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Abstract

Balikpapan Bay is significant as a link between the cities within and outside of
East Kalimantan by becoming the primary path used for local transportation and
distribution of produced goods. The various anthropogenic activities increased
liquid wastes and debris, which flowed through channels and rivers along the bay.
This study aimed to determine tidal current patterns in Balikpapan Bay and its
influence on salinity and temperature distributions. This study applied a baroclinic
three-dimensional (3D) hydrodynamic model, employing wind, tides, and density
variations, resulting from the differences of temperature and salinity, as the model
input. To simulate the tidal current flow, we applied MOHID Water Modeling
System, which the tidal current patterns depicted current directions and speeds
at the different tidal conditions. During the displacement toward the high tidal
condition, the water mass moves northwestward entering the river body, while at
the displacement toward the low tidal condition, the water mass moves southeast-
ward, which flows toward the coast and without the bay. The current speed varies
at certain tidal conditions. At the highest tidal condition, the surface elevation
ranged 1.3 - 1.5 m above mean sea level; the current rate is lower compared to
the displacement toward high tidal condition, which ranged from 0.01 - 0.15 m/s.
At the lowest tidal condition, the surface elevation reached 1 - 1.2 m below mean
sea level, and the weaker flow velocity took place (less than 0.15 m/s). The results
also showed that the water mass temperature tends to be higher in the inner part
of Balikpapan Bay, the Balikpapan Bay waters profile that is increasingly shallow
towards the bay head also causes this area to tend to have a higher temperature.
Also, areas located on the inside of the bay tend to get more freshwater input from
rivers, so this area has lower salinity while the area located at the mouth of the bay
tends to be of higher salinity because it gets a lot of mass input of seawater from
the Makassar Strait.
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Using 3-Dimensional MOHID in Balikpapan Bay, Indonesia. Jurnal Ilmiah Perikanan dan Kelautan, 12(1):9-20. http://doi.
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1. Introduction

Balikpapan Bay is a bay located between
Balikpapan City and Penajam Paser Utara Regency. The
shipping lane in this bay is very congested because it is
the entry and exit points of large vessels, both passenger
ships as the primary means of transportation from
Balikpapan to Penajam Regency, and fuel transport
vessels for industrial purposes. Some development
activities are developing rapidly in this bay, such as
industry, mining, plantation, fishery, agriculture, and
forestry (PPKT, 2004). According to BPS (2013), the
number of large and medium-sized industrial companies
in East Kalimantan as of 2013 was 115 companies
consisting of agriculture, food and beverage, chemical,
mining and textile sub-sectors. These various industrial
activities have the potential to produce liquid waste and
rubbish, which are generally carried along by the flow
of rivers along the bay.

Balikpapan Bay is a semi-closed bay located in
East Kalimantan. It directly faces the Makassar Strait,
making it possible for physical processes to bring marine
wastes and debris from the sea into the bay or vice
versa. This influence is proven through the results of
CTD observations by Wayan et al. (2016), which clearly
showed the feature of salinity that changed drastically
from outside the bay to the bay mouth, where salinity
increased as it gets closer to the sea zone. Nur ef al.
(2018), through the ROMS numerical model, explained
the role of regional processes in triggering the dynamics
of water mass within the bay as well as the freshwater
mass that affects the variation in inspatial and temporal
salinity. Low salinity is distributed from tributaries
that flow into the bay with a relatively high discharge
throughout the year hence the mass flux of low-salinity
water is always involved in influencing the water mass
dynamics in Balikpapan Bay. In semi-closed bays, the
tidal regime will dominate the transport mechanism
where it oscillates the high-salinity water into a semi-
closed bay.

Problems associated with sediment transport in
the coastal areas are sedimentation, abrasion, and the
increase of turbidity. Sedimentation and abrasion are
related to tides and waves features. The vertical sediment
transportation depends on many factors when the tide
occurs, the material will settle down, while at low tide,
the material will erode (Qomariyah & Yuwono, 2016).
Abrasion phenomena result in shoreline changes that
can be triggered by the movement of sediment driven
by wave-induced longshore current (Angkotasan et al.,
2012; Supiyati et al., 2013; Oktiarini ef al., 2015; Wisha
etal.,2015). The area around the estuary is tremendously
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complex because the interaction of several interrelated
processes take place. Thus, in the estuarine waters, the
possibility of significant changes (on a scale of time and
space) caused by longshore currents, waves, and tides
is higher. The confluence between river streams (Wain,
Riko, and Semoi Rivers) and tidal current flow affects
the sediment transport features within Balikpapan Bay.

Balikpapan Bay is one of the bays directly
connected to the Makassar Strait. That means the
Makassar Strait influences the hydrological conditions
at the bay. Periodically, the input of freshwater from
the river moves into the bay area, and at the same time,
seawater from the Makassar Strait enters the bay and
increases the temperature and vertical structure of the
air mass in the Balikpapan bay. The width of the bay
channel varies significantly and has a range of ~ 6 km
at the bay mouth to <I km at the upstream side. With
channel lengths of > 40 km, many dynamic processes
can occur along the bay channel, such as partial mixing,
salt intrusion, and transportation of sediment from rivers
(Nur et al., 2018).

