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Abstract 
Indonesian Maritime Continent (IMC) is responsible for the three international 
sea lanes, known as Indonesian Archipelago Sea Lanes (IASLs), which 
allowed ships to navigate across territorial waters between Pacific and Indian 
Oceans and vice versa. Gaining knowledge about the distinct oceanographic 
characteristics of the three IASLs can offer valuable insight into maritime 
safety and sustainable marine resource management. Therefore, this research 
aims to review oceanographic characteristics in IASLs regions from available 
previous research to provide a comprehensive insight into the processes and 
dynamical oceanography in IASLs region as well as determine the implications 
for underwater acoustic patterns. The results showed that IASL-1 route is 
characterized by a shallow shelf passage with homogeneous sound velocity 
profile (SVP), which has a deep and narrow entry portal in the southern and 
northern Sound Fixing and Ranging Channel (SOFAR) channels. Seasonal 
reversal monsoonal wind-driven current dominates the circulation. IASL-2 and 
IASL-3 routes transported a deep and narrow passage with complexity of sea-
air interactions that vary on seasonal and interannual time scales. These IASLs 
were established with the saddle SVP, which trigger the shadow zone and the 
existence of SOFAR deep sound channel with seasonal and interannual variations 
in seawater properties stratification. The diverse oceanographic characteristics 
discussed significantly influence the underwater object detection equipment, 
the planning time, and the strategies for underwater defense systems. Due to 
the implications, it is necessary to use marine geospatial database, which may 
be adopted to facilitate policy-making, providing approximations for marine 
activities and management along IASLs.
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1. Introduction
 Ocean circulation in the maritime continent is 
mainly controlled by Indonesian Throughflow (ITF) 
(Gordon et al., 2019; Napitu et al., 2019). This flow is 
most developed in the central and eastern archipelago, 
which features complex topography (Purwandana et 
al., 2020; Wang et al., 2017; Yin et al., 2023). This 
circulation is modulated by the monsoon wind-driven 
flows (Atmadipoera et al., 2022; Santoso et al., 2022) 
in the upper ocean and shallow marginal seas (Sprintall 
et al., 2019; Purwandana et al., 2020; Apriansyah and 
Atmadipoera, 2020; Fernanda et al., 2021; Peña-Moli-
no et al., 2022; Apriansyah et al., 2022). However, the 
main pathway of ITF is the central archipelago from 
Sulawesi Sea to Makassar Strait, Flores, and Banda 
Seas, exiting at Indian Ocean through Lombok and 
Ombai Straits as well as Timor passage (Gordon et al., 
2003, 2019; Atmadipoera et al., 2009; Suteja et al., 
2015; Wattimena et al., 2018; Apriansyah and Atmad-
ipoera, 2020; Firdaus et al., 2021a). The secondary en-
try portals in the eastern pathway spread from Maluku 
and Halmahera Seas to Seram and Banda Seas, where 
ITF water from both pathways converge, before exit-
ing to Indian Ocean through Ombai Strait and Timor 
Passage (van Aken et al., 2009; Atmadipoera et al., 
2022).

 Considering that the Indonesian Maritime 
Continent (IMC) region is geographically situated be-
tween the Pacific and Indian Oceans, configured with 
many passages, straits, and seas, the Indonesian Gov-
ernment established trans-ocean maritime lanes in the 
interior seas for international vessels passage, known 
as Indonesian Archipelagic Sea Lanes (IASLs). This 
network of designated shipping routes or lanes is es-
sential for the safe and efficient passage of vessels 
between the Indian and Pacific Oceans, including 
merchant, naval, and other maritime traffic. The main 
purpose of IASLs is to ensure the safe navigation and 
free flow of maritime traffic through the vast and com-
plex archipelago (Utama et al., 2018; Rovan and Al-
verdian, 2023; Yulia and Madiong, 2023). Meanwhile, 
the three main pathways of IASLs include, first, IASL-
1 from southern South China Sea (SSCS) or Malaca 
Strait - to Natuna Sea, – Karimata Strait, – western 
Java Sea, - Sunda Strait, and vice versa (Fang et al., 
2005, 2010; Susanto et al., 2010; Li et al., 2018; Wang 
et al., 2019; Xu et al., 2021; Nie et al., 2023). Second, 
IASL-2 from the western Pacific Ocean to Sulawesi 
Sea, – Makassar Strait, Lombok Strait, and vice ver-
sa (Susanto and Gordon, 2005; Susanto et al., 2012; 
Tamasiunas et al., 2021). Third, IASL-3 allows two 
entry portals namely the western Pacific Ocean and 
Mindanau/Sangihe (Sulawesi Sea) to Maluku Sea, Li-
famatola Strait, – Buru and Banda Seas – while exiting 

through three portals Ombai Strait (IASL-3A), Leti 
Strait (IASL-3B, and Arafura Sea (IASL-3C) towards 
Indian Ocean, and vice versa (Hutagalung, 2017; Uta-
ma et al., 2018; Rovan and Alverdian, 2023), as shown 
in Figure 1.

Previous research on the dynamics and varia-
bility of ITF in the Indo-Pacific region specifically fo-
cused on the observation (Gordon et al., 2003, 2010; 
Gordon, 2005; Atmadipoera et al., 2009; van Aken et 
al., 2009; Drushka et al., 2010; Suteja et al., 2015; 
Bouruet-Aubertot et al., 2018; Atmadipoera et al., 
2022), ocean circulation modeling (Nagai and Hibiya, 
2015; Nugroho, 2017; Nugroho et al., 2018), and sa-
tellite-derived analyses (Susanto and Song, 2015; Po-
temra et al., 2016; Lee et al., 2019; Napitu et al., 2019) 
had been documented persistently. Furthermore, ocean 
circulation of the shallow marginal seas, in Sunda, Sa-
hul, and Arafura shelves, was characterized by strong 
seasonal replacement of different water masses (van 
Aken et al., 2009; Purwandana, 2019; Apriansyah and 
Atmadipoera, 2020; Atmadipoera et al., 2022). In the 
main pathways of ITF, namely Makassar Strait, Flores 
Sea, and major outflow straits (Lombok, Ombai, and 
Timor), a strong and persistent current was detected 
in the upper 300 m depth with the maximum speed 
or velocity recorded at 100 m depth (Atmadipoera et 
al., 2009; van Aken et al., 2009; Susanto et al., 2012; 
Manjunatha et al., 2015; Gordon et al., 2019; Sprintall 
et al., 2019; Atmadipoera et al., 2022).

Considering the fact that the three IASLs are 
situated in different oceanographic region, a compre-
hensive review of the physical processes and dynam-
ics at each pathway as well as the relations with under-
water acoustics characteristics needs to be explored. 
The lack of investigation on the interaction between 
oceanographic phenomena and acoustic propagation 
in IASLs region is the driving force behind the current 
review. This research location holds significant im-
plications for maritime activities, including both civil 
and military domains (Colbo et al., 2014; Chatterjee et 
al., 2017; Zhang et al., 2019; Sutton, 2020; La Forgia 
et al., 2023). Therefore, this research aims to review 
oceanographic characteristics at three IASLs path-
ways, in respect to ocean stratification, water mass-
es, dynamics of monsoon current, ITF, and internal 
tide waves, as well as the implications to underwater 
acoustics.

2. Materials and Methods

2.1 Materials 

 A General Bathymetric Chart of the Ocean 
(GEBCO) was used to plot sea bottom topography.  

    
                                           

Putra et al. / JIPK, 17(2):322-357

323   JIPK: Scientific Journal of Fisheries and Marine                            Copyright ©2025 Faculty of Fisheries and Marine Universitas Airlangga



sis methodology, utilizing a quantitative descriptive 
approach. We collected state-of-the-art novel re-
sults and comprehensive investigations from several 
oceanographic cruises using recently published pa-
pers on the physical processes and dynamics of ITF 
(Fang et al., 2005, 2010; Li et al., 2018; Nie et al., 
2023; Susanto et al., 2010, 2012; Susanto and Gor-
don, 2005; Tamasiunas et al., 2021; Wang et al.,  
 
 

 
 
 
2019; Xu et al., 2018; Xu et al., 2021), as well as re-
lated subjects in Indo-Pacific region. This included  
ARLINDO 1992 to 1995 (Gordon et al., 1994, 1999, 
2003; Ilahude and Gordon, 1996), INSTANT (Interna-
tional Nusantara Stratification and Transport) 2004 to 
2006 (Atmadipoera et al., 2009; Gordon, 2005; Gordon 
et al., 2010; Sprintall et al., 2009), INDOMIX 2010 to 
2013 (Atmadipoera et al., 2022; Bouruet-Aubertot et 
al., 2018; Koch-Larrouy et al., 2015), IOCAS 2014 to 
2017 (Bayhaqi et al., 2018; Iskandar et al., 2021; Li et 
al., 2020), KARIMATA 2007 to 2008 (Susanto et al., 
2013; Wei et al., 2019), MAJAFLOX 2015 to 2017 
(Atmadipoera et al., 2018; Prihatiningsih et al., 2019; 
Risko et al., 2017; Rosdiana et al., 2017; Silaban et 
al., 2021; Triyulianti et al., 2023; Utama et al., 2017)
and Jala Citra Expedition (EJC) cruises 2021 to 2023 
(Febriawan et al., 2023; Hariyanto et al., 2023; Kes-
aulya et al., 2023; Kisnarti et al., 2023).

2.3 Analysis Data

 Analysis data and processing for GEBCO to 

Model output of salinity-temperature-depth datasets 
was collected from Global Ocean Physics Reanalysis,  
and Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) with 1/12° horizontal resolution and 
50 vertical depth levels. Additionally, CTD (Conduc-
tivity, Temperature, and Depth) archives were obtained 
from the World Ocean Database 2018 (WOD18) prod-
uct and Ocean Data View datasets.

 

 
 
 

2.1.1 The equipments 

 The utilized software is Ocean Data View 
(ODV) version 5.2. This program was created by 
the Alfred Wegener Institute in Germany in 2022 
to analyze CTD and seabed topography datasets.

2.1.2 The materials

 The materials used include tempera-
ture, salinity, and sound speed data from the  
WOD18 and ODV datasets in *.nc* format, as 
well as bathymetry datasets in *.tiff* format, 
these archives were obtained from the website.

2.1.3 Ethical approval

This study does not require ethical approval 
because it does not use experimental animals.

