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Ombai and Timor outflows of
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The Lombok Strait (LS), Ombai Strait (OS), and Timor Passage (TP) are threemajor

outlets of the Indonesian Throughflow to the Indian Ocean. Here, sources and

pathways of the LS, OS, and TP outflows are explored by a Lagrangian particle

tracking analysis based on a ~3 km regional ocean model simulation. The

Makassar Strait transport contributes to ~80%, ~75%, and ~45% of the LS, OS,

and TP outflows, respectively. However, ~41% and ~19% of the TP and OS

outflows stem from the Lifamatola Passage, which largely feeds the upper and

intermediate layers of the outflows. The role of Karimata Strait is quite limited and

restricted to the upper layer. It takes 1-2 years and 2-6 years for the Makassar

Strait water to reach the OS and TP, respectively, whereas the Lifamatola Passage

water passes through the OS (2-6 years) and TP (3-9 years) on a prolonged transit

time. In the Banda Sea, the western boundary current is themain pathway toward

the OS, while the waters to the TP tend to take a basin interior route.

KEYWORDS

the Indonesian throughflow, Indonesian seas, lagrangian particle tracking, Makassar
strait, Lifamatola passage
1 Introduction

The low-latitudes Pacific Ocean water can penetrate to the Indian Ocean through the

Indonesian Seas (Wyrtki, 1961; Gordon and Fine, 1996; Hautala et al., 1996). This

connectivity fundamentally affects the heat and freshwater budgets and air-sea heat

fluxes of the Pacific and Indian Oceans and behaviors of the El Niño/Southern

Oscillation (ENSO) and Asian monsoons (Godfrey, 1996; Wajsowicz and Schneider,

2001; Lee et al., 2002; Vranes et al., 2002; Taufiqurrahman et al., 2020). In the

Indonesian Seas, the Pacific-origin water follows complex pathways and exits through

three major outlets, i.e., the Lombok Strait (LS), Ombai Strait (OS), and Timor Passage

(TP), forming a relatively stable transport of >10 Sv known as the Indonesian throughflow

(ITF; Wyrtki, 1961; Fieux et al., 1994).

Pathways of the ITF within the Indonesian Seas are divided into three major routes: the

shallow western route through the Karimata Strait (Qu et al., 2005; Qu et al., 2006; Tozuka
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et al., 2009; Fang et al., 2010; Gordon et al., 2012; Susanto et al.,

2012; Susanto et al., 2013), the central route through the Makassar

Strait (Gordon and Fine, 1996; Wajsowicz, 1996; Susanto and

Gordon, 2005; Pujiana et al., 2009; Gordon et al., 2010) with a sill

depth of ~680 m (Gordon et al., 1999; Gordon et al., 2003; Qu et al.,

2009), and the deeper eastern route through the Lifamatola Passage

and Halmahera Sea (Van Aken et al., 2009; Wang et al., 2018; Wang

et al., 2019; Yuan et al., 2022). Makassar Strait transport accounts

for 77% of the thermocline-intensified ITF (Gordon and Fine, 1996;

Gordon, 2005; Gordon et al., 2008; Gordon et al., 2010), while the

Lifamatola Passage east of Sulawesi serves as a main path for the

intermediate and deep Pacific Ocean waters to the Indonesian Seas,

giving rise to a deep-layer branch of the throughflow (Miyama et al.,

1995; Van Aken et al., 2009; Wang et al., 2018; Wattimena et al.,

2018). In comparison, the Karimata Strait is supposed to have a

smaller contribution to the total ITF transport (Wang et al., 2006;

Susanto et al., 2013), although with a notable impact on the ITF’s

seasonal and interannual variability (e.g., Qu et al., 2006; Gordon

et al., 2012; Lee et al., 2019). Despite existing knowledge,

quantitative understanding of the water partition among these

pathways remains lacking.