Water mixing in the estuary has a vital role in
forming ecological and hydrological characteristics
(Hettiarachchi, 1997). The influence of tidal and tidal
forces will cause a different seawater mass input
according to the water conditions. The mass of seawater
will flow into the estuary to a considerable distance
during high tide, whereas when the ebb tide, the mass
of bay water comes out again from the estuary to the
sea (Triatmodjo, 1999). The flow of the river will carry
and accumulate nutrients into the sea and spread it into a
larger ocean system. The interaction between freshwater
mass and seawater mass in the bay area can be explained
by knowing the area of low salinity water mass flowing
into the sea.

Some basic things have not been studied in
Balikpapan Bay, including what causes some parts
of the Gulf to be more contaminated than others?
Also, what is the capacity of the bay to accommodate
sources of pollution originating from watersheds and
from the inside of the bay itself to achieve good water
quality? (Schoellhamer, 2007). Knowledge of the
basic physical processes of water masses that govern
hydrological structures is very much needed for a
better understanding of complex physical-biological
interactions (Koutsikopoulos ez a/., 1999). In this paper,
the dynamics of water mass in Balikpapan Bay will be
explained. The purpose of this study is to understand
the dynamics of water mass in Balikpapan Bay using
MOHID-3D by temperature, salinity
structure, and density as well as the current pattern.

analyzing
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This study is also beneficial to local government in
planning and controlling the environmental issues by
determining the transport mechanism in Balikpapan
Bay so that further developments in the future will be
more environmentally friendly.

2. Materials and Methods

2.1 Study Area

This research was conducted in Balikpapan Bay
with alongitude of 116.6 - 117 E, and latitude of 1 - 1.5 S.
Bathymetry in the study area (Figure 1) varies between
0 up to 50 m. In the bay mouth, the water depth ranges
from 10 m up to 50 m and within the bay ranges from 0
m up to 20 m. There is a channel with a depth of more
than 10 m in the middle of the bay that is connecting the
bay mouth and within the bay. The channel formation
is not only espousing the transportation activities but
also increasing the discharge of seawater entering the
Balikpapan bay. The red square (Figure 1) shows the
location of the river discharge used as the model input,
detailed in the field measurements section (red dots)
(Figure 2). The time-series point is sampled at Semayang
Port as the model validation point assessed with sea-
level observation, and there are two-time series points
in the bay mouth and the Balikpapan bay to quantify the
surface currents formed as shown in Figure 2.
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Figure 1. The map of study area (marked with a red
square)
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Figure 2. Bathymetry domain of Balikpapan Bay

2.2 Field Measurement

Field measurement data used in this study
are the hourly sea level monitoring from Geospatial
Information Agency (BIG) retrieved from http:/tides.
big.go.id/pasut/index.html during August 2019. These
data are a direct measurement recorded by a tide gauge
located at Semayang Harbor near the Balikpapan Bay
mouth, which is used as the model validation to assess
the error value of the simulated model at the same time
and interval. The river discharge data are assumed
implemented constantly implemented in the simulation,
which was obtained from a field survey in 2002
conducted by the erosion and sedimentation working
group in Balikpapan Bay. Three main river discharges
were used in this study, including Riko River, Wein
River, and Sepaku River (Figure 2).

2.3 Data

2.3.1 Model Input

The hydrodynamics model was simulated in
Balikpapan Bay by which the model input consists of
bathymetry, tidal, salinity temperature, and surface wind
data. Bathymetry data were obtained from the Center
for Hydrographic and Oceanography of the Indonesian
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Navy (Pushidrosal), which was then interpolated with a
1/100-degree grid resolution. Surface winds are retrieved
from the NOAA Earth System Research Laboratory
(ESRL) with a spatial resolution of 2.5 degrees and a
period of 6 hours (web page: https://www.esrl.noaa.
gov.html). Tidal data were obtained from the 2004
Finite Element Solution (FES) tidal model (Lyard ez al.,
2006), based on the hydrodynamic model assimilated
by tidal devices and altimetric data (TOPEX/ Poseidon
and ERS-2). The FES 2004 model was obtained from
AVISO (web page: https://www.aviso.altimetry.fr)
covering all global waters of each tidal component with
a resolution of 1/8°.