2.2 Methods

The study employs a secondary data analy-
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Figure 1. Schematic circulation of the ITF (red dashed-lines) and the International Archipelago Sea Lanes (IASLs) 
routes (yellow dashed-lines) in the Indonesian Maritime Continent region.
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of archipelago in the tropical Indo-Pacific region with  
several passages, straits, and deep basins, formed a 
coupled atmosphere-ocean interaction that transi-
tioned into circulation centers in the low-latitude re-
gion (Gordon et al., 2019; Lee et al., 2019; Sprintall 
et al., 2019).

IASLs routes are related to respective dis-
tinctive oceanographic characteristics which has sig-
nificant impact on ocean circulation, water masses 
distribution, and global ocean biogeochemistry (Gor-
don, 2005; Lee et al., 2019; Manjunatha et al., 2015; 
Sprintall et al., 2019). A specific output on physical 
processes and oceanographic dynamics along IASLs  
 

 
 
 
 
 
routes was intended to support maritime safety and 
preparedness for all sea-based stakeholders. For exam-
ple, internal solitary waves (ISWs) with depth ~300m 
activities in Lombok Strait – Bali Sea disrupted an 
accident concerning Indonesian Navy KRI Nanggala 
402 that was sunk on April 21, 2021 in the northern 
Bali Sea. Additionally, Lombok Strait and western 
Flores Sea constitute the southern route of IASL-2 
(Gong et al., 2022; Purwandana et al., 2023; Stepa-
nyants, 2021; Wang et al., 2022). The propagation of  

obtain sea bottom topography (bathymetry) datasets 
were processed and analyzed for plotting depth-section 
along the IASLs pathway and compared with the hig-
her spatial resolution bathymetric map obtained from 
the Indonesian Naval Hydro-Oceanographic Center. 
Seabed topographic features, such as seamounts and 
sills regions with depths ~300 – 1000 m, were chart-
ed to identify potential generating and propagating 
internal waves (IWs). The analysis of water masses 
characteristics from the Marine Copernicus data mo-
del and World Ocean Database 2018 datasets was used 
to plot a cross-section of temperature, salinity, and 
sound speed using Ocean Data View V.5.2 software.

 
 
 
3. Results and Discussion
3.1 Results

IASLs routes were used for maritime ac-
tivities, namely sea communication line, transit 
route, and crossing point for the interests of many 
nations, including military purposes and safety nav-
igation maritime (Putra et al., 2022; Saunders, 2018; 
Sutton, 2020). However, geographical configuration 

    
                                             JIPK: Scientific Journal of Fisheries and Marine                            Copyright ©2025 Faculty of Fisheries and Marine Universitas Airlangga

Figure 2. Schematic ocean circulation of the ITF (a); T-S diagram of (b); monthly averages of water discharge 
from the six largest rivers (c); salinity (d); temperature (e) around IASL-1 waters (adapted from Hamzah et al., 
2020; Susanto et al., 2016)
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Figure 3. Along-strait velocity in the Karimata Strait (a); in the Sunda Strait (b); a schematic Ekman drift during 
different Monsoon period (c); and annual cycle of wind stress difference between north and south Java (d) within 
the IASL-1 (after Wei et al., 2019).
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a critical role on operational maritime activities. In 
addition, it led to the implementation of policies and 
modified strategies owing to the dynamics of the envi-
ronment. The oceanographic characteristics observed 
at three IASLs were discussed in the following sec-
tion.

 
 
 
 
3.1.1 IASL-1 route in sunda shelf

3.1.1.1 Ocean stratification and water masses

 The southward/eastward Sunda Shelf 
Throughflow causes South China Sea (SCS) water 
to flow into the interior seas during northeast mon-
soon (NEM) period from December to Feburary. The 
westward/northward throughflow transports salti-
er Makassar water into Sunda Shelf and SCS waters 
during southeast monsoon (SEM) period from July 
to September (Apriansyah et al., 2022; Apriansyah 
and Atmadipoera, 2020; Hermansyah, 2018; Susanto 
et al., 2013; Wei et al., 2019). The mean mixed layer 
depth (MLD) varies between 23 to 40 m in Malaca 
and Karimata Straits, including Java Sea (Hamzah et 
al., 2020; Mahardhika and Brodjonegoro, 2013; Rad-
jawane et al., 2015). Due to seasonal changes, spatial 
distribution of MLD tend to be shallower (Aji et al., 
2017; Fahlevi et al., 2022). The existence of thermo-
cline layer was only observed in the entry portal of 

ISWs from Lombok Strait to the accident scene gener-
ated an abrupt vertical undulation of seawater density 
and sound velocity, which led to unexpected changes 
on the buoyancy capacity and navigational sensors of 
the submarine (Apel et al., 2007; Piété et al., 2013; 
Purwandana et al., 2023; Stepanyants, 2021).

 

 
 

In view of this catastrophic accident, under-
standing oceanographic phenomena in IASLs routes 
proved supportive for safe maritime activities and 
provided unequivocal evidence on the significant 
implications for developing a robust underwater de-
fensive system. The numerous methods applied to  
investigate ISWs dynamics were conducted by direct 
measurements, using space and underwater remote 
sensing technology, as well as numerical ocean circu-
lation model (Colbo et al., 2014; Karang et al., 2020; 
Prasetya et al., 2021; Song et al., 2021; Sun et al., 
2021). The analysis of these multi-datasets were used 
to map certain activities including generating, prop-
agating and dissipating region of ISWs in the spatial 
hydro-oceanographic information database system. 
Some major challenges associated with understand-
ing the interrelationships between oceanographic phe-
nomena in IASLs routes remained unclear, as shown 
in  Figure 1. This had a significant impact on the ma-
rine defense system, where acoustic equipment played 
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Figure 4. Cross-section of bottom topography and schematic  processes and dynamics of oceanography along the 
IASL-1 section in the Sunda Shelf.
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southern IASL-1 route - in Sunda Strait, as well as 
the northern end in SSCS, as a result of the shallow 
Sunda Shelf waters. In addition, the thickness ranged 
between 41 to 156 m (Aji et al., 2017; Fahlevi et al., 
2022; Hamzah et al., 2020), deeper layers were found 
in the pre-entry portal of Sunda Strait – in Indian 
Ocean, and SSCS towards the end of IASL-1 route. 
According to Fang et al. (2005, 2010) and Susanto et 
al. (2010), South China Sea Throughflow (SCSTF) 
provided additional information about ITF regarding 
passage through Indonesian waters in the west side. 
The water mass flowed from the Philippine Sea (the 
western Pacific Ocean) to Luzon Strait, South Chi-
na, Natuna and Java Seas through the Karimata Strait 
exiting into the Indian Ocean. Based on an average 
SCSTF transport volume of ~ 3.6 Sv, the movement 
of water masses was measured by model simulation 
and direct measurement. Gordon et al. (2012) stated 
that El Niño-Southern Oscillation (ENSO) phenom-
enon caused alterations in SCSTF transport volume 
of water masses in Indonesian Seas (ISs). This was 
supported by the results of Hybrid Coordinate Ocean 
Model (HYCOM) simulation, where a lesser inflow 
with stronger seasonal variability significantly influ-
enced Makassar throughflow, and disrupted the ver-
tical structure of ITF along Flores Sea, before exiting 
into the main outflow in Lombok, Ombai, and Timor 
straits, as shown in Figure 2a (Apriansyah and Atmadi-
poera, 2020; Gordon et al., 2012; Hamzah et al., 2020; 
Potemra et al., 2016; Susanto et al., 2016; Wei et al., 
2019). The resulting warmer ITF impacts regional sea 
surface temperature and climate by penetrating Indian 
Ocean. Furthermore, fresher Java Sea water advected 
by the westward monsoon current from IASL-1 route 
can modify the vertical structure of Makassar through-
flow (Gordon et al., 2012). Apriansyah and Atmadi-
poera (2020), conducted a research on Sunda Shelf 
Throughflow (SSTF), monitoring the inter-ocean flow 
through IASL-1 route, and reported that the aver-
age SSTF transport volume originating from Pacific 
Ocean was 0.529 (± 0.964) Sv, -0.494 (±0.919) Sv and 
0.122 (±1.219) Sv. This transport volume increased 
significantly to approximately 2 to 3 Sv (1 to 2 Sv), 
where 1 Sv is equivalent to 106 m3/s, during the north-
west (southeast) monsoon period (Gordon et al., 2012; 
Sprintall et al., 2019; Susanto et al., 2016; Tozuka 
et al., 2009). The flow is characterized by a strong 
southward current in Natuna Sea and Karimata Strait, 
while an eastward current is experienced in Java Sea. 
In general, the flow of SCSTF or SSTF water mass-
es in Karimata Strait and Java Sea was influenced by 
seasonal changes. Hamzah et al. (2020) further stated 
that the splitting of SCSTF water masses occurred in 
the central region of Java Sea. During SEM period, 
also referred to as boreal summer, the current flows 

west-north towards Karimata and Sunda Straits lead-
ing to Indian Ocean. However, during the northwest 
monsoon period or boreal winter, the current enters 
Java Sea from Karimata and Sunda Straits.

Fresh water masses are dominant in IASL-
1 route because several big rivers tend to discharge 
from Sumatera Kalimantan and Java coastal region 
into Sunda Shelf as shown in Figure 2c (Hamzah et 
al., 2020; Lee et al., 2019). Transport volume estimate 
in Java Sea section was reduced to approximately -0.1 
Sv, due to a flow leakage through Sunda Strait and 
the significant recirculation of Makassar ITF (Apri-
ansyah and Atmadipoera, 2020; Gordon et al., 2012; 
Hamzah et al., 2020). In addition, SSTF significantly 
transferred heat and freshwater fluxes into ITF sys-
tem. The regional physical characteristics of the water 
masses consisted of Continental Shelf Water (CSW) 
and Tropical Surface Water (TSW), where salinity 
and temperature were higher during NEM. Generally, 
properly mixed water masses were observed during 
the southwest monsoon. Strong separation of water 
masses (fronts) was depicted by an increase in tem-
perature (> 29°C), differing during breaks from the 
southwest to NEM period in the northern South Chi-
na, and Natuna Seas, as well as Malaysian Peninsula 
(Johari and Akhir, 2019). 