The Makassar Strait, as the leading source, feeds all the major

flow pathways out of the Indonesian Seas. There is a short conduit
Frontiers in Marine Science 02
from the Makassar Strait to the LS with identifiable Pacific-water

signatures and a lengthened path toward the TP with water

properties modified by mixing (Figure 1; Atmadipoera et al.,

2009). The Lifamatola Passage ventilates the intermediate water of

the Banda Sea, which exits through the OS and TP (Gordon and

Fine, 1996; Molcard et al., 2001; Gordon, 2005). The lack of LS

destination of the Lifamatola Passage water is likely caused by the

blocking of the shallow Dewakang Sill in the southern Makassar

Strait (Gordon et al., 2003). The Karimata Strait throughflow

provides the low-salinity surface water and attenuates the surface

ITF during the boreal winter via a “freshwater plug” at the southern

tip of the Makassar Strait (Lebedev and Yaremchuk, 2000; Qu et al.,

2005; Tozuka et al., 2007; Fang et al., 2009; Qu et al., 2009; Gordon

et al., 2012).

Pathways of the ITF water within the Indonesian Seas are

important in many senses. For example, by transporting nutrients

and dissolved oxygen, the pathways are essential in supporting

marine ecosystems and the biodiversity pattern of the Coral

Triangle (Sprintall et al., 2014), affecting the behavior, migration

pattern of the fish species (Sprintall et al., 2019) and the food supply

and livelihood of the surrounding countries. In addition, the

outflows at the LS, OS, and TP are different in vertical structures

and water properties (Atmadipoera et al., 2009; Sprintall et al.,
A
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FIGURE 1

(A) Full-depth averaged ocean current vectors (cm/s) and magnitude (m/s), along with the annual climatological velocity (m/s) sections at the (B)
Karimata Strait, (C) Makassar Strait, (D) Lifamatola Passage, (E) Lombok Strait (LS), (F) Ombai Strait (OS), and (G) Timor Passage (TP), derived from
the ~3 km ROMS simulation.
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2019) and exert complex impacts on the thermocline layer structure

of the ITF, the circulation pattern, and the biogeochemical cycles of

the Southeast Indian Ocean. With these regards, water sources and

pathways of the LS, OS, and TP outflows are worthy of in-

depth investigation.

This study attempts to understand sources and pathways of the

ITF outflow by conducting Lagrangian particle tracking analysis

using three-dimensional ocean velocity fields derived from a ~3 km

regional ocean model simulation. The water through the Karimata

Strait, Makassar Strait, and Lifamatola Passage (extended eastward

to include the inflows from the Halmahera Sea) are considered as

candidate water sources for the LS, OS, and TP outflows (Figure 1).
2 Model and data

2.1 Model

Three-dimensional velocity fields are simulated by the Regional

Ocean Modeling System (ROMS), which is a state-of-the-art

hydrostatic, primitive equation ocean model that implements a

free-surface, a vertical terrain-following coordinate system, and

horizontal curvilinear coordinate (Haidvogel et al., 2000). In this

work, the model covers a domain between 69°-165°E and 21°S-51°N

with a ~3 km horizontal resolution and 50 terrain-following layers.

The model topography is extracted from a combination of Earth

topography one-minute and five-minute resolutions, along with

manually smoothing and adding part of islands (Shchepetkin and

McWilliams, 2005). The model is driven by the climatological

monthly open boundary conditions from the Hybrid Coordinate

Ocean Model datasets (Bleck et al., 2002) and the climatological

initial conditions from the World Ocean Atlas 2013 dataset

(Locarnini et al., 2013), involving the current, temperature and

salinity information. The monthly climatology mean heat flux, wind

stress, and freshwater flux are derived from the Comprehensive

ocean-Atmosphere Data Set (Diaz et al., 2002). The Smagorinsky

and K-profile parameterization schemes are adopted to obtain the

horizontal and vertical eddy viscosities, respectively. The model is

forced by 10 tidal constituents originating from the TPXO8 (Egbert

and Erofeeva, 2002). A spin-up integration of 15 years was

conducted under monthly climatology forcing fields and open

boundary conditions, in which the climatological three-

dimensional velocity fields in the last year, stored as a 5-day

average, are to be used to track the ITF water. Detailed

descriptions of the model configuration have been provided by

Gao et al. (2022).

