaly (◦C) relative to its 2003–2015 climatology at Lombok strait.  
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passages (Lombok, Ombai, Sunda and Sape Straits and Timor Passage) is 
compared with the total transport through these straits (Fig. 6b). The 
magnitude of the transport fluctuation due to intraseasonal variability 
(maximum minus minimum) is about 6 Sv (Fig. 6b), which is about 50% 
of the mean ITF transport. The contribution of intraseasonal transport 
anomalies for the total transport is smaller at Makassar Strait where the 
transport variation associated with the MJO represents about 20% of its 
total transport. 

To further examine the vertical structure of current fluctuation, the 

composite of along-strait velocity across each strait is calculated. Fig. 7 
shows the vertical section of the along-strait velocity across Lombok 
Strait. The strong (>0.2 m/s) anomalous southward currents (phase 3) 
extend to only about 100 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 except the subsurface maximum velocity is 
found in Ombai Strait due to the vertical propagation of Kelvin wave (e. 
g., Drushka et al., 2010, not shown). 

These results suggest that the vertical motion near the coast changes 

Fig. 9. MJO composite of OLR (W/m2; shading) and winds (m/s; arrows) at 10 m height.  
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Fig. 10. 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. 11. MJO composite of wind anomaly at 10 m (m/s; arrows) and wind speed anomaly (m/s; shading) in the MC region.  
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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. 8). 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 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. 

3.2.2. Large-scale ocean circulation around the Indonesian Seas 
To compare MJO-associated oceanic variability and ITF transport 

Fig. 12. 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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with winds and atmospheric convection, MJO composites of OLR and 
surface winds, are constructed (Fig. 9). Consistent with previous MJO 
composite analyses (e.g., Pohl and Matthews 2007; Chattopadhyay 
et al., 2013), 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 and 5. Strong easterly wind 

anomalies are present over most of the MC for phases 2 and 3 and they 
propagate eastward, followed by westerly wind anomalies for phases 5 
and 6. Since the intraseasonal variation of the ITF is mostly driven by 
wind forcing, phases 2 and 3 (5 and 6) are considered as the MJO sup
pressed (active) phase over the MC for the following discussion. 

To describe the large-scale upper ocean variability associated with 

Fig. 13. 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 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. 10). 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 
(115.82◦E− 127.39◦E, 8◦S− 11.14◦S). Adjacent to the southern coast of 
those islands, westward velocity anomalies associated with 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. The southward anomalies 
present in Makassar Strait seem to be connected to the Pacific Ocean 
through the Celebes and Philippine Seas where westward current 
anomalies are found. 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 a velocity of around 0.1 m/s, 
and part of them may also exit through Timor Passage. SSH and velocity 

anomalies shown on Fig. 10 are consistent with the enhancement of the 
ITF transport described in the previous section, as the strong negative 
SSH anomalies south of the Nusa Tenggara Islands produce strong up
welling 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. In phase 5 of the MJO, the strong positive SSH anomalies along 
with the eastward current anomalies adjacent to the southern coast of 
the Nusa Tenggara islands penetrate into Lombok Strait, producing very 
strong northward current anomalies. After penetrating into the Indo
nesian Seas, part of those northward current anomalies travel eastward 
into the Banda Sea, through the Flores Sea. During phases 6 and 7, the 
northward anomalies present in both Lombok and Sape Straits propa
gate northward to Makassar Strait and all the way to the Celebes and 
Philippine Seas. 

The eastward current anomalies found in the south of the Nusa 
Tenggara archipelago during the active phase (phases 6 and 7) 

Fig. 14. 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 
Figs. 12 and 13 upper right panel as a solid green line. 

Fig. 15. Hovmöller diagram of SSH anomalies at different MJO phases from (a) HYCOM reanalysis and (b) AVISO. Locations of A, B, C, and D can be found on Fig. 14 
and the black (grey) solid line indicates the phase line of 2.9 m/s (1.8 m/s). A period of 65 days is used to calculate the phase speed. 
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propagate eastward along with the SSH positive anomalies, reaching 
Ombai Strait and entering the Flores and Banda Seas. The northward 
current anomalies found in the Banda Sea around 128◦E, 5◦S flow 
northward to the Ceram Sea where they are forced to the east by the 
topography, exiting to the north through the Halmahera and the Phil
ippine Seas where they connect to the Pacific Ocean. However, part of 
the anomalous northward currents at Ombai Strait could converge 
within the Indonesian Seas and some of them may return to the Indian 
Ocean. Futher quantification of the exact pathway of these current 
anomalies is difficult only from the composite analysis. 