 Hamzah et al. (2020) conducted a research on 
the mixture of SCS, Kapuas River plume, and Java Sea 
Water (JSW) with warmer and homogeneous water in 
near-surface layer along a salinity gradient, tempera-
ture and potential density (σθ) of ~31-33 psu (practical 
salinity unit), ~30°C and19–20.25 kg/m3, as shown in 
Figure 2 b, c, d, e. JSW water outflowing into Sun-
da Strait occurs at depths above 40 m and mixes with 
surface water from Indian Ocean at a density of σθ = 
~20.4 kg/m3. Beneath this layer was the North Indian 
Subtropical Water (NISW) with a maximum salinity 
and σθ of ~35.01 PSU and ~21 to 25 kg/m3 including 
significant temperature variation which gradually de-
creased from 27°C to 18°C with depth. At intermedi-
ate depths, a minimum salinity ~34.7 PSU (Aji et al., 
2022) was found along σθ and temperature of ~26.3 
kg/m3 and 13°C, representing North Indian Interme-
diate Water (NIIW). In deeper layers with relatively 
constant σθ ~27.5 kg/m3, salinity and temperature of 
~34.7 PSU and ~6°C respectively, was detected in the 
upper Indian Ocean Deep Water (IDW). 

These water masses were also found in the 
southern Lombok Strait and Java-Bali waters (At-
madipoera et al., 2009; Hamzah et al., 2020; Lee et 
al., 2019), advected through Sunda Strait as the en-
try portal of IASL-1 route. However, part of Sunda 
shelf, originating from local water and SSCS exited 
into Indian Ocean through Sunda Strait, as well as the 
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discharge of several large rivers from the mainlands 
along IASL-1 route contributed to the mixing process 
of water masses (Purwandana, 2022). The occurrence 
of seasonal coastal upwelling during SEM period along 
southern Java and Indian Oceans affected the strati-
fication of water column with much shallower depth 
and upward shift of upper thermocline layer (Wardani 
et al., 2014), as well as the generation and dissipation 
of internal tides and energy (Nugroho et al., 2018; Su-
santo et al., 2013)two trawl-resistant bottom mounts, 
with ADCPs embedded, were deployed in the strait 
to measure the velocity profile as part of the South 
China Sea-Indonesian Seas transport/exchange (SITE 
disrupted maritime activities, specifically underwater 
defense system.

 
3.1.1.2 Near surface circulation and its variability

  Based on several research, the region of IASL-
1 route is predominantly influenced by the monsoonal 
wind system (Aji et al., 2017; Apriansyah and Atmad-
ipoera, 2020; Du and Qu, 2010; Fahlevi et al., 2022; 
Firdaus et al., 2021a; Gordon et al., 2012; Hamzah et 
al., 2020; Johari and Akhir, 2019; Radjawane et al., 
2015; Rahmawitri et al., 2016; Susanto et al., 2013; 
Wei et al., 2019). In the northern entrance of IASL-2 
route (Natuna Sea) the wind variability has implica-
tion for near-surface circulation, showing a distinct 
strong seasonal reversal western boundary current 

along Malaysian Peninsula and Karimata Strait. An 
anti-clockwise circulation was observed offshore 
north of SSCS, while a divergent circulation occurred 
around SSCS and Natuna Island, during NEM period  
(Apriansyah et al., 2022). Furthermore, intensive 
southeastward flows of the western boundary cur-
rent commences from November to April, reach-
ing a maximal velocity of approximately 0.65 m/s 
between November and December (Johari and 
Akhir, 2019). The extension of the flow signifi-
cantly increases, while approaching the south. 
These southeastward currents are an extension of 
NEM that strengthens along the western boundary  
of SCS, transporting a relatively saline water mass 
from the northern SCS to Sunda Shelf.

 
 

During the Southwest Monsoon (SWM) peri-
od from June to August, the flow of the western bound-
ary current reverses along Malaysian Peninsula, with 
a maximum speed of 0.75 m/s (Apriansyah and At-
madipoera, 2020; Hamzah et al., 2020). In the north-
ern region, a branch of the boundary current tends to 
meander and recirculate eastward. Furthermore, mon-
soon currents deliver a relatively massive saline Java–
Makassar water to the region. During monsoon break 
(MB-1) in April and May, moderate easterly currents 
around Natuna Island causes the northeasterly current 
experienced along northern Borneo. However, during 
NEM, cyclonic (anti-clockwise) ocean eddies form off 

Figure 5. Stratification of sound speed along the IASL-1 section in the Sunda shelf.
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Figure 6. Transformation of Indonesian Throughflow (ITF) water along its pathway in the Maritime Continent, as 
indicated by different structures of Temperature-Salinity pattern.  Major ITF flow (Sulawesi-Makassar-Flores-Ban-
da) brings thermocline (salinity maximum) and intermediate (salinity minimum) of North Pacific water origin into 
ITF region.  Much deeper lower thermocline salty South Pacific water is advected by the secondary throughflow via 
Halmahera/Maluku-Seram-Banda (Purwandana et al., 2019)
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the northeast Natuna Island. The eddy starts to devel-
op in November due to the separation of the western 
boundary current into northeastward and strong south-
westward flows around Natuna Island. This led to the 
development of a powerful cyclonic eddy between 
December and January. In addition, cyclonic eddy 
driven-upwelling brings vertically cooler and saltier, 
nutrients-rich water from the subsurface to the upper 
layer. Wei et al. (2019) conducted a research on the 
southern axis of IASL-1, from Sunda Strait to Indi-
an Ocean using a decade worth of ADCP time series 
data, to show that various seasonal variations causes 
the back-and-forth movement of water masses in re-
sponse to wind movement patterns (Apriansyah et al., 
2023; Gordon et al., 2012; Susanto et al., 2013), as 
shown in Figure 3.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
3.1.1.3 Sea bottom topography and underwater acous-
tics characteristics

 Shallow waters and relatively flat seabed to-
pography was found along IASL-1 route, Karimata 
and Malacca Straits, as well as Java Sea (Sunda Strait), 
where water depth varied from ~45 m to 75 m (Aprian-
syah et al., 2023; Apriansyah and Atmadipoera, 2020; 
Fahlevi et al., 2022; Gordon et al., 2012; Purwandana, 
2019; Susanto et al., 2013; Wei et al., 2019). The ex-
tension of Sunda Shelf (Apriansyah and Atmadipoera, 

In this research, the ray tracing method was 
used to the detect the sound of moving objects in  
shadow zones of the water column, by placing the  
transducer  within  5  to  20  m in  Karimata Strait. Therefore, 
the Medwin empirical equation was used to calculate  
the speed of sound detected by the installed trans-
ducer. Based on the 2014 INDENSO model data of  
1,504 to 1,550 m/s, changes in the thickness of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
thermocline layer around Sunda Strait was due to the 
influence of monsoon winds. The speed of the annual 
thermocline layer (29–13.6oC) located at depths of 40  
to 70 m (upper limit) and 130 to 155 m (lower limit) is 
1,504 to 1,511 m/s (lower limit) (Aji et al., 2017). This 
is consistent with the speed of sound obtained based 
on CMEMS dataset in Figure 5. Additionally, compre-
hending the physical oceanographic phenomena that 
occurred at ALKI-1 as shown in Figure 4 must be tak-
en into account. This is in line with previous research, 
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2020; Gordon et al., 2012), also known as the deepest 
part located in the south entrance is directly connected 
to the Indian Ocean at a depth of ~100 m to 1750 m 
(Aji et al., 2017; Hamzah et al., 2020) and track length 
of ~1738 km depicted by points A-B shown in Figures 
4 and 5. Mahardhika and Brodjonegoro (2013) stated 
that the sound speed in Karimata Strait varied between 
1,539 to 1,541 m/s. 



due to the significance of maritime activities namely 
eddy-induced upwelling (Apriansyah et al., 2022; Jo-
hari and Akhir, 2019; Mandal et al., 2022; Wirasatri-
ya et al., 2021), ITF (Gordon et al., 2012; Hamzah 
et al., 2020; Susanto et al., 2016), wave interaction 
(Drushka et al., 2010), mixing and barotropic current 
(Nugroho, 2017; Purwandana, 2019, 2022), alteration 
of temperature and salinity values, including having 
significant effects on acoustic or sound propagation 
(Holbrook and Fer, 2005; Piété et al., 2013).

 

 
 
3.1.2 IASL-2 Route Along Sulawesi Seas – Makassar 
Strait – Bali Sea – Lombok Strait – Indian Ocean

3.1.2.1 Ocean stratification and water masses

ITF consisted of North Pacific Subtropical 
Water (NPSW), North Pacific Intermediate Water 

(NPIW), Pacific Subtropical Waters South-South Pa-
cific Subtropical Water (SPSW), South Pacific In-
termediate Waters (SPIW), Banda-Banda Sea Water 
(BSW), and North Indian Intermediate Waters-NIIW 
(Purwandana, 2019), as shown in Figure 6. MLD 
along IASL-2 route varied from approximately 10 to 
60 m (Radjawane et al., 2015), in Figure 7 (data can 
be accessed from Monterey Levitus at Alfred Wegener 
Institute, Germany website). Meanwhile, the intense 
thermocline layer in Indonesian waters tends to be  
 

 

 
 
visible when the temperature drops from 26-28°C to 
10-12°C at depths of ~75 m and of ~300 m (Gordon, 
2005), respectively. The upper boundary of the ther-
mocline layer is marked by the presence of isotherms 
at 20°C (Wang et al., 2017).

