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Abstract Monsoon currents and Indonesian Throughflow (ITF) have an essential role in the current
Indonesian water system. The movement of current/water masses with non-uniform bathymetric conditions
will affect the water column's stability in Indonesian waters. Therefore, this study aims to obtain the current
dynamics and stability of the water column in Indonesian waters, based on a hydrodynamic model termed
the HAMburg Shelf Ocean Model (HAMSOM). The results of the model are data of current, temperature,
salinity, and density. The data is used to study the dynamics of seawater in Indonesian waters. The water
column's stability is examined by calculating the Brunt Viisdld frequency values (N2?) based on the density
data generated. The results show that monsoon currents were stronger in shallow waters because the
stratification did not change. Meanwhile, the maximum N2 value occurs at the surface to a depth of 80-100 m
with a range of 0.0000-0.0006 cycle s'. The study also produces an understanding of the condition of
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Indonesia’s stability (N2 positive), both spatially and temporally.
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1.Introduction

Current circulation in Indonesian waters is influenced by
two main currents, including monsoon currents and
Indonesian Throughflow (ITF). Besides, the monsoon
currents generally flow east in the boreal winter (December-
February) and west in the boreal summer (July-August)
towards the South China Sea (van Aken et al, 2009; Mayer et
al, 2010; Susanto et al., 2013; Rejeki et al., 2018). The water
mass also serves as a channel for inter-ocean water mass flow
from the Pacific (in the north and northeast) to the Indian
Ocean (in the south and southwest), observed at depths of
100-250 m (Wyrtki, 1987; Mayer et al., 2010; Susanto et al,
2012, Sprintall and Reveland, 2014). This transit also affects
the surface (Susanto et al., 2012).

The water mass comprises layers formed by the
composition of specific physical properties, including
pressure, temperature, salinity, and density, consequently
influencing overall stability (Pond and Pickard, 2013).
Generally, the water mass density elevates with increasing
depth, causing a stable water column in the ocean (strongly
stratified). However, the dynamics possibly cause neutrality
(not stratified) and instability (weak stratification),
accompanied by vertical flow velocity differences. This
phenomenon results in turbulence, categorized into meso-
scale and micro-scale types, based on nature, spatial-
temporal scale, the direction of mixing (isopycnal), and
intensity (Monin and Ozmidov, 1985). Specifically, mesoscale
turbulence is created due to instability, including baroclinic,
barotropic, and others, and is known to occur along surfaces
with constant density.

Meanwhile, micro-scale ensues through the shear and
rupture of internal waves and generally occurs in a vertical
direction. This incident controls the dynamics of global scale
currents, vertical circulation exchange in estuaries and
coastal areas, and air-sea interactions. Furthermore, the sheer
mass mixing process is derived from the Brunt Viisdld (N?)
frequency value or floating frequency.

Research on the water column's current dynamics and
stability in Indonesian waters has been carried out in the ITF
route, including the Makassar Strait, Lombok Strait, and the
Celebes Sea. The results show strength at different depths of
100-125 m (Pujiana et al, 2009), 200-250 m, and 200-250 m
(Firdaus et al, 2016 and Hermansyah et al, 2017),
respectively. Meanwhile, research on current dynamics and
water column stability representing the two main currents in
Indonesia waters has not been developed. Hence, this
research focuses on currents and water column stability
dynamics in Indonesia's main currents, using current ocean
models. Therefore, it aims to obtain current and stable
Indonesia water dynamics based on the current
hydrodynamic model.

2. Methods
Hydrodynamic Model Design

The research method involves the numerical modelling of
HAMburg Shelf Ocean Model (HAMSOM) hydrodynamics,
developed by Backhaus (1983, 1985). This model is a three-
dimensional (3D) baroclinic hydrodynamic verified in
Indonesian waters (Putri, 2005; Putri et al, 2017; Anwar et



CURRENT DYNAMICS AND WATER COLUMN STABILITY

Engki A Kisnarti, et al.

al., 2017; Anwar et al.,, 2018). Furthermore, the simulation
has previously been performed for a year (2013) under
normal conditions (not influenced by EI-Nino Southern

Oscillation/ENSO) (Huang et al., 2017) .