Fig. 11 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 wind 
speed anomaly of about 2.5 m/s. Strong northeasterly wind anomalies 
are found over 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 and Makassar Straits. The di
rection of the wind anomalies is also consistent with the reduction of the 
ITF transport during the active phase. 

3.2.3. Influence of oceanic Kelvin waves generated by MJO forcing on ITF 
As discussed in previous sections, the variation of transport through 

major straits in the Indonesian Seas associated with the MJO is consis
tent with the Kelvin wave propagation at least during the active phase. 
To examine the contribution of remotely forced ocean response to the 
MJO for the ITF transport variation, composites of upper ocean currents 
and SSH for a larger domain are formed (Fig. 12). During the MJO active 
phase over the eastern equatorial Indian Ocean (phases 3, 4 and 5 of 
Fig. 12), when westerly winds are found near the equator, eastward 
currents along the equator cause the increase of SSH at the eastern 
boundary. Then the anomalous SSH and southeastward along-shore 
currents propagate along the coast of Sumatra and Java islands. Dur
ing and right after the suppressed phase over the eastern equatorial 
Indian Ocean (phases 8, 1 and 2 of Fig. 12), negative SSH anomalies with 
the time evolution similar to those during the active phase are also 
present. However, the magnitude of equatorial and alongshore currents 
near the equator are smaller than those during the active phase. 

The same composite analysis is carried out using AVISO SSH data 
(Fig. 13) 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 

Fig. 16. SSH (shading; m) and upper-ocean (average over 0–150 m depths) velocity anomalies (vectors, m/s) for November 22, 26, December 2, 25, 2011 and 
January 1 and 5, 2012 relative to the climatology for the 2003–2015 period from the HYCOM reanalysis. 
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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 − 0.04 to − 0.03 m, and during phase 5 the location 
of the positive SSH anomalies around the coast is nearly identical. 

The propagation of SSH and upper ocean current anomalies during 
the MJO active phase shown in Figs. 12 and 13 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, a Hovmöller diagram of composite SSH along the 
equatorial Indian Ocean and the coast of Sumatra and Java (green lines 
shown in the top right panel of Figs. 12 and 13 and black line in Fig. 14) 
is constructed (Fig. 15). 

The propagation of positive SSH anomalies along the path (the line 
shown in Fig. 14) between phases 4 and 6 is clearly evident in SSH from 
both the HYCOM reanalysis (Fig. 15a) and AVISO (Fig. 15b). As the 
waves propagate from the equatorial Indian Ocean to the Sumatra and 
Java coasts, the area of positive SSH anomalies in the diagram become 
wider, suggesting that the signal includes multiple vertical modes of 
Kelvin wave. The range of phase speed is about 1.8–2.9 m/s, which is 
consistent with a mixture of the first and the second baroclinic mode 
Kelvin wave speeds in this region (e.g., Drushka et al., 2010). Also, such 
wide range of phase speed is consistent with previous observational 
studies on intraseasonal Kelvin waves in this area (e.g., Drushka et al., 
2010; Pujiana and McPhaden 2020). It is also noteworthy that the SSH 
positive anomalies are amplified between locations A and B. The surface 
wind variability along the coast of Sumatra and Java could contribute to 
the amplification (Fig. 9). 

The propagation of negative SSH anomalies during phases 2 and 3 is 
not as clear as that in active phase in the composite, which is also 
consistent with the ITF transport composites at each strait described on 
Section 3.2.1 (Fig. 6). However, the propagation of the negative 
anomalies can be found for some of the MJO events, which will be 
discussed in Section 3.3. 

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. 

The MJO events during DYNAMO are discussed as a case study here 
because details of these events have been well documented in many 
previous studies (e.g., Yoneyama et al., 2013; Zhang et al., 2013; Shi
noda et al., 2013b; Gottschalck et al., 2013; Shinoda et al., 2016). 