 Atmadipoera et al. (2009) stated that North 
Pacific water (NPW) mass was characterized by max-

Figure 8. Inter-annual variation of heat content transported by the Indonesian Throughflow (ITF), seas surface 
teperature (SST) and wind fields,  related to interannual climatic anomaly of ENSO in the IASL-2 region (Gordon 
et al., 2019; Napitu et al., 2019; Susanto and Ray, 2022).
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Figure 10. Schematic of sound speed stratification during the northeast monsoon period (NEM) in the IASL-2 and 
its implication to generate acoustic phenomena that may occur due to alterations vertical water masses in water col-
umn (left panel); Schematic of sound speed alterations and correlation with temperature in the Gulf Stream FROM 
Tsay (2010).
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imum and minimum salinity in the upper (NPSW) and 
lower thermocline layers (NPIW), respectively. Ad-
ditionally, water masses originating from the South 
Pacific (SP) were a minor component in ITF flow. 
In IASL-2 route (Makassar Strait) NPSW and NPIW  
were characterized by isopycnal values (σθ)   of ~22-
24 kg/m3 and~24.6 – 26.5 kg/m3 at salinities of 34.2 
to 34.6 psu. There was a reduction in the extreme sa 
linity of NPSW, centered on σθ= ~24.5 kg/m3, where 
the maximum value decreased from 34.90 psu to 34.53 
psu both at the entrance and exit of Indonesian wa-
ters. Meanwhile, for NPIW water mass at σθ= ~26.5 
kg/m3, the minimum salinity changed from 34.35 to 
34.47 psu both at the entrance and exit of the waters 
(Atmadipoera et al., 2009). A change was observed in 
the water mass originating from Pacific Ocean due to 
the influence of the mixing process, and dissipation 
of incoming internal waves from Sulawesi Sea (At-
madipoera et al., 2009; Gordon, 2005; Gordon et al., 
2010; Hermansyah et al., 2018; Nagai and Hibiya, 
2015; Nugroho et al., 2018; Purwandana, 2019; Sprin-
tall et al., 2019). Susanto et al. (2012) stated that the 
flow velocity of ITF through Makassar Strait ranged 
from ~0.2 to 1.2 m/s with the current tending towards 
the south based on data from INSTANT program. At 
depths above ~200 m, intensification occurs in the 
thermocline layer with a maximum velocity of 120 m 
during the peak of SEM from July to September (Apri-
ansyah et al., 2023; Gordon et al., 2019; Sprintall et 
al., 2019; Susanto and Ray, 2022). However, at depths 
below ~200 m the speed is stronger in the northwest-
ern monsoon from January to March.

3.1.2.2 Near surface circulation and its variability

IASL-2 route is situated in the deep passage of 
the main ITF pathway from Sulawesi Sea to Makas-
sar Strait and Flores Sea. Strong seasonal near-surface 
monsoonal wind-driven circulation modulates a per-
sistent southward thermocline layer along the route. 
Based on inter-annual time-scale, ENSO events im-
pacted ITF transport volume variability, which was 
much stronger transport during La Nina, and vice 
versa (Apriansyah et al., 2023; Atmadipoera et al., 
2009; Gordon et al., 2010, 2019; Pujiana et al., 2013; 
Sprintall et al., 2019) as shown in Figure 9. This was 
influenced by differences in sea level, particularly ob-
served in the western tropical Pacific. The pressure 
gradient from Pacific to Indian Oceans reduced during 
El Niño, compared to La Niña, where an increase was 
recorded in southward flows due to higher sea levels 
in the western tropical Pacific (Gordon et al., 2019; 
Sprintall et al., 2019). 

 Gordon et al. (2019) representing ~77% of the 
total Indonesian Throughflow, displays fluctuations 

over a broad range of time scales, from intraseason-
al to seasonal (monsoonal reported that seasonal and 
inter-annual shifts affected the position or latitude of 
North Equatorial Current (NEC) bifurcation which 
encircled the east coast of the Philippines. The occur-
rence of bifurcation at higher latitudes (northward) 
led to winter (southwestern Indonesia). El Nino caus-
es flows from Pacific Ocean to penetrate SCS through  
Luzon Strait (Mindano Current strengthens) and in-
creases the influence of water masses to reduce leak-
age currents into Sulawesi Sea and Makassar Strait. 
This leads to rainy season which also reduces the  
salinity on the surface, thereby affecting the direction 
of currents in Makassar Strait heading north. However, 
the occurrence of bifurcation at lower latitudes (more  
southerly), leads to a weaker Mindanao Current, caus-
ing the water mass from Pacific Ocean to directly flow 
across Makassar Strait. This has implications for in-
creasing the speed of ITF flow heading south through 
Bali Sea to Indian Ocean, experienced during summer 
(Indonesian SEM) and La Nina (Iskandar et al., 2023).

Intra-seasonal variability also effected the 
uniqueness of ITF flow in Makassar Strait, due to Kel-
vin Wave (KW) (Pujiana et al., 2013). According to 
Atmadipoera and Hasanah (2018), KW is an equatori-
al wave generated by strong westerly winds (western 
winds bursts) in the central region of Indian Ocean 
Equator during the transition season. These westerly 
winds produce strong currents at the equator heading 
east, crashing into (impinge) the mainland Sumatra 
and turning into coastally trapped KW (Kelvin waves 
trapped along the coast), while moving along West 
Sumatra to South Java, and entering Indonesian wa-
ters through ITF exit. Drushka et al. (2010) stated that 
there were approximately 40 incidents of KW enter-
ing Indonesian waters through ITF exit, namely Lom-
bok, Sumba, and Ombai Straits. Furthermore, KW 
intra-seasonal variability occurs within the range of 
35 to 90 days, in May or November, causing a strong 
transportation anomaly on ITF exit at depths above 
~300 m heading north (Drushka et al., 2010; Gordon, 
2005; Gordon et al., 2010, 2012; Ningsih et al., 2018; 
Sprintall et al., 2019; Syamsudin et al., 2004).

The continued waters of IASL-2 passes 
through Makassar Strait to East Java, West Flores, and 
Bali Seas. This sea triangle region has unique current 
characteristics due to ITF originating from Makassar 
Arlindo heading towards Indian Ocean through Bali 
Sea (Lombok Strait). In addition, 20% of the water 
mass heading east towards Flores Sea, prompts the ex-
istence of vortex currents (eddies) in North Bali and 
Kangean Islands (Atmadipoera and Hasanah, 2018). 
The influence of the monsoon winds on seasonal vari-
ability also affected the currents around the sea trian-
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gle often known as Indonesian Monsoon Current. In 
the southeast, monsoon causes an increase in water 
mass or upwelling around Java-Flores-Bali triangle 
water (Atmadipoera and Hasanah, 2018; Apriansyah 
and Atmadipoera, 2020). Figure 8 shows the impact 
of regional oceanographic phenomena, namely ENSO, 
and the presence of atmospheric dynamics, such as 
Madden-Julian Oscillation (MJO), on the vertical 
structure of Makassar ITF. These phenomena induces 
temperature variations in ISs (Lee et al., 2019), as well 
as in the vertical structure of water masses (tempera-
ture and salinity), thereby affecting the characteristics 
of acoustic propagation (Piété et al., 2013; Suharyo et 
al., 2018).

 
 
3.1.2.3 Sea bottom topography and underwater acous-
tics characteristics

Seabed topography in IASL-2 and IASL-3 
routes is characterized by complex gateways with sev-
eral narrow channels, sills, basins and straits connect-
ing deep and shallow seas of varying sizes (Gordon et 
al., 2010; Sprintall et al., 2019; Susanto et al., 2012). 
Geographically, IASL-2 is bounded on the northern, 
middle and western sides by Sulawesi Sea, Makassar 
Strait, including Sunda Shelf and Java Sea, respec-
tively. In the eastern and southern sides, it is bounded 
by Flores Sea, as well as Bali Sea and Indian Ocean, 
with a depth range and track length of ~ 0 to 5500 
and ~ 1292 km based on GEBCO data. At the entrance 

of IASL-2, precisely in the middle (Makassar Strait-
Flores Sea), there is a sill with a depth of ~700 m, 
often referred to as Dewangkang Sill, which divides 
ITF water mass into two lanes (Gordon et al., 2010). 
On the southern side (Bali Sea - Indian Ocean), an-
other sill with a depth of ~ 250-300 m to be precise 
often referred to as Nusa Penida Sill (NPS) was found 
around Lombok Strait (Karang et al., 2012; Susanto et 
al., 2005), as shown in Figure 9. 

Makassar Strait is the main channel or lane for 
the circulation of North Pacific Tropical Water Mass 
(NPW) at ~80% to Indian Ocean, crossing Indone-
sian waters transported in the range of ~12 to 13 Sv  
 

 

(Sprintall et al., 2019; Susanto et al., 2016). Accord-
ing to Badihi et al., (2022), the average speed of sound 
in Makassar Strait (IASL-2) ranged from ~1,544 m/s 
(surface) to ~1,464 m/s (bottom) during the east mon-
soon in July 2020. Agustinus et al. (2016), conducted 
research using ITF CTD dataset acquired in 1991, and 
2005, including Timit CTD dataset in 2015, and report-
ed that the speed of sound in Makassar Strait ranged 
from ~ 1470 m/s to 1540 m/s. At a depth of ~0-75 m 
which is a mixed layer, the speed is relatively constant 
due to sun penetration and wind stirring, while at a 
thermocline depth within ~100 to 300 m, a reduction 
in value was recorded due to an increase in salinity and 
a decrease in temperature (Agustinus et al., 2016; Ba-
dihi et al., 2022). The increase or decrease in salinity 

Figure 11. Schematic of sound speed stratification during the SEM period in IASL-2 section.
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value affects   the detection of the shadow zone region 
in Makassar Strait (Agustinus et al., 2016). This was 
based on the fact that the water mass transported from 
Pacific Ocean into Indonesian waters by ITF flow had 
high salinity value due to monsoon winds (Gordon et 
al., 2012; Purwandana, 2019; Sprintall et al., 2019). 
Iskandar et al. (2022) stated that the average speed of 
sound at Lombok Strait obtained from five CTD re-
search datasets was in ~ 1,504.47 and 1,540.36 m/s. 
From North to South, this strait had a characteristic 
water mass in the upper, middle and lower thermo-
cline layer of σ0 ~21-22.6 kg/m3, ~ 22.6-23.2 kg/m3, 
and ~ 23.2-27.7 kg/m3, respectively. Furthermore, the 
mass of water in the thermocline layer originated from 
NPSW entering Lombok Strait through the northern 
side (ITF originating from Makassar Strait) as proven 
by an average salinity value of 34.42 psu at a depth of 
~45 m. The standard range of salinity value obtained 
from measurements is 34.40 psu. Water masses in the 
lower thermocline layer originated from NPIW at an 
average depth of ~200 m with a salinity value of 34.68 
psu compared to a reference of 34.65 psu (Iskandar et 
al., 2022).

 

  
 
 
 Similar values as shown in Figures 10 and 
11 were obtained using WOD 2018 datasets to mea-
sure the speed of sound along IASL-2. These imag-
es depicted the influence of temperature variations, 
which had significant implications for the formation 
of acoustic phenomena in the water column. However, 
the following phenomena, shadow zone, surface duct, 
convergence zone, as well as Sound Fixing and Rang-
ing Channel (SOFAR)/Deep Sound channel, had been 
extensively investigated by diverse research (Agustin-
us et al., 2016; Badihi et al., 2022; Sinegar, 2020; Su-
haryo et al., 2018; Tsay, 2010). The detection of these 

regions was crucial for maritime activities, including 
naval defense systems (Hery et al., 2022; Putra et al., 
2022). The stratification of water column layers in 
Figure 10 of IASL-2, shows distinct variations based 
on temperature change criteria. During NEM period, 
MLD ranged from approximately 25 to 60 m and in 
SEM, it was within 20 to 55 m, depicting a shallow-
er depth of approximately 5 m. SEM period exhibited 
a prominent region on the southern side, specifically 
Lombok Strait-Indian Ocean region, as shown in Fig-
ure 11. 