The ROMS simulation analyzed here is updated from that of

Gao et al. (2022) by slightly modifying the land-sea geometry to

improve the representation of ITF. Intense tidal mixing in the

Indonesian Seas is shown to modify the temperature-salinity

properties of the Pacific water (Iskandar et al., 2023). As such,

internal tides are identified as the leading driver for the water mass

transformation (Koch-Larrouy et al., 2008). The simulated

amplitude and phases of the major tidal constituents M2 and K1

by ROMS are well matched with the TOPEX/POSEIDON crossover

data from Robertson and Ffield (2008), with a high correlation
Frontiers in Marine Science 03
(Figure S1). The passage transports have been verified in our

previous study (Gao et al., 2022), and further validations relevant

to the critical straits are here. The along-strait velocity observations

of the LS and TP are well reproduced by ROMS, although the OS

overflow from July to August and the southward Makassar flow

from 200 to 600 m are slightly underestimated (Figures S2, S3). The

Makassar Strait features a three-layer vertical structure, yielding a

volume transport of 15.41 Sv close to observations (Figure 1;

Sprintall et al., 2009). Along this velocity section, the southward-

flowing water will either pass through three outlet straits or reside in

the Indonesian Seas. It’s hard for the climatology northward-

flowing water to be tracked as source water and affect the ITF

outflow. The western intensification of LS, the southern

intensification of OS with the upper opposite south-north

currents, and the surface-intensified TP are well represented,

resulting in similar estimates of 2.69, 4.92, and 7.96 Sv as

observations (Hautala et al., 2001; Liang et al., 2019). These

comparisons, combined with previous validations, suggest that

ROMS simulation is suitable for our analysis.
2.2 CMS Lagrangian analysis

The Connectivity Modeling System (CMS) version 2.0 (Paris

et al., 2013) is applied to Eulerian three-dimensional velocity fields

to conduct a Lagrangian description through the offline backward

tracking of the particles in time. A fourth-order Runge-Kutta

scheme is used for time stepping, in which particle trajectories are

interpreted as stream tubes to warrant the tagged transport as a

constant during transit owing to the nearly incompressible nature of

seawater (Blanke and Raynaud, 1997). An individual particle can be

initially tagged with a particular volume transport that keeps

constant both forward and backward in time. Therefore, the

Lagrangian connectivity is quantified by summing the

infinitesimal transports of the particles passing through

the predefined sections, and the CMS tracking algorithm is an

efficient tool for estimating the water transport. The CMS can

augment specific features by adding different modules, extensively

enhancing its application (Weijer et al., 2012; Qin et al., 2014; van

Sebille et al., 2014; Cheng et al., 2016). The turbulence and vertical

mixing (mostly tides) in the Indonesian Seas are of importance to

ocean circulation and volume transport and transit time of the ITF

(Ffield and Gordon, 1992; Qu et al., 2009). Hence, it is essential to

turn on the CMS turbulent module that can introduce random

perturbations into the particle trajectories to modulate the water

movement. More details regarding CMS turbulent mixing can refer

to Brickman and Taylor (2007) and Guo et al. (2023).
2.3 Experiments

For ROMS simulation, the particles are seeded at all model grid

cells over the whole water column along the initial sections of the LS

(115.7-116.0°E, 8.4°S), OS (123.8°E, 8.4-10.0°S), and TP (124.5°E,

10.0-13.0°S) at 5-day intervals for a quasi-steady period of 1 year

(Figure 1). With the opening of the CMS turbulent module using a
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typical diffusivity coefficient of 0.1 m2 s-1 and a perturbation

frequency of one time-step (Cheng et al., 2016; Guo et al., 2023),

each grid point possesses 10 members to quantify the potential

uncertainty by the inter-member spread. There are a total of

113860, 837920, and 2065170 particles released in the LS, OS, and

TP, respectively. Each particle is assigned a partial transport

representing the volume flux through the grid cell. All particles

are tracked backward for 20 years by repeatedly looping three-

dimensional velocity fields derived from the last year of the 15 years

integration, following previous practices (van Sebille et al., 2012;

Rühs et al., 2013; Durgadoo et al., 2017). Particle positions are

stored every 2 days.
3 Results

3.1 Water sources

The sources of LS, OS, and TP outflows are first examined

(Figure 2). As soon as the water passes the Karimata, Makassar, and

Lifamatola sections or enters the Indian Ocean across the repeated

expendable bathythermograph IX1 line, the tracking is terminated.