The bathymetry data input was processed directly from
the world map obtained from the Shuttle Radar Topography
Mission (Jarvis et al., 2008), with each horizontal size dx, dy
of 6 minutes (1/10°), dz by 20 vertical layers (6, 10, 14, 20, 25,
25, 50, 100, 200, 300, 400, 500, 500, 500, 1000, 1000, 1000,
1500, 1500, 2.000 m), and dt by 180 seconds. The domain
model used is 20° N-15° S and 90° E-142° E, with a grid
number of 351 x 521. Furthermore, tidal data (constants: M,
semi-diurnal principal lunar, S,= semi-diurnal principal
solar, K; = diurnal principal lunar-solar, and O, = diurnal
principal lunar) are used to generate force at the model area's
open boundary. This was obtained from the Oregon State
University Tidal Prediction Software (OPTS) global model
(Egbert and Svetlana, 2002), with a horizontal resolution of 1°
x 1°. The atmospheric parameters used as input include
average sea level pressure, air temperature, specific humidity,
total cloud cover, wind, and precipitation levels, obtained
from the National Center for Environment Prediction
(NCEP). NCEP data have a resolution of 2.5° x 2.5°
longitude/latitude, which happens to be an "ocean," not a
‘land" point, with data intervals of six hours (Kistler et al.,
2001). Monthly temperature and salinity data with quarter-
degrees (represent the world as 1440 x 720 quarter-degree
longitude/latitude boxes) are obtained from the World Ocean
Atlas (WOA) (Locarnini et al., 2013; Zweng et al., 2013).
Furthermore, the atmospheric parameter, temperature, and
salinity data were captured into the domain model to be used.

The hydrodynamics model simulation results' output is
the current, temperature, salinity, and density data, which is a
depth function. Density values were then interpolated to
standard depth levels and objectively analyzed in the same
manner as temperature and salinity in the World Ocean Atlas
2013 (Locarnini et al., 2013; Zweng et al., 2013).

This output is used to obtain current, temperature,
salinity, and density circulation based on the monsoon
currents system and ITF route. Therefore, the sea can be
assumed as a layered fluid, assumed to allow the emergence
of shear or differences in dynamic properties (represented by
velocity in this case study) between layers. This also induces
instability in the fluid system, thus leading to turbulence.
Besides, water column stability is essential in representing
competitive dominance between buoyancy and turbulence to
ascertain stratification and mixing.

Stability
The water column stability is determined as the exchange
rate of density against depth (Stewart, 2002):
Ldp
E=—=—
P (1)

2o
— =]
2z

where r is density (kg m=) and z is depth (m). If ,
density is expected to increase with depth, and then E > 0,
thus validating the water column's stability. Under this
condition, light water tends to be above the heavy one,
characterized by vertical mass movement inhibition.
=0
Conversely, the water column is unstable when az ,
featuring a decline in density with depth, hence E < 0. This
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phenomenon is observed when heavy water is above the mild
variety, leading to a downward vertical mass movement.
However, a neutral (neutral stability) column is indicated on
instances where there is no change in density with depth,
dp
dr

,then E=0.

The Brunt Viisdld frequency value (stability frequency)
shows the oscillation frequency of isopycnal displacement
fluctuations in unstable water masses (Pickard dan Emery,
1990). This serves as a determinant of stability and is
calculated in terms of frequency squared (N?), (Messel, 1999;
Pond and Pickard, 2013), using the formula:

_4g2s

J.nkr
P dE

(2)

Where 9 is Earth's gravitational acceleration (9,8 m s?), r
denotes density (kg m), z is depth (m), and r, is background
density of water. The water mass is assumed stable when N?
has a positive value and unstable when negative, while a

neutral column is confirmed with N? = 0.

3. Result and Discussion
Currents in Indonesian Waters

Current simulation results show that the currents flow
eastward in February (representing the boreal winter) into
Indonesian waters from the South China Sea and run
through the Natuna Sea to the Java Sea. These currents flow
into the Flores Sea and through Banda out into the south of
Papua Islands, although some currents move northward to
the Pacific Ocean. There is the South Equatorial Current
(SEC) westward throughout the year in the west of Sumatra.
Likewise, there is also the SEC in the south of Java, and there
is also a narrow strip along the south coast of Java (Java
South Current/JSC), with the current heading east, as
opposed to SEC (Fig 1a). In the Malacca Strait and the Sunda
Strait, currents flow into the Indian Ocean. Conversely, the
reverse is the case in August, as the current moves westward
into the South China Sea. There is a strong SEC from the
Pacific Ocean in Papua's north, then joint with the Equatorial
Counter Current (ECC). In the Sunda Strait and coast of
Nusa Tenggara, the outflow is towards the Indian Ocean (Fig.

1b). Despite using different simulation years (2007), in
general, the simulation results show that the monsoon
current pattern is almost the same as the monsoon current
pattern in previous studies (Mustikasari et al., 2015).

In August (representing the boreal summer), the ITF
flowed very strongly into Indonesian waters at a depth of 87
m. This entails flow from the Pacific Ocean (North
Equatorial Current/NEC) through the Celebes Sea to the
Makassar Strait (first/mainline) (Mayer et al, 2010; Susanto

et al, 2012, Sprintall and Reveland, 2014). Therefore,
distribution is indicated through two channels in the
southern part. Subsequently, some exit through the Lombok
Strait while others are moved eastward through the Flores to
the Banda Seas. The currents further egress through the
Ombai Strait and the Timor gap into the Indian Ocean.