The region is characterized by upwelling ac-
tivity during SEM period, occurring adjacent to the 
southern side of Indonesia (Wirasatriya et al. 2021). 
However, the thickness of thermocline layer depth 
(TLD) in IASL-2 ranged from approximately 75-125 
m to 150-350 m and was represented by the white 
line, due to the intensified ITF (Atmadipoera et al., 
2009, 2022; Gordon et al., 2019; Purwandana, 2019; 
Sprintall et al., 2019; Susanto et al., 2005, 2012, 2016; 
Wang et al., 2017). In the DLD depicted by the dashed 
yellow box, a prominent southward flow with a salinity  

value of approximately 34.56 psu was observed. This 
characteristic is associated with NPSW and NPIW 
water masses, which greatly influenced changes in 
IASL-2 column, due to increased ITF or other ocean-
ographic phenomena occurring simultaneously, such 
as ISWs and ENSO (Nagai and Hibiya, 2015; Nugro-
ho et al., 2018). Additionally, the changes have sig-
nificant implications for acoustic propagation. During 
NEM period, the sound speed profile tends to be in the 
range of approximately 1497 and1501 m/s, shifting to 
1503 and1513 m/s in SEM. These alterations affected 
the position of the positive and negative gradients of 

Figure 12. Temperature-Salinity diagram showing transformation of South and North Pacific water along the 
IASL-3 pathway from Atmadipoera et al. (2022).
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sound speed, as well as the shadow zone region, sur-
face duct, convergence zone, and deep sound channel 
along IASL-2 route. 

The intricate nature of the physical oceano-
graphic phenomena in IASL-2 water column, shown 
in Figure 9, needs to be considered. These phenomena 
comprise internal waves (Chonnaniyah et al., 2021; 
Gong et al., 2022; Purwandana et al., 2022, 2023; Ste-
panyants, 2021; Susanto et al., 2005), barotropic tidal 
currents (Nugroho et al., 2018), upwelling (Aprian-
syah et al., 2023; Wirasatriya et al., 2021), internal 
tides (Nugroho et al., 2018; Sprintall et al., 2019), in-
teractions between waves and the atmosphere, mixing 
processes, bottom frictions (Purwandana, 2019), ed-
dies (Apriansyah and Atmadipoera, 2020; Atmadipo-
era and Hasanah, 2018) and the propagation of inter-
nal waves and tides (Karang et al., 2012, 2020; Nagai 
and Hibiya, 2015; Nugroho et al., 2018; Purwandana 
et al., 2023). The equation for calculating sound ve-
locity profile (SVP) in the interior ocean is a function 
of temperature, salinity, and pressure (Fan et al., 2021; 
Firdaus et al., 2021b; Piété et al., 2013; Song et al., 
2021). The formation of underwater acoustic phenom-
ena and the consequences, which undeniably modify 
the temperature and salinity in each depth layer, are 
inextricably connected.

3.1.3 IASL-3 Route along the Eastern Archipelago 

3.1.3.1 Ocean stratification and water masses

The eastern route of ITF Line transports water 
masses of ~2.5 Sv (Gordon et al., 2010; Susanto et al., 
2016), and according to van Aken et al. (2009), it is 
responsible for transporting water from Pacific Ocean 
into IMC. This route starts in Maluku Sea, passing 
through Lifamatola Strait, Buru Strait, Banda Sea, as 
well as various narrow straits and gaps in Indonesian 
archipelago finally, ending in Indian Ocean. Figure 
13, shows it is referred to as IASL-3, and the result is 
consistent with (Gordon, 2005; Gordon et al., 2019) 
previous research which stated an extra route existed 
on the eastern side. This route allows the water mass 
from the southern Pacific Ocean, known as ITF, to en-
ter IMC through Halmahera Sea. Additionally, a por-
tion of the water mass flows back into Pacific Ocean 
through Maluku Sea, specifically Obi Strait, at depths 
ranging from approximately 50 to 200 m. The remain-
ing portion was transported to Banda Sea by passing 
through Seram Sea and Buru Strait, as shown in Fig-
ure 14. The characteristics of water masses originating 
from NP Ocean consisted of NPSW and NPIW, while 
SP Ocean, particularly SPSW, is characterized by high 
salinity ~34.7–35.5 psu and ~24.5-25.2 kg/m3 at the 
isopycnal and thermocline layer (Atmadipoera et al., 
2009; Harsono, 2011; Purwandana, 2019), respective-

ly, as shown in Figures 6 and 12. The Monterey+Le-
viticus MLD, with a sea surface temperature threshold 
of approximately 0.5°C, produced an estimated value 
of ~20-50 m for the entire IASL-3 trajectory due to 
seasonal variations shown in Figure 13b. This result 
was in line with several previous research (Badihi et 
al., 2022; Ismail et al., 2023; Mahardhika & Brodjo-
negoro, 2013; Radjawane et al., 2015; Zubaedah et al., 
2021), that the initial depth of TLD in IASL-3 was de-
termined by MLD lower limit of approximately 40 to 
60 m. The maximum TLD depth determined (Atmadi-
poera et al., 2022) based on CTD casting results of IN-
DOMIX cruise (Zubaedah et al., 2021) using CMEMS 
data, and (Firdaus et al., 2021b) seismic oceanography 
(SO) method, was approximately 200 to 300 m, with 
depth fluctuations reliant on seasonal variability. Fur-
thermore, DL region on IASL-3 route was determined 
by the depth estimate obtained from the lower border 
of TLD defined by stable temperatures. 

Maluku Sea served as a gateway to IASL-3 
and the eastern section of ITF track, exhibiting signifi-
cant vertical mixing dynamics in both space and time. 
This was mainly due to the vertical instability of the 
water column caused by the rupture of ISWs originat-
ing from Lifamatola Strait (Priyono et al., 2023). The 
presence of ISWs in Maluku Sea had been reported 
by previous research (Firdaus et al., 2021b; Purwan-
dana and Cuypers, 2022), which adopted sea surface 
temperature data and satellite imagery. According to 
Susanto and Ray, (2022), a significant mixing pro-
cess was observed from Maluku Sea to Lifamatola 
Strait. This activity was observed to be more intense 
during the east season by satellite photography. Nagai 
and Hibiya, (2015) and Nugroho et al., (2018) stated 
that the eastern part of Indonesia, namely the region 
along IASL-3 route, experienced significant internal 
tide generation. This phenomenon includes interaction 
with various types of terrain, characterized by fertili-
ty. However, the intricate layering of water masses in 
IASL-3 (Lifamatolla Passage, Buru, Seram, and Ban-
da Seas) provide suitable conditions for the genera-
tion and propagation of internal waves. The analyzed 
data from EJC 2022 was used to detect the presence 
of internal waves in the vicinity of IASL-3 passage, 
particularly in Buru Sea. The observed phenomenon 
is caused by the interplay between Buru Sill and the 
movement of ITF current, as it flows from Lifama-
tola towards Banda Sea. This occurrence was record-
ed in respect to the echo-sounder data in Figure 14 
(#5). Furthermore, a significant change was observed 
in Banda Sea with no water masses emanating from 
Pacific Ocean, depicting a strong mixing effect (At-
madipoera et al., 2022; Purwandana, 2019; Zubaedah 
et al., 2021). Zubaedah et al. (2021) designed a sche-
matic model for measuring the salinity and irregular 
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temperature movements, due to the influx and influ-
ence of fresh water and monsoon winds, respectively. 

The mixed seawater mass at a depth of 150 
m experienced a residence time (Atmadipoera et al., 
2022), and was temporarily reserved in Banda Sea be-
fore exiting to Indian Ocean. This was evidenced by 
certain characteristics such as salinity of ~34.2-34.5 
psu at isopycnal, with a relatively homogeneous value 
of 23.5-26.5 kg/m3 in thermocline layer (Atmadipoera 
et al., 2022; Purwandana, 2019). In addition, an up-
welling process or increasing water mass in the Ban-
da Sea (Gordon et al., 2010; Tristianto et al., 2021) 
was observed in April to October with a significant 
peak experienced in August. The average upwelling 
index is 1.86 m3/s, with an impact identified through 
cooler sea surface temperatures (SST) values reaching 
~26.79oC and high chlorophyll-a concentrations (Tris-
tianto et al., 2021). However, ENSO events, defined 
as the interaction between the ocean and atmosphere, 
also played a relatively important role in the stratifica-
tion of temperature and salinity in the west bank equa-
torial waters. Wang et al. (2019) conducted research 
on advanced simulations using Ocean General Circu-
lation Model (OGCM) for Earth Simulator (OFES). 
It was further stated that the water sources of Maluku 
and Halmahera Seas were affected by seasonal and in-
ter-annual timescales, at various vertical levels. The 
eastern Indonesian waters exhibited distinct seasonal 
patterns caused by the Asian monsoon. As a result, 
the waters below the surface (24.5σθ, at approximate-
ly 150 m) in both seas originated from SP during the 
winter monsoon (northwest monsoon). During sum-
mer monsoon (SEM), Maluku Sea receives water from 
NP, while a combination of water from NP and SP is 
deposited in Halmahera Sea. Furthermore, the influ-
ence of the monsoon weakens as depth increases in 
Maluku Sea. The intermediate water at approximately 
26.8σθ and a depth of 480 m consistently originated 
from the northern Banda Sea. During winter (north-
west monsoon) and summer (SEM), the water from 
Halmahera Sea is sourced from SP and Banda Sea, re-
spectively. The profound depths (27.2 σθ, at a depth of 
1,040 m) in both seas originated from the subpolar re-
gion, exhibiting slight seasonal fluctuations. The sub-
surface water in Maluku Sea originates from NP/SP 
annually, particularly during ENSO events, while in 
Halmahera Sea, it consistently emanates from SP. The 
intermediate water in Maluku and Halmahera Seas 
were derived from Banda Sea and SP. Additionally, 
the profound depths of both oceans originated from 
the subterranean source.