During DYNAMO, three strong MJO events were observed (Gott
schalck et al., 2013; Shinoda et al., 2013b). While the intraseasonal 
variability of upper ocean currents and ITF transport during DYNAMO at 
Makassar Strait have been discussed in a recent study (Shinoda et al., 
2016), those in other straits (Fig. 1) have not been examined so far. 
Fig. 16 shows the SSH and upper-ocean (average over 0–150-m depths) 
velocity anomalies during the period of suppressed and active phase of 
the MJO events observed in DYNAMO. During the MJO suppressed 
phase, negative SSH anomalies and the associated anomalous westward 
currents are shown to propagate eastward from the Indian Ocean and 
along the coastline of the Nusa Tenggara Islands (Fig. 16). They are 
followed by positive SSH anomalies that also reach as far as Ombai Strait 
during the subsequent active phase. While these variations of SSH and 
upper ocean currents during the MJO active phase observed in DYNAMO 
are consistent with the results of the composite analysis, the propagation 
of upwelling Kelvin waves is also found during this event, which is not 
clearly evident in the composite. 

Fig. 17 shows the Hovmöller diagram along the same path of Fig. 14 
for HYCOM’s SSH anomaly for the same dates as in Fig. 16. It is clear 
that both negative and positive anomalies propagate along the path with 
a similar speed. As discussed in the previous section, such clear propa
gation of negative SSH anomalies is not found in the composite. 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 for both negative and positive anomalies (~2.9 
m/s) is consistent with that of the first baroclinic mode Kelvin wave. 
This is in consistency with previous observational studies which indicate 
that one of the Kelvin wave vertical modes is dominant in most MJO 
events (e.g., Drushka et al., 2010). 

To examine how the transport is modified during the MJO event, the 
transport through Lombok and Ombai Straits is calculated for the period 
of upwelling and downwelling Kelvin wave propagation (Fig. 18). 
Consistent with the transport composite (Fig. 6), an enhancement of the 
southward transport (~2 Sv) at Lombok Strait is found in late November 
during the suppressed phase of the MJO over the MC region (shown in 
the figures as the light blue area). In early December during the active 
phase (light red areas), a reduction of the transport of about 1.5–2 Sv 
occurs. Since the total transport at Lombok Strait during this season is 
small, the anomalous transport associated with the MJO causes the 
northward total transport right after this active phase. After the reduc
tion of the northward transport and recovery of southward transport 
between the two active phases, the positive anomalous transport is 
further enhanced by about 1 Sv during the second active phase in late 
December to early January. 

A similar intraseasonal variation of the transport during active and 
suppressed phases is found at Ombai Strait (Fig. 18b), in which the 
enhancement (reduction) of negative transport anomalies occur during 
suppressed (active) phase. The phase lag between the two intra
seasonally filtered time series (Ombai and Lombok) is about 4–5 days 

Fig. 17. Hovmöller diagram for the DYNAMO study case. A, B, C, and D lo
cations can be found on Fig. 14. Black solid lines indicate the phase line of ~2.9 
m/s. 
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(~2.4–3.0 m/s phase speed), which is evident in both active and 
supressed phases and is consistent with the first baroclinic mode Kelvin 
wave speed. It should be noted that the subsurface maximum velocity 
anomaly at Ombai Strait is also evident during this event due to the 
vertical propagation (not shown), and thus the velocity fields associated 
with Kelvin waves around this area should deviate from the pure first 
baroclinic mode wave solution. 

In summary, the results during DYNAMO described above are 
consistent with the composite in that a significant enhancement 
(reduction) of anomalous transport through ITF exit passages occurs 
during suppressed (active) phase of the MJO. In addition, the results 
suggest that upwelling Kelvin waves could contribute to the transport 
reduction in some MJO events. 

4. Conclusions 

Previous studies suggest that the winds associated with the MJO 
could significantly influence the Indonesian Throughflow (ITF) trans
port through major straits over the Maritime Continent (MC) region. 
However, the overall impact of the MJO on the ITF transport has not 
been quantified in these studies. In particular, the ITF fluctuation during 
the MJO suppressed phase is not emphasized in previous studies. Here 
the high-resolution ocean reanalysis (HYCOM reanalysis) and the data 

from satellite and in-situ observations are analyzed to quantify the ITF 
transport in multiple straits including all exit passages during both 
active and suppressed periods of the MJO. 