2.3.2 Hydrodynamics model

The Hydrodynamics Model in Balikpapan
Bay was simulated using a 3D MOHID water
modeling system with three sigma layers, which are
a hydrodynamic model based on the Navier-Stokes
equation with a Boussinesq and hydrostatic approaches.
MOHID 3D is formulated in a volume approach up
to generic vertical discretization, which allows the
simultaneous implementation of various types of vertical
coordinates. Navier-Stokes equation with Boussinesq
and hydrostaticapproaches is formulated as follow:

8u+8v+8w_ﬂ
ax dy 98z
du du du du
E—I—ua—l—va}y—%wg—fv
_18p+8( 8u)+8( du
 po 0x  Ox VHE.'x dy vHﬂy
dv dv dv dv
E ua-l-va—y-i—WE-l—fu
_ldp 0 dv d dv
“poan o ()t oy (e
dp
E__’O"g
where:

u, v, w = Velocity at the x, y, and z-direction (m/s)

f = Coriolis parameter (rad/s), /= 2Q sin ¢;

(Q =727 x10-5 s and ¢ is latitude)

v, and v = Turbulent viscosity coefficient in the
horizontal and vertical directions (m?/s)

D = Pressure (Pa).
p = reference density (kg/m?®), p = 1024.78 kgm?
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The MOHID Water model assumes hydrostatic
equilibrium and Boussinesq approximation. To
discretize the equations, it uses finite volumes,
makes discrete equations that can be used for control
volume (cell), adjusts the changes not to depend on
cell geometry, the use of a generic vertical coordinate
(Ruiz et al., 2002). According to Blazek (Blazek, 2015),
the main advantage of the volume-limited method
compared to the difference-limited method by which
spatial discretization is done directly in physical space,
which avoids problems related to the transformation
between physical coordination and the coordinate
equation system.

2.4 Model Simulation

Simulations are carried out from August 1% —
15", 2019, representing the northeast monsoon, where
the month represents the west season. The domain
model consists of three open boundaries, namely the
northern, western and southern open boundaries, and
at each point of open boundary, the tidal elevation is
predicted from Tidal Model Driver (TMD) (Padman
and Erofeeva, 2005). The water mass movement model

(1)

(2)

+8
0z

du
Vi E

)+a )

(3)

ad
t oz

dv
3s)

)32

(4)

is generated through tides obtained from the 2004
Finite Element Solution (FES) at the outer boundary
of the model. Tidal components involved in this model
include M2, S2, O1, K1, K2, N2, 2N2, QI1, P1, M4,
Mf, Mm, Mtm, and Msqm with amplitudes and phases
varying from the deep sea to shallow sea. At the surface
boundary, the waters are driven by surface wind friction
whose data is obtained from NCEP / NCAR with a
temporal resolution of 6 hours during the simulation
time. Horizontal discretization was used by utilizing a
rectangular grid with a distance of ~ 100 m from the
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bay mouth to the Bay of Balikpapan, with this distance,
it is expected to be able to describe the variation of the
flow entering the bay. Vertical discretization uses three
layers of sigma layer with a depth division of 0.5, 0.3,
and 0.2 and a maximum depth of 50 m. Then, the initial
conditions of temperature and salinity in Balikpapan
bay waters are assumed to be constant with temperatures
of 29°C and salinity of 30 PSU. Then input rivers are
also considered in this model, including several rivers
flowing into Balikpapan Bay, among others, Riko River,
Wein River and Sepaku River (Semoi). The process of
advection and diffusion is activated in this model to see
the process of changing the river of low salinity into the
bay system of higher salinity.

River (upstream) discharge is given by synthetic
data of 1568.7 m%/s, while wind data are given uniformly
for all domain models (constant) but varies with time.
The values of wind speed and direction during the
simulation are shown in Figure 3. The bottom friction
coefficient is determined by the Manning coefficient of
32 m'?/s in which for the horizontal turbulence rate, the
Smagorinsky coefficient is used with a constant value
of 0.28. While the distribution of wind frequencies in
Balikpapan Bay is shown in Figure 4. Simulations were
performed with some scenarios that are a scenario that
considers tides and river discharges as current generators
and a situation that considers the wind influence (tide +
discharge + wind).
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Figure 3. Wind rose during the simulation period
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Figure 4. Distribution of wind frequencies in
Balikpapan Bay

3. Results and Discussion

3.1 Model Validation

The comparison between model and observation
data shows a similarity in amplitude and phase formed
(Figure 5). Validation analysis applied to between
surface elevation data resulted from the hydrodynamic
model and BIG tidal observation results in a value of
0.975 out of 1, which means that the hydrodynamic
model has a good performance in representing the
actual conditions in the field. The assessed time series
are the first 15 days of August 2019 which shows the
same phase of surface elevation, while on the day 11®
until the end of simulation, those two curves are slightly
stretched and erratic which the amplitude difference is
about 5 cm - 15 cm. Altogether, these results of validation
highlight the capacity of the MOHID Water Model to
simulate very dynamic tidal propagation in the bay.
Tidal wave strengthened when it moves into the coast
as a consequence of the reduction of the depth which,
along with rising velocity flow, this causes the refraction
of the tidal wave and consequently, the increase of its
amplitude.
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Figure 5. Model validation using surface elevation data resulted from model (red) and field measurement (blue)

3.2 Tidal current patterns based on the model
developed

The variation in sea level at the high tidal condition
has quite high changes, which can be seen from the tidal
current propagation from open boundary to the bay area
(Figure 6). At the flood tide condition, the tidal current
reaches its maximum speed of magnitude about 0.8
m/s and mostly flowing from the northeast direction