The mean transport of the Makassar Strait into the LS is 2.15 Sv

based on the ensemble mean of 10 members, along with an

uncertainty of ~0.01 Sv. Thereby, the Makassar Strait origin is

able to account for the LS transport of up to ~80.0%, illustrating its

dominant role (Figure 2A). The Karimata Strait origin is of

secondary importance, explaining ~8.2% of the outflow (0.22 ±

0.01 Sv), while the remaining outflow of the LS (~11.9%) is

extracted from the interior of Indonesian Seas. Note that the

source water of Lifamatola Passage fails to the LS, as previously
Frontiers in Marine Science 04
analyzed (Gordon et al., 2003). The leading entrance channelling

the Pacific water through the OS is the Makassar Strait, transporting

an outflow of 3.68 ± 0.02 Sv (~74.8%; Figure 2C). The Lifamatola

Strait is identified as another critical source, providing the transport

of 0.91 ± 0.01 Sv (~18.5%), whereas the Karimata Strait (~1.4%) and

the Indonesian Seas origins (~5.1%) can be neglected. The Indian

Ocean inflows, minimally reaching the OS (~0.01 Sv) and TP (~0.03

Sv), are not shown.

The Makassar Strait and Lifamatola Passage origins are of

comparable importance to the TP outflow, yielding contributions

of ~44.6% (3.55 ± 0.02 Sv) and ~40.7% (3.24 ± 0.02 Sv), respectively

(Figure 2E). Given the sparse observations (Sprintall et al., 2019),

the Lifamatola Passage yields a wide range of transport estimates

from -0.8 to 5.2 Sv (e.g., Luick and Cresswell, 2001; Talley and

Sprintall, 2005; Van Aken et al., 2009), leading to its role not being

accurately evaluated before. This study produced for the first time a

quantitative understanding of the contribution of Lifamatola

Passage to the ITF based on the water tracking algorithm. The

relative contribution of Karimata Strait origin to the TP outflow is

quite limited (0.06 ± 0.01 Sv, ~1.0%), while there is a portion of the

outflow originating from the internal Indonesian Seas (1.08 ± 0.02

Sv, ~13.6%). These results indicate the first-order importance of the

Makassar Strait origin, but more importantly, the Lifamatola Strait

is an essential source of the OS and TP outflows and deserves to be

taken seriously. It appears that the turbulence-induced uncertainties

are two orders of magnitude smaller than the average transports,

illustrating the minor influence of the mixing on the ITF transport

and agreeing well with a previous study (Iskandar et al., 2023), and

therefore not considered below.

The transit time indicates the time for the source water of ITF to

reach the export straits. The minimum travelling time generally
A

B D

E

F

C

FIGURE 2

The transports (Sv) traced back to the Karimata Strait, Makassar Strait, Lifamatola Passage, and remained within the Indonesian Seas for the water
particles released at the (A) LS, (C) OS, and (E) TP, derived from the ROMS simulation. (B, D, F) Same as (A, C, E), but for transit time (year). The
boxes denote the 25th, 50th, and 75th percentiles, while the tails indicate the 10th and 90th percentiles. The transports at exit straits and the mean
traveling time are embedded.
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occurs over the LS, whereas the opposite situation emerges in the