First, to validate the HYCOM reanalysis over the MC region, mean 
and intraseasonal variability in the ocean reanalysis are compared with 
the in situ and satellite observations. The mean transports through all 
major straits in the Indonesian Seas from observations are very similar to 
those calculated from the reanalysis. Also, the vertical structures of 
mean currents in these straits agree well with observations. The varia
tion of the along-strait velocity in Makassar Strait is well captured by the 
HYCOM reanalysis including the intraseasonal variations based on the 
comparison with the INSTANT mooring data. Furthermore, the rean
alysis is able to reproduce large scale SSH variability associated with the 
MJO based on the comparison with the AVISO satellite altimeter data 
during the MJO event observed in the DYNAMO field campaign. 

To quantify the typical values of ITF transport variation associated 
with the MJO, the MJO composite of the transport through all major 
straits within the Indonesian Seas are constructed. A significant reduc
tion of the transport during and right after 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 
clearly found in all straits, and the magnitude of the enhancement is 
comparable to that of the reduction. Hence the transport reduction 

Fig. 18. (a) Time series of total transport (blue), transport anomaly (red), and the band-pass filtered (20–90 days) anomaly (black) through Lombok Strait during 
DYNAMO. Negative values indicate the transport from the Pacific to Indian Oceans. The light blue area indicates the MJO suppressed phase (phases 2 and 3) over the 
MC region and the light red area indicates the MJO active phase (phases 5 and 6). (b) Same as (a) except for Ombai Strait. 
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during the active phase is nearly canceled out by the enhancement 
during the suppressed phase and thus the net effect of the MJO on the 
mean or long-term ITF transport over its life cycle is close to zero. The 
magnitude of the ITF transport variation induced by the MJO is about 
50% of its mean transport in the ITF exit passages, while the intra
seasonal transport fluctuation in Makassar Strait is about 20% of its total 
transport. During the active phase, a clear phase lag in the reduction of 
the transports between Lombok, Makassar and Ombai straits is evident. 
The phase lag is consistent with the propagation of downwelling Kelvin 
waves. On the other hand, such phase lag is not clear in the transport 
enhancement during the suppressed phase. The lack of clear phase lag 
during the suppressed phase suggests the importance of the local wind 
forcing for generating anomalous transport during this period. 

The vertical structure of the anomalous along-strait velocity associ
ated with the MJO in the exit passages is examined based on the com
posite at each strait. The strong positive (the direction from Indian 
Ocean to Pacific) velocity anomalies during the active phase extend to 
the deeper area than the negative anomalies during the suppressed 
phase. Also, the composite of temperature anomalies indicate the strong 
upwelling (downwelling) during the MJO active (suppressed) phase, 
suggesting that upwelling (downwelling) significantly affects the verti
cal structure of along-shore velocity anomaly. 

Spatial distribution of composite oceanic variables in the HYCOM 
reanalysis is compared with the surface wind composite over the MC 
region. The spatial pattern of anomalous winds over the MC region is 
favorable for generating the enhancement of the ITF transport during 
the MJO suppressed phase and the reduction during the active phase, 
suggesting that local wind forcing associated with the MJO contributes 
to anomalous transport during both phases. However, during the active 
phase over the MC, a large contribution of remotely forced downwelling 
Kelvin waves for the transport fluctuation is clearly evident. The com
posite 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 ITF exit 
passages and Makassar Strait. The propagation speed of the positive SSH 
anomalies along the coast is consistent with a mixture of the first and 
second baroclinic mode coastal Kelvin waves although these two modes 
are not clearly separated. 

A case study is performed for the period of DYNAMO field campaign 
in fall/winter 2011 to further examine 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 anom
alies 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 Kelvin wave. Unlike the result of the composite anal
ysis, the propagation of the negative SSH anomalies during the sup
pressed 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. A significant enhancement and reduction of the transport in 
the ITF exit passages are evident during the DYNAMO MJO events which 
is also consistent with the composites. 

The results in this study suggest that both remote and local focing 
significantly contribute to the intraseasonal ITF variations. However, 
the relative contributions are different in active and suppressed phases 
of the MJO. The lack of clear phase lag between ITF exit passages sug
gests that the contributions of local focing may be much larger during 
many MJO events. However, further quantitative discussion is not 
possible since the contribution of remote forcing cannot be completely 
isolated in the present analysis. Numerial modeling that can isolate the 
effect of winds in remote areas is necessary to further quantify the 
relative contribution. 
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