ENSO events cause the shallowing of the ther-
mocline depth, as well as increase or decrease rainfall 
in the equatorial region (Wang et al., 2017). The influ-

ence of rainfall and monsoon winds on Indonesian wa-
ters includes lower salinity, strengthened freshwater 
plug (Lee et al., 2019), and reduced transfer of Pacific 
warm pool west to Indian Ocean with potential feed-
back to ENSO. The sea surface layer receives less Pa-
cific heat, affecting surface temperature, including the 
pattern of heat and water vapor exchange within the 
atmosphere, thereby changing the vertical structure of 
the water column (Gordon et al., 2003). This also af-
fected the speed of sound and wave propagation which 
are sensitive to changes in temperature and salinity 
(Piété et al., 2013; Ruddick et al., 2009). Furthermore, 
the mass transport of water due to ITF changes the 
stratification of the water column and topographical 
complexity, namely straits and sills (Chonnaniyah 
et al., 2021; Du and Qu, 2010; Gordon et al., 2003, 
2019; Hinschberger et al., 2003; Ningsih et al., 2008; 
Purwandana and Cuypers, 2022; Susanto et al., 2005) 
causing Indonesia to become a hotspot for internal tid-
al generation (Nugroho et al., 2018; Purwandana and 
Cuypers, 2023).

3.1.3.2 Near surface circulation and its variability

 Van Aken et al. (2009) stated that ITF entrance 
in IASL-3 had a relatively similar trajectory depicted 
by the dash red box in Figure 13a. According to At-
madipoera et al. (2022), thermocline layer of Pacific 
Ocean, comprising both northern and southern regions, 
transports a significant volume of water through ITF. 
This water enters Indonesian territory from Halma-
hera Sea and then divides into two branches, with one 
flowing southeast through Seram Sea, and the other 
southwest through Buru Sea to Banda Sea. Mean-
while, Gordon (2005) stated that the circulation of ITF 
entered Maluku Sea through Lifamatola Passage and 
then converged in Buru Sea before flowing into Ban-
da Sea, as shown in Figure 14. The region exhibits a 
shallowness and depth contour of approximately 648 
m and 7 km, as denoted by locations 1 and 2 in the 
bottom panel of Figure 14. Yuan et al., (2022) stated 
that in Makasar Strait, the depth threshold of 648 m 
restricted Antarctic Intermediate Water (AAIW) with 
specific characteristics including potential tempera-
ture, salinity, and density in the range of 4°C to 6°C, 
34.1 psu to 34.5 psu, and 27.05 kgm−3 to 27.15 kgm−3, 
respectively, from reaching Indian Ocean. However, 
on the eastern side of Indonesia, Maluku Sea allows 
the passage of AAIW water masses. This region has a 
depth of 648 m and spans 7 km, with an average depth 
of 2000 m from Maluku Sea to Lifamatola Passage. 
AAIW water masses originated due to the movement 
of the intermediate western boundary current (WBC) 
from Pacific Ocean. It is transported by the current 
from the western equatorial Pacific to Seram-Banda 
Seas at depths ranging from 450 m to 1800 m. In addi-
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tion, the current contributed approximately 1.36 Sv to 
the overall ITF. Yin et al. (2023) stated that the aver-
age circulation and volume was equivalent to 1200 m 
of Maluku Sea. This was determined using multiyear 
current meter observations datasets from four moor-
ings in Maluku Channel and a synchronous mooring 
in Lifamatola Passage. The data showed that the av-
erage flow of water in the depth range of 60 to 450 
m tends to move northward towards Pacific Ocean, at 
an average transport rate of 2.07 to 2.60 Sv. The av-
erage southbound flow of WBC occurs in a depth of 
450 to 1200 m, passing through western Maluku Sea 
and connecting with the southerly flow in Lifamatola 
Passage. At this depth range, the currents in the cen-
tral-eastern Maluku Channel are tend to move north-
ward. This depicts the presence of a counterclockwise 
western enhanced gyre circulation in the middle layer 
of Maluku Sea. Based on budget analyses, the estimat-
ed average transport of the intermediate WBC was in 
1.83 and 2.25 Sv. This was balanced by three specific 
movements, first, a southward flow of 0.62-0.93 Sv 
of water into Seram-Banda Seas through Lifamatola 
Passage, second, a return flow of 0.97-1.01 Sv of wa-
ter back to the western Pacific Ocean through the cen-
tral-eastern Maluku Channel. Third, an extra amount 
of water which rises to the upper layer, joining the 
northward flow into Pacific Ocean. The circulation of 
the intermediate gyre was described by the limitation 
of potential vorticity (PV) integral in a partly restrict-
ed basin. Furthermore, the water currents in Maluku 
Sea, arose from ITF entrance through Halmahera, pre-
dominantly tending towards the southward direction. 
In the central region of Halmahera basin, the currents 
shifted towards an eastward direction. This change in 
direction was attributed to the interaction between the 
currents and the topography of the seabed, resulting in 
the formation of an eddy. As the currents exit Halma-
hera, the vector of the current diverges, with the up-
per layer mainly flowing westward, while the surface 
current experiences a strong southward flow, extend-
ing to a depth of 200 m. Subsequently, ITF traverses 
Seram Sea through Manipa Strait, with the prevailing 
oceanic current, characterized by a southward trajec-
tory, which undergoes a change in direction towards 
the northwest as it encounters a constricted passage. 
This alteration in course occurs in TLD, situated at 
a depth in the range of 20 to 200 m, and the speed of 
the current varies between 0.5 and 1 m/s (Atmadipoera 
et al., 2022). Figure 14, particularly the right panel, 
shows the topographic characteristics of the seabed in 
the eastern Indonesian waters, from Maluku to Buru 
Seas around ITF line. In addition, the presence of Obi 
Strait at the entrance to ITF has a significant influence 
on the flow of water masses from Pacific Ocean. This 
strait, located in Halmahera Sea, has an average depth 

of 1000 m in the surrounding waters. In accordance 
with the simulations conducted by OFES, the mean 
westward transport through Obi Strait had an esti-
mated 0.07 Sv and 0.04 Sv in the upper and middle 
layers, respectively. Similarly, HYCOM simulation 
suggested that the mean transport through Obi Strait 
was 0.24 Sv westward and 0.05 Sv eastward in the 
upper and middle layers (Yin et al., 2023; Yuan et al., 
2022), facilitating the reorientation of water masses 
in the direction of Pacific Ocean. This also included 
assembling water masses from Lifamatola Passage in 
Buru Sea prior to the convergence in Banda Sea. The 
figure showed that the potential occurrence of internal 
waves was associated with a relatively uniform topo-
graphic condition, where the deep sea gradually tran-
sitions into shallower depths on the opposite side. This 
was facilitated by the presence of ITF, flowing through 
a narrow passage either in the form of a stream or 
shallow extension of a contour. Additionally, Figure 
14 shows the existence of the threshold (sill) and cliff 
(shelf edge/slope), in numbers 3 and 4. On entering 
Banda Sea through Manipa Strait, a decrease in in-
tensity was experienced, characterized by an eastward 
flow ranging from 0.2 to 0.3 m/s, extending from the 
surface to a depth of 200 m. In the southern Banda 
Sea, a westward flow exhibited similar strength to the 
surface layer. However, at depths ranging from 100 to 
200 m, an eastward flow known as ITF, moves from 
Flores towards Timor passage. 

During SEM, an upper layer of clockwise cir-
culation is produced, as a result of two factors. These 
include the monsoonal winds exerting force in the cen-
tral and eastern Banda region, as well as the influence 
of the Coriolis effect at the western and southern lim-
its. Ombai Strait is widely recognized as a significant 
outlet for ITF (Atmadipoera et al., 2022), character-
ized by a prominent south-westward flow pattern. In 
this context, water originating from ITF in the regions 
of Flores and southern Banda was transported towards 
Savu Sea before being directed into Indian Ocean. ITF 
variability was observed in the western or main route, 
where currents flow over the thermocline layer con-
veying water masses from NPSW and NPIW through 
Sulawesi Sea and then into Makassar Strait exiting In-
dian Ocean through Lombok Strait. However, some of 
the water masses first reaches Flores and Banda Seas 
before finally exiting into Indian Ocean through Om-
bai Strait and Timor Passage (van Aken et al., 2009; 
Wattimena et al., 2018). ITF water mass entering In-
dian Ocean was characterized by unique tropical strat-
ification with a salinity of 34.6 PSU. This led to the 
cooling and refreshment of the tropical Indian Ocean 
and ITF (Atmadipoera et al., 2009; Gordon, 2005), 
and was expressed through the installation of buoys 
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Figure 13. (a) The IASL-3 route in the eastern Archipelago, from the Sawu Sea/Timor Sea/Arafura Sea to Banda 
Sea -  to Seram Sea - Maluku Sea/Halmahera Sea (left panel); and the eastern pathways of the ITF (Purwandana et al., 
(2020); van Aken et al. (2009)), which is similar to IASL-3 route (dashed red box) from the Arafura Sea to Banda Sea 
to Seram Sea (right panel). (b) The Monterey+Leviticus MLD, with a sea surface temperature threshold of around 0.5 
°C, yields an estimated MLD value of ~20-50 m for the whole IASL-3 trajectorys due to seasonal variations.

a b

b b
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in INSTANT program. The total transport from ITF 
exit to Indian Ocean through the main inlet, Makas-
sar Strait, was estimated to be 11.6 Sv (Gordon et al., 
2019; Sprintall et al., 2019). ITF current is stronger 
from August to December and weaker from March to 
May (England et al., 2014; Wattimena et al., 2018). 
Meanwhile, between the surface and 100 m depth, sea-
sonal variability tend to be properly represented in the 
main outlets of Lombok and Ombai Straits, as well as 
Timor Passage at maximum velocity (maximum trans-
port) during SEM (Atmadipoera et al., 2009; Iskandar 
et al., 2023). This is influenced by SEC (South Equa-
torial Current) and NECC (North Equatorial Counter 
Current) intensities increased during the boreal winter, 
and weaker during boreal summer in Pacific Ocean. 
Based on intra-seasonal time scales, ITF fluctuations 
are closely related to ocean-atmosphere dynamics in 
the equatorial region such as Madden Julian Oscilla-
tion (MJO), arrival of Indian Kelvin waves (Drushka 
et al., 2010; Pujiana et al., 2013; Syamsudin et al., 
2004) and Pacific Rossby, including Asia-Australia 
Monsoon. Considering the inter-annual time scale, 
ITF was also influenced by the dynamics of the sea-at-
mosphere interactions in Pacific and Indian Oceans, 
namely ENSO and Indian Ocean Dipole events (Gor-
don, 2005; Wang et al., 2017). Current fluctuations 
during longer periods, particularly annually, was 
closely associated with Monsoon sea-atmosphere dy-
namics, including the ENSO and IOD phenomena (At-
madipoera and Mubaraq, 2016; Susanto et al., 2012).