TP (Figure 2). Specifically, around half of the Karimata Strait water

(between the 25th and 75th percentiles) transits to the LS, OS, and

TP for 0.7-1 year, 1-2 years, and 2-6 years, respectively. The

Makassar Strait inflow yields roughly the same results but takes a

shortened traveling time to the LS (0.1-0.4 years) as the more direct

connectivity between them (Koch-Larrouy et al., 2008). By contrast,

a prolonged transit time for the Lifamatola Passage inflow is 2-6

years to the OS and 3-9 years to the TP. A close inspection over all

time boxes shows extraordinarily long upper tails probably induced

by the complex pathways associated with multiple dynamic factors,

such as the monsoonal winds and the highly energetic mesoscale

eddy field (Koch-Larrouy et al., 2008; Purba and Khan, 2019), and a

detailed analysis is provided as follows.
3.2 Vertical structure

In this section, we attempt to examine the discrepancies among

layers. The LS outflow features surface intensification, originating

mainly from the Makassar Strait inflow and minimally from the

Karimata Passage inflow at each depth (Figure 3A). Worth noting is

that the layered inflows here refer to the vertical distributions at the

LS, OS, and TP, a consequence after the transit within the

Indonesian Seas. The OS transport maxima in the upper 200 m

are a combined action of the thermocline-intensified Makassar

Strait and the surface-intensified Lifamatola Passage inflows

(Figure 3C). The surface enhancement of the Lifamatola Passage

water is likely drawn from the Halmahera Strait that allows the

shallow Pacific water to enter the Indonesian Sea and then

composes the upper Banda Sea (Gordon et al., 2003; Potemra

et al., 2003; Liang et al., 2019). Compared with Makassar Strait,
Frontiers in Marine Science 05
the Lifamatola Passage displays approximately equal contributions

to the TP transport at each depth level, causing the maximum

confined to the top 100 m but the intermediate maximum as the

cumulative effect of multiple layers (Figure 3E). The intermediate

enhancement of Lifamatola Passage inflow probably stems from the

observed intermediate and deep currents through this passage (Van

Aken et al., 2009; Yuan et al., 2022), intruding into the Banda Seas

in which the water manifests as an elevated mixture by vigorous

mixing with the ambient water (Van Aken et al., 1988; Ffield and

Gordon, 1996). As such, the Lifamatola Passage offers a significant

source for the ITF throughout the entire depth, especially the upper

and intermediate layers of ITF outlets.

We further examine the transit time from the sources to the outlets

of ITF. There exist extended time spans for the Karimata Strait inflow

to pass through the upper layers of the three outlets (0.6-1.5 years, 1.0-

4.0 years, and 1.6-11.8 years for the LS, OS, and TP, respectively), in

contrast to the bottom levels (0.8-1.0 years, 1.8-2.0 years, and 4.0-4.1

years for the LS, OS, and TP, respectively), most notably at the tops of

the time boxes (Figure 3). This difference is due predominantly to the

upper water of Karimata Strait more easily switching into the southern

Makassar Strait driven by the monsoon winds (Qu et al., 2009), as a

comparison of the slowest trajectories between the upper and lower

layers of 100m at the LS (Figures 4A, C), and the modulation of upper-

ocean high eddy activities that cover the whole Indonesian Seas except

the Java Sea (Figures 4B, D), resembling previous distributions (Purba

et al., 2020; Iskandar et al., 2023). The eddy kinetic energy (EKE) is

calculated as follows:

EKE =
1
2
(u02 + v02)

where u’ and v’ are the zonal and meridional current anomalies

by subtracting their respective seasonal variations from the zonal
A

B D

E

F

C

FIGURE 3

The transports (Sv) traced back to the Karimata Strait, Makassar Strait, and Lifamatola Passage for the water particles released in the 0-100 m,
100-200 m, and 200-300 m of the (A) LS, (C) OS, and (E) TP, and the 300-700 m and 700-1300 m of the OS and TP, derived from the ROMS.
(B, D, F) Same as (A, C, E), but for transit time (year). The boxes denote the 25th, 50th, and 75th percentiles, while the tails indicate the 10th and
90th percentiles.
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and meridional velocities (Richardson, 1983). Also, the TP outflow

between layers takes an approximately equal transit time back to the

Makassar and Lifamatola Straits (Figure 3F). This is primarily

induced by the strengthened intermediate and bottom flows

through the Lifamatola Passage (Van Aken et al., 2009; Yuan

et al., 2022) and the different flowing trajectories for the upper

and bottom layers of the TP, in which the former additionally

contains the westward flow, related to the Australian monsoon,
Frontiers in Marine Science 06
towards the Indian Ocean during backward tracking (Figure S4;