The second entrance is through the Maluku Sea, where
the current flows into the Banda Sea and exits through the
Ombai Strait and the Timor gap. The following entry was
through the Halmahera Sea, carried by the current into the
Seram Sea, and through the Timor Gap egress into the Indian
Ocean (Fig. 1b and 2). The entry of water masses from the
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Figure 1. Monsoon currents HAMSOM simulation results (orange line): (a) February 2013 and (b) August 2013.
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Figure 2. Currents at a depth of 87 m below sea level the
simulation results of HAMSOM in August 2013
(red line is ITF).

Pacific Ocean to the Indian Ocean in this simulation is
similar to previous studies' results (Gordon et al., 2008;
Gordon et al., 2010). However, the ITF's strength is not as
muscular as in their study, considering that this simulation
was carried out under normal conditions.

Temperature, Salinity, and Density in Indonesian Waters

The low temperatures (27°C) recorded in February

originated from the South China Sea, through Natuna to the
Java Sea, and were blocked by higher values observed
southeast (30°C). This phenomenon leads to an increase in
the temperature of Natuna (27-28°C) and Java (28-29°C)
sourced water. Meanwhile, the Pacific Ocean resource at 28°
C also entered Indonesian waters through the Makassar
Strait and increased by 1° C southwards. Furthermore, a
salinity of 34 Practical Salinity Unit (PSU) was recorded in
Makassar Strait and the South China Sea, which extends
south, through Natuna (33 PSU) to Java Sea (32.5-31.5 PSU).
The values increased in value from 32 to 33.5 PSU in the
north of Makassar Strait. Moreover, the 34 PSU isohaline line
in the Celebes Sea is pushed back towards the Pacific Ocean

(Fig. 3).
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Figure 3.Monthly average sea surface: (a) temperature and (b)
salinity in February 2013, the simulation result of HAMSOM.
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and (b) August 2013, the simulation result of HAMSOM. show cross-sections to analyze the Brunt-Viisilid frequency

values (N2).

The values obtained depend on the water density and and 1,020.5-1021 kg m= in August. Likewise, the maximum
column depth, leading to varied maximum values at different N? value at a depth of 100 m. This condition is different from
depths in each location, considering Indonesian waters' non- the central and southern Makassar Strait. The west's sea
uniform bathymetry. In February and August, the maximum surface density value is lower than the density value in the
N2 value occurs at depths 6-20 m in western Indonesia, while northern Makassar Strait and tends to decrease to the south,
in eastern Indonesia, it reaches a depth of 100 m. Meanwhile, namely: 1,020.5 kg m* in the middle and 1,020 kg m™ in the
the maximum N? value in northern Papua reached a depth of south in February, and 1,020 kg m= in August. Meanwhile,
200 m in August (Figure 6). the sea surface density value in the eastern part of the

The evaluation of these conditions requires vertical Makassar Strait from north to south only changed by 0.5
profile observation of the water column at locations (from 1,021-1,020.5 kg m=3). This decline occurred in the
considered necessary, including the Makassar Strait, known southern part of the Makassar Strait. The maximum N? value
to channel water masses from the Pacific Ocean to the Indian is also the difference between the western and eastern parts of
Ocean. Simultaneously, the Java Sea is a passage from the the Makassar Strait. The maximum N? value in the west
South China Sea in the west to east monsoon. Besides, the occurs at depths 6-20 m, while in the east, it appears at
vertical profile slices of the water column in the Makassar depths of 100 m (Fig. 6 & 7).

Strait were performed at three locations, comprising the Sea surface density values in the north of the Java Sea
north (0.9° N, 119-120.2°E), middle (1.3°S, 116.8-119.3° E), tend to be lower than in the south, namely: 1,018 kg m= in
and south (4° S, 116.2-119.5° E). Meanwhile, in the Java Sea, the east and continue to move up to 1,020 kg m- to the west
ensued in the west (3.1-6° S, 106.8° E), middle (3-6.9° S, in February. In August, the surface density value was only
110.5°E), and east (3.4-7° S, 112.7°E) (Figure 6). 1,019 kg m-. In the southern part of the Java Sea, the surface
density value only slightly changed from 1.020-1,021 kg m-

Water Column Stability (February and August). The water column's stability in the
In the north of the Makassar Strait, sea surface density Java Sea tends to be the same, which occurs at a depth of 6-20

values tend to be uniform, namely 1,021 kg m™ in February m (Fig. 6 and 8).
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Figure 7. Vertical profile of average Brunt-Viisild frequency values (N2) and density in: (a & b) the northern, (c & d) the
middle part, (e & f) the southern of the Makassar Strait in February 2013.
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The N? value recorded in the Makassar Strait was within
the range of 0.0005 - 0.0006 cycle s in February, at a depth
of 80-100 m, with 1,023-1,024 kg m™ density. Also, the
density value ranges from 1,019-1,022 kg m, and only to the
west of the southern part of the Makassar Strait is the density
of 1,018 kg m-. This instigates water mass movement from
rivers in Celebes, forcing the seawater to the middle of the
sea. In contrast, in August, the maximum N? value slightly
decreased compared to February (0.0004-0.0005 cycle s!) and
occurred at a depth of 50-100 m with a density of 1,023-1,024
kg m=, but in the southern part of the Makassar Strait, the
maximum value of N? is found at depths of 40-60 and 120-
160 m. (Fig. 7).