Suryadarma et al., (2023) designed a model 
simulation to prove that circulation was affected by 
the northwesterly monsoonal winds, during NWM 
season from December to February in IASL-3C par-
ticularly in Arafura Sea, and it also experienced maxi-
mum development. However, the southeasterly winds 
progressed strongly in SEM. The prevailing winds 
during the monsoon break emanated from the south-
east to east, with the movement of the shelf water in 
the same direction. In NMW, the predominant move-
ment of water was towards the east from Banda basin 
to Timor Sea. This led to the production of a clock-
wise circulation pattern inside Gulf. During SEM, a 
prevailing westward flow led to a counter-clockwise 
circulation in Gulf, as well as water exchange which 
occurred across Torres Strait. Gulf and Arafura Sea 
exhibited distinct dissimilarities in temperature and 
SSH (sea surface height) spatial patterns, accounting 
for 99.9% of the explained variance. These dissimilar-
ities were mostly observed at yearly and semi-annual 
timeframes. 

3.1.3.3 Sea bottom topography and underwater acous-
tics characteristics

The topographic conditions of IASL-3 depict-
ed the complexity of the water column phenomenon, 
including maritime activities, especially underwater 
navigation (Purwandana et al., 2023). In addition, the 
topographical characteristics of the seabed varies and 
is dominated by the deep sea, narrow straits or gaps 
on both the north and south sides, sea ridges and sills 
with a depth of ~0-7000 m, as well as the existence of 
oceanographic phenomena shown in Figure 15. ITF, 
passing through the east or secondary trajectory, inter-
sects with IASL-3, originating from Maluku Sea (Li-
famatola passage) - Seram Sea, regarded as an exten-
sion of the equatorial current south of Pacific Ocean. 
It enters Indonesian waters through deep layer (DL), 
near the bottom of Maluku Sea, flowing to the south 
towards Seram Sea (van Aken et al., 2009), and then 
divides into three lanes around Buru and Banda Seas 
in Figure 13. The division of IASL-3 comprised IASL-
3A (Banda Sea to Ombai Strait), IASL-3B (Banda Sea 
to Leti Strait, east side of Wetar Island), and IASL-3C 
(Banda Sea to Tanimbar Strait).

Hinschberger et al. (2003) conducted research 
on the sea bottom topography of IASL-3, and stated 
that the seabed in Sahul region mainly comprised of 
hard rock. Based on data from ISs maps and geologi-
cal geospatial information, these waters also contained 
seabed substrates such as coral, sediment, silt, or a 
combination of the substances. The depth of the sea 
topography in IASL-3A varied between 50 and 5400 
m, with a path length of 2250 km. While in IASL-
3B, it ranged from 20 to 5300 m, with a path length 
of 1900 km. The topographic depths in IASL-3C was 
within 40 to 7300 m, with a path length of approxi-
mately 1940 km. In the Maluku Sea, the IASL-3 route 
had a depth within the range of 648 m among ~3000 
m. Lifamatola Passage was characterized by a sill with 
a depth of more than 2000 m (Yin et al., 2023; Yuan 
et al., 2022). Additionally, Buru Sill has a depth of 
approximately 165 m, as shown in Figure 14 (#5). EJC 
2022 data showed IASL-3A route extended through 
the eastern part of Flores Sea. During the survey, un-
derwater formations known as Nieuwerkerk and Em-
peror of China (NEC) seamounts were identified using 
multibeam echo-sounder technology with a total area 
of 2,416 km2 and a peak elevation of 3,460 m above 
the seabed, with depth of 357 m below the ocean sur-
face. Furthermore, a sill with a depth of approximately 
990 m was discovered in Ombai Strait, as represented 
on ISs map. In accordance with data from EJC 2023, 
seamounts were observed at a depth of 260 m on the 
eastern side of Wetar Island, precisely in Leti Strait, 
near IASL-3B exit. The shallowest depth in IASL-3C 
region, which ranged from 30 to 50 m, was found near 
Arafura Sea up to the boundary with Torres Strait in 
Australia. However, the deepest depth was detected in 
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Figure 14. Schematic ITF circulation in the Indonesia Seas (Gordon, 2005) (upper panel), where red number of 1-4 
on the map denotes for enlarging bathymetric map, based on Electronic Navigation Charts (ENC) map ID #202941 
(Pushidrosal, 2021), and a three-dimensional topographic map from GEBCO dataset (lower panel).  Bathymetric 
maps present on the ENC map in the Halmahera Sea to the Maluku Sea (Pushidrosal, 2021) (#1 and #2), the Maluku 
Sea and Lifamatola Passage (#3), and the Buru Sea (#4 and #5).
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 Figure 15. Cross-section of bottom topography and schematic processes and dynamics of oceanography along the 
IASL-3A (upper panel); IASL-3B (middle panel); and IASL-3C (bottom panel).
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Banda Sea, specifically in Banda/Webber Trench. Bird 
et al. (2019) New Guinea and the Aru Islands joined 
at lower sea levels stated that this geological compo-
sition played a significant role in the development of 
Sahul region. Additionally, the positive SVP gradient 
with value equivalent to the seafloor topography was 
detected in all regions. In Figures 16 and 17, IASL-
3 facilitated the occurrence of acoustic phenomena, 
particularly in the convergence zone. The distant de-
tection of objects in a given region, facilitated by the 
visual characteristics, was determined by the reflec-
tions and propagation patterns of sound waves from 
the seafloor. These patterns were also influenced by 
the positive values of sound gradient (Sinegar, 2020).

 

 
 

A comparative analysis of SVP along IASL-
3A is shown in Figure 16, with the upper panels im-
plying that at a depth of 450-2500 m (represented by 
the white box), the flow of DL currents tend to be 
more prominent and relatively less intense during 

SEM and NEM periods, respectively. These periods 
are consistent with the amplification of ITF flow sig-
nal in Indonesia (Atmadipoera et al., 2022; Sprintall et 
al., 2019), implying that SEM period had a higher ITF 
transport volume (Wattimena et al., 2018). At depths 
ranging from 0 to 400 m, SVP value of approximately 
1,500 to 1,550 m/s in SEM (represented by the black 
line) is shallower compared to NEM (represented by 
the white line). This phenomenon was attributed to the 
influence of sunlight radiation intensity and the shal-
lowing of thermocline layer (Zubaedah et al., 2021). 
The intensified monsoonal winds (Atmadipoera et al., 
2022) in Banda Sea contributed to the effect. Agusti-
nus et al. (2023) stated that NPW mass exhibited a  
 

 
 
 
lower disparity in SVP values, both from eastern 
and western regions. There was a greater disparity 
in SVP values of the water masses from SP, particu-
larly those originating from the western region. The 
results showed the existence of a direct correlation 

Figure 16. Comparison of sound speed stratification along IASL-3A during the SEM and NWM period (top panel); 
sound speed at depth 0-400 m (a); depth 450-2500 m (b); and depth 2550-5500 m (c).
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between temperature and SVP, implying that an in-
crease in temperature also influenced SVP. An inverse 
correlation existed between salinity and SVP, showing 
that an increase in salinity decreased SVP. During the 
northwest monsoon, the surface layer of Maluku and 
Halmahera Sea regions were predominantly composed 
of SP water masses, which were comparatively warm-
er and had low salinity. However, during SEM, Ma-
luku Sea received water with relatively high salinity 
from NP, while Halmahera Sea constituted a mixture 
of water from NP and SP. This was due to the fact 
that IASL-3 region was influenced by water masses 
originating from Pacific Ocean, and also associated 
with ITF. During northwest monsoon, Halmahera Sea 
was supplied by SP in the intermediate layer. In SEM, 
the Banda Sea served as the main source, and the cur-
rents at various depths showed distinct velocities and 
directions, thereby influencing the physical properties 
of water masses namely temperature, salinity, and cur-
rent (Wattimena et al., 2018). At depths ranging from 
450 to 2500 m, variations in SVP values, specifically 
the change in peak of approximately 1490 m/s, was 
significantly impacted by the presence of high or low 
currents in DL. In the lower depths of the ocean, pre-
cisely above 2500 m from the seabed, SVP was in 
a consistent range of approximately 1,500 to 1,550 
m/s. This similarity was observed during SEM and 
NEM periods, and was caused by the relatively con-
stant temperature in this layer. Consequently, the deep 
sound channel axis remained relatively stable across 
different seasons, and due to the deepening (shallow-
ing) of stratification in each layer of the air column, 
a change was detected in the saddle pattern of SVP 
propagation in the water column (Tsay, 2010) around 
IASL-3 region, as shown in Figure 17.

 
 
 

IASL 
number

Distance (km) Depth range (m) Sound speeds range (m/s)

1 1500  45 – 1750 1485 – 1548

2 1292 100 – 5500 1464 – 1544

3 2250 200 – 7000 1470 – 1557

 
3.2 Discussion
3.2.1 Underwater acoustics characteristics along iasls 

IASL-1 is generally shallower than IASL-
2 and IASL-3, particularly in territorial, inland, or 
marginal seas. The oceanographic phenomena that 

occurred in IASLs were influenced by water masses 
transported by ITF from Pacific to Indian Ocean. Ad-
ditionally, the variability of the sea-atmosphere inter-
action was influenced by seasonal winds and IOD for 
IASL-1. In IASL-2 and IASL-3, an additional direct 
implication of ENSO, correlated with acoustic propa-
gation patterns. The most significant findings in IASL-
1 was the back and forth movement of ITF at Sunda 
Strait egress. Furthermore, a distinct oceanographic 
dynamic was governed by the water inflow from the 
adjacent islands (Sumatra and Kalimantan/Borneo Is-
lands), with variations determined by monsoon winds. 
ITF and the ocean-atmosphere phenomena occurring 
in Pacific regulated IASL-2. Meanwhile, IASL-3 was 
governed by the oscillatory dynamics of deep ocean 
currents, interacting with the bottom topography 
through internal tides and vigorous mixing processes. 
Based on the proposed hypothesis, specific oceano-
graphic characteristics in IASL-1 include the reversal 
movement of ITF in Sunda Strait, fresher IASL-2 ITF 
Makassar stream, and IASL-3 deep sea current flow. 
However, the underwater acoustics that appeared only 
in IASL-1 was the shadow zone, IASL-2 deep sound 
channel, and IASL-3 deep sound channel and conver-
gence zone. 