Masumoto and Yamagata, 1996).
3.3 Pathways

The fastest trajectories of the source water are usually

concentrated along a uniform pathway, while the median
A C

DB

FIGURE 4

The slowest 10 trajectories of the Karimata Strait water to the (A) top 100 m and (C) 200-300 m of the LS. Different colors represent different depth
levels. Mean maps of eddy kinetic energy (EKE, m2 s-2) in (B) the 0-100 m and (D) 200-300 m. The results are derived from the ROMS.
A

B D
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C

FIGURE 5

(A) The fastest and (B) median 10 trajectories from the Karimata (orange) and Makassar Straits (cyan) to the LS, derived from the ROMS. (C, D) are the
same as (A, B) but for the trajectories from the Karimata Strait (orange), Makassar Strait (cyan), and Lifamatola Passage (blue) to the OS. (E, F) are the
same as (C, D) but for trajectories to the TP. Gray filling represents water depths, with an emphasis on 100 (thin dashed line) and 1000 m (thick
dashed line).
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trajectories often additionally contain multiple loops and significant

vertical motions (Figures 5, 6). For the former, the southward-

flowing Karimata Strait water tends to parallel the isobath and

bifurcates in the southern Makassar Strait. In addition to the LS

branch, the eastward branch proceeds along the southern island

chain of the Indonesian Seas and conducts a northward detour

along 1000 m isobath to bypass the deep Flores Sea, subsequently

impinging upon the western Sulawesi and returning to the south by

local prevailing upwelling (Purba and Khan, 2019), finally exporting

through the OS and TP (Figure 5). The flow is confined to the top

100 m during transit (Figure 6). However, the moderate trajectories

become more irregular and induce stronger vertical motions.

The Makassar Strait source water generally originates from the

eastern side of the strait but is centrally located at various depths for

the LS (0-100 m), OS (0-300 m), and TP destinations (full depth)

along the fastest trajectories (Figures 5, 6). The Makassar jet travels

southward along the 100 m isobath, which partly enters the LS. The

eastward upper branch undergoes a sizeable northward detour near

the eastern Sulawesi before reaching the OS, accompanied by

notably ascending and descending signals (Figures 5C, 6C). It

appears that the turning position of the Makassar Strait water

differs drastically from that of the Karimata Strait inflow, while

their median trajectories yield the same detours (Figures 5D, 6D).

To explore the reason, the month evolutions of the trajectories of

the Karimata and Makassar Strait inflows into the OS are given in

Figure 7. The inflows suffering the northward detour over the

western Sulawesi reach the OS during August-September

(Figure 7A), corresponding to the occurrence time of OS

transport maximum based on previous analysis (Sprintall et al.,
Frontiers in Marine Science 07
2009). However, the trajectories with a detour further east pass

through the OS during March-April (Figure 7B), which is likely

related to the wind-driven eastward advection. Thus, the pathways

of the ITF in the Indonesian Seas are highly correlated with the

seasonality of the outflows and probably regulate the season-related

biogeochemical signatures during transit.

The remaining eastward branch originating from the full-depth

Makassar Strait follows the same northward steering as the

Karimata Strait inflow to the TP for both the uniform fastest and

complex medium trajectories (Figures 5, 6). In this situation, the

inflows drawn from the Karimata and Makassar Straits reach the TP

simultaneously, that is, during boreal summer (Figure 7). The close

connection between the varying pathways and seasonal variability is

further confirmed.

The Lifamatola Passage provides its origins of the OS outflow

mainly in the 0-100 m and the TP outflow in the 0-700 m for the

fastest trajectories (Figures 6C, E). The inflowing water travels to the

OS through the western boundary of the Banda Sea, paralleling the

1000 m isobath and restricted within the 0-200 m levels. By

contrast, the water transit to the TP is through the central Banda

Sea with a shallow depth. However, the median trajectories feature

deeper water sources and more intricate trajectories (Figures 6D, F).