A comparison of both months shows the maximum N?
value at a depth of 50-160 m in August. This was due to the
decisive entry of ITF into the Makassar Strait at depths of +
150 m (Susanto et al, 2012; Sprintall and Revelard, 2014;
Mayer et al, 2015). This water mass determines the highest
possible column stability at a depth of 50-100 m. Meanwhile,
the results of previous studies indicate that the maximum
water column stability in the Makassar Strait occurs at a
depth of 100-125 m (Pujiana, 2009). This difference occurs
due to differences in simulation years when the sea is in
normal conditions. Simultaneously, previous research results
were carried out when the sea was in abnormal conditions
(ENSO eftect). When viewed from both months' results, the
appearance of maximum N? values on the surface in August
was due to the month's low rainfall. Also, conditions in the
area (west of the Makassar Strait) are shallow areas (<50 m).
Therefore, to prove that bathymetry also plays a role in
determining the maximum N? location, the following site to
be analyzed is the Java Sea.

The maximum N? of the Java Sea achieved in February
had an average of less than 0.0001 cycle s'. Only a few
locations have an extreme value tendency. An extreme
maximum N? value (0.0004 cycle s') occurred in the
western part of the Java Sea with sites 106.6° E, 5.5° S, and
eastern part of the Java Sea with 112.7° E, 6.8-7.0° S (near
Java) and 112.7° E, 4.0-4.5° S (near Borneo Island).
Meanwhile, in the central part of the Java Sea, the maximum
N? value (<0,0002 cycle s!) shifted slightly at a depth of 20-
30 m (110.5° E, 4.7-5.0° S). The maximum N? value in
August still occurs at the surface, although it has decreased
compared to February. However, at locations 112.7° E, 4.5-
5.0° S, the maximum N? value is slightly stronger. This
condition occurs because of the decreasing value of rainfall
(dry season) so that the mass of water from the sea pushes
the mass of water from the land toward the coast. Meanwhile,
the surface density value is 1,020-1,021 kg m* in both
months. But in August, the surface density value in the north
of the Java Sea (near Borneo Island) reached 1,018 kg m
(Fig. 9-10).

The low water column stability recognized in August
resulted from the influx of solid ITF through the Makassar
Strait with high density to the Java Sea, therefore replacing
the new layer inflow from the west monsoon (Siregar et al. ,
2017). This incident causes the mixing of volume and driving
reduced water column stability. Conversely, the lowest ITF
transport is recorded in February (Wyrtki, 1987). The low-
density water mass from the South China Sea enters the Java
Sea's eastern region (Siregar et al., 2017). However, the
incident is not as strong as seen in August. This occurrence is
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responsible for the relatively higher N? value in February.
The discussion above shows stable water column
conditions based on the density arrangement. The results
demonstrate lighter values on the surface and successive
increases significantly, indicating the water column stability

by evaluating the maximum N2 Besides, the dominant
value in Makassar Strait was recorded at 80-100 m (deep
water), mainly an isopycnal area. Similar manifestations
were documented superficially, especially for regions with
shallow water located near the island. Meanwhile, the highest
NZvalue in the Java Sea was observed on the surface; hence,
the water's depth influences the sample density
determination.

4. Conclusion

The current system in Indonesia, especially on the
surface, flows west in February and east in August (monsoon
currents). On the surface of Indonesian waters, this
monsoon current is very influential. The effect is more potent
in shallow waters, such as the Java Sea, because there is no
change from the stratification side. The sea surface density of
1,018-1,022 kg m= and will increase with increasing depth.
The results show that Indonesian waters are a stable water
column. For deep waters, represented by the Makassar Strait,
which is also the main route of the ITF, stable conditions are
extreme at depths of 80-160 m. Conversely, stable conditions
are harsh for shallow waters (Java Sea) occurring at depths of
6-20 m.

The results of this study can provide input on the stability
of water masses in all Indonesian waters, considering that
research on water masses in Indonesia is still local (more
research is in the Makassar Strait). It is hoped that the
stability of the water column and currents in Indonesian
waters can be further developed, for example, for research on
monitoring pollutants at sea level.
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