The speed of sound in IASLs waters were 
strongly influenced by the presence of oceanographic 
phenomena in the water column, as shown in Figures 
4, 9, and 15. Based on data analysis and previous re-
search in Table 1, the speed of sound remained constant 
in mixed layer at depths of ~0-75 m, during seasonal 
periods (Agustinus et al., 2016; Badihi et al., 2022), 
due to sun penetration and wind stirring. However, at 
thermocline depth of ~ 100 – 300 m, there was a re-
duction in the speed of sound in the mixed layer due  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
to an increase in the value of salinity and a decrease in 
temperature with depth (Agustinus et al., 2016; Badihi 
et al., 2022). The increase or decrease in the salinity 
value affected the detection of   the shadow zone region 
in Makassar Strait (Agustinus et al., 2016). This was 
caused by monsoon winds and the presence of water 

Table 1. Sound speed range in the IASL region, based on the past studies (e.g., Agustinus et al., 2016; Badihi, 
2021; Mahardhika and Brodjonegoro, 2013) and from this study.
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masses with high salinity value from Pacific Ocean 
transported by ITF into Indonesian waters (Badihi 
et al., 2022; Gordon et al., 2019; Purwandana, 2019; 
Susanto et al., 2012).

The fundamental connection in understanding 
the oceanographic characteristics in Figures 4, 9, and 
15 showed that IASLs waters was closely related to the 
propagation and acoustic impedance (Firdaus et al., 
2021b) of the equipment used for submarine naviga-
tion activities and the collection of hydrographic data 
(bathymetry data). This included the occurrence of In-
ternal Waves (IWs) in ISs, one of the causes of sink-
ing the submarine (Purwandana et al., 2023), quality 
of bathymetry information (Hamilton and Beaudoin, 
2010; Marwoto, 2015), changes in temperature, salini-
ty and density in the water column (Purwandana et al., 
2022; Stepanyants, 2021). The acoustic equipment de-
pended on both the fast and slow propagation of sound 
waves in the water column, related to the function as 
a reference for maneuvers and feature detection either 
in the water column or on the seabed. The occurrence 
and connections of oceanographic phenomena in ISs 
requires a thorough investigation of the diverse prop-
erties, urgently needed to enhance the safety of under-
water navigation and bathymetry data.

 This current research focused on IASL-2, due 
to the rationale behind the decision to relocate the cap-
ital city of Indonesia to East Kalimantan. This deci-
sion is rooted in the strategic considerations outlined 
in Indonesian Law No. 3 of 2022, pertaining to the 
National Capital City. East Kalimantan is situated in 
the jurisdiction of IASL-2, a region characterized by 
high concentration of global maritime trade and mil-
itary operations (Hery et al., 2022; Saunders, 2018; 
Sutton, 2020). Moreover, extensive research efforts 
had been directed towards exploring the waters sur-
rounding East Kalimantan, further investigating the 
significance in terms of trade and military activities. 
In the field of oceanography, IASL-2 trajectory was 
identified as the most strategically significant mar-
itime axis channel. This was realized from previous 
research (Gordon, 2005; Gordon et al., 2010, 2019; 
Sprintall et al., 2019), which provided a reliable es-
timate of the total transport based on direct mea-
surement during INSTANT activities (Susanto et al., 
2012). The estimation of flow patterns and water mass  
characteristics from Pacific Ocean were validated  
using numerical simulation. In addition, these findings  
were consistent with the results of simulation obtained 
in previous research (Atmadipoera et al., 2009; Pur-
wandana, 2019; Atmadipoera and Mubaraq, 2016). 
The speed of sound (Agustinus et al., 2016; Badihi et 
al., 2022), showed favorable conditions for navigation 
in this channel. Preliminary research suggested a rel-

atively low intensity of internal wave features. IASL-
2 trajectory offered sufficient bathymetric depth for 
submarine navigation, despite the relatively short path 
length, measuring approximately 1292 km. This cri-
terion was suitable for navigational efforts pertaining 
to submarines traversing IASL-2. The current scenario 
differed from IASL-1 due to the presence of a rela-
tively shallow bottom topographic depth, measuring 
less than 75 m. Consequently, the limitation restricted 
the feasibility of submarine maneuvering activities in 
this region. The presence of several regions on IASL-
3 that generate internal waves, as shown in Figure 18, 
posed a significant risk to submarine navigation ac-
tivities, exemplified by KRI Nanggala 402 incident 
(Purwandana et al., 2023; Stepanyants, 2021; Wang 
et al., 2022).

The provision of navigation security and safe-
ty measures to facilitate suitable and sustainable ma-
rine activities is of utmost importance. It is also crit-
ical to ensure the consistent upkeep of IASLs region, 
with particular focus on IASL-2. The successful in-
vestigation of this phenomena necessitated the back-
ing of extensive and enduring research efforts, particu-
larly in the aspect of monitoring the various properties 
of water masses such as temperature, salinity, density, 
and velocity. These data were correlated in respect to 
the phenomenon under investigation. The main focus 
is the acoustic propagation, specifically the speed of 
sound, in the water column. This comprised the ex-
amination of phenomena namely the density of the 
shadow and convergence zones. Sprintall et al. (2019) 
proposed a framework that outlined the relevant ac-
tivities used to investigate the properties and mixing 
dynamics of water masses. These activities included 
deploying moorings in constricted regions (narrow 
strait or chokepoint), conducting transects using CTD 
or XBT (Expandable Bathy Termograph) equipment, 
and performing microstructure measurements with a 
vertical microstructure profiler (VMP). 

There is need to conduct current measure-
ments, collect water column, and bathymetry/depth 
data using mobile vessels with ADCP (Atmadipoera 
et al., 2022; Lien et al., 2014) and echo-sounder (mul-
tibeam/singlebeam) (Colbo et al., 2014). These activ-
ities need to be effectively performed in conjunction 
with security patrol operations conducted by the appro-
priate authorities, such as the navy. According to Putra 
et al. (2022), the inclusion of seismic oceanographic 
methods, which had experienced significant advance-
ments in recent years, also needed to be examined. 
Song et al. (2021) stated that the use of seismic data to 
uncover physical oceanographic phenomena in Indo-
nesia remained constrained. Therefore, the use of this 
method requires meticulous observation and analysis. 
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Figure 17. Comparison of sound speed stratification along IASL-3B (top panel) and IASL-3C (bottom panel) in the 
SEM and NWM periods.

Figure 18.  Schematic distribution of generating and propagating internal tidal waves region, such as in, a) North 
Aceh Waters (Andaman Sea) (after Prasetya et al., 2021; Sun et al., 2021; Vlasenko and Alpers, 2005); b) Bali Waters 
(Lombok Strait) (after Chonnaniyah et al., 2021, 2023; Gong et al., 2022b, 2022a; Karang et al., 2012; Ningsih 
et al., 2010; Purwandana et al., 2021a, 2023; Situmorang et al., 2022; Stepanyants, 2021; Susanto et al., 2005; 
Syamsudin et al., 2004, 2019; Wang et al., 2022a); c) Sulawesi Waters – Makasar Strait (Mangkaliat Cape) (after 
Apel, 2004; Fajaryanti et al., 2018; Hermansyah, 2018; Nagai and Hibiya, 2015; Nugroho et al., 2018; Purwandana, 
2019; Purwandana et al., 2022); d) Sawu Sea - Sape Strait (after Drushka et al., 2010; Karang et al., 2020); e) Banda 
Water – Ombai Strait (after Atmadipoera et al., 2022; Mitnik and Dubina, 2009); f) Maluku Waters (Seram Sea – 
Buru Sea) (after Apel, 2004; Firdaus et al., 2021; Purwandana and Cuypers, 2022), and g) Halmahera Sea – North 
Papua Water (Waigeo Sea) (after Wirda and Manik, 2016).
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Media Indonesia (2020) conducted a seismic survey 
and reported that significant portion of maritime re-
gions in Indonesia, particularly IASLs, had undergone 
seismic data gathering activities. Similarly, Susanto 
et al. (2005) and Syamsudin et al. (2019) conducted  
research using acoustic equipment to detect the pres-
ence of internal waves in Lombok Strait. In order to 
enhance the security and defense sector, there is need 
to deploy acoustic equipment, specifically acoustic to-
mography, at the entrance or exit of IASL-2. Hery et 
al. (2022) stated that the use of unmanned underwa-
ter equipment (sonoboy and autonomous underwater 
vehicle-AUV) further contributed to this objective. 
The application of diverse methods in IASLs monitor-
ing facilitates the dissemination of geospatial data in 
the marine cadaster (Kurniawan et al., 2023) or Twin 
Ocean databases. This contributed to the incorporation 
of multiple dimensions in the formulation of regula-
tions and policies, thereby fostering enhanced security 
and safety measures for marine activities, particularly 
in the context of IASL-2.

4. Conclusion
 In conclusion, the stratification and distribution 
of water masses in IASLs was significantly influenced 
by ITF from Pacific to Indian Ocean, topographic com-
plexity, sea and air interactions. The diverse water col-
umn oceanographic phenomena were the main factors 
in monitoring acoustic propagation. This was due to 
changes in water mass characteristics that influenced the 
formation of ocean layers. However, underwater acous-
tic propagation in IASLs region were recognized by 
the occurrence of the shadow, and convergence zones, 
including SOFAR deep sound channel. IASL-1 entry 
portal in the southern and northern regions showed the 
emergent SOFAR channels. Furthermore, the shadow 
zone and existence of SOFAR deep sound channel in 
IASL-2 and IASL-3 routes were prompted by the sad-
dle SVP pattern. The seasonally and inter-annually vari-
ability due to variations in seawater properties played 
an important role in SOFAR channel appearances in 
IASLs. Meanwhile, the complexity of seabed substrates 
and the diverse oceanographic events (both process-
es and impacts) spatially and temporally, were closely 
associated with the maritime activities. This led to the 
need for a sustainable, systematic and comprehensive 
in-situ mapping, and data collection to comprehend the 
oceanographic characteristics and diverse implications 
specifically for sound propagation, as well as assist in 
developing maritime policies and strategies, while fo-
cusing on the necessity of implementing sustainable 
marine geospatial data.
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