The inflow splits into two branches to enter the OS, one propagating

southward with the support of the intermediate and bottom western

boundary current of the Banda Sea (Van Aken et al., 2009; Yuan

et al., 2022) and the other across the shallow interior of Banda Sea.

During transit to the TP, the pathways interweave with each other,

resulting in evidently rising and falling processes (Figures 5F, 6F).

Thus, the source water in the Indonesian Seas tends to choose a
A

B D

E

F

C

FIGURE 6

(A) The fastest and (B) medium 10 trajectories of the Karimata and Makassar Strait inflows to the LS, derived from ROMS. Different colors represent
different depth levels. (C, D) are the same as (A, B), but for the Karimata Strait, Makassar Strait, and Lifamatola Passage water to the OS. (E, F) are the
same as (C, D) but for the TP.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1326048
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Guo et al. 10.3389/fmars.2023.1326048
shallower depth or depend on a stronger current to quickly arrive at

the three outlets of ITF and the Indian Ocean.
4 Summary and discussion

The ITF exits the Indonesian Seas to the Indian Ocean mainly

via the LS, OS, and TP. The water sources and pathways of the three

outflows are explored by conducting backward Lagrangian particle

tracking experiments in the high-resolution (~3 km) ROMS velocity

fields. The results confirm the dominance of Makassar Strait origin,

explaining ~80%, ~75%, and ~45% of the LS, OS, and TP outflows,

respectively, and concentrating on the thermocline and its upper

layers. The Lifamatola Passage, as an essential source, devotes ~41%

of the TP outflow by primarily offering the upper and intermediate

outflows and ~19% of the OS transports by mainly providing the

upper outflow. The Karimata Strait contribution is quite limited and

confined to the upper layer. Owing to the monsoon reversals and

upper-ocean substantial eddy activities, the Karimata Strait inflow

reaches the LS, OS, and TP on an average of 0.7-1 year, 1-2 years,

and 2-6 years, respectively. The same transit time is obtained for the

Makassar Strait inflow but for a shortened time into the LS (0.1-0.4

years) as the shorter route. The Lifamatola Passage inflow takes a

longer time to the OS (2-6 years) and the TP (3-9 years). The

Karimata and Makassar Strait inflows generally undergo different

northward detours near the Flores Sea before passing through OS

and TP, with implications for the seasonality of ITF transport. The

Lifamatola Passage water exits through the OS and TP by the strong

western boundary currents and the shallow interior of the Banda

Sea, respectively.
Frontiers in Marine Science 08
Lifamatola Passage throughflow may exert a considerable

influence on the local climate based on previous studies (Van

Aken et al., 2009), while its transport estimates remain limited.

The most striking result of this work is to highlight the prominent

importance of the Lifamatola Passage origin for the ITF transport

and quantify its contributions to the outflows of the two main

export channels. Although the mean sources of the ITF outflow

have been identified in the present study, knowledge gaps remain in

their seasonal to interannual variability. This unresolved issue

deserves careful consideration because the ocean circulation and

dynamics in the Indonesian Seas are thought to be the results of the

nonlinear interplay between monsoonal winds, ENSO, Indian

Ocean Dipole, and topography (Kartadikaria et al., 2012; Sprintall

et al., 2014). For example, the anomalously easterly winds in the

Java Sea region during the peak of 1997/98 El Nino and positive

Indian Ocean Dipole induce coastal upwelling south of Sumatra-

Java and subsequently the weaker northward flow of the Makassar

Strait (Susanto and Gordon, 2005). In addition, the Kelvin waves in

response to the Indian Ocean monsoon transitions propagate

eastward to the Sumatra and the ITF three export straits, which

induces the semiannual reversals of ITF outflow and a weakening of

the Makassar Strait throughflow (Gordon et al., 2008; Sprintall

et al., 2009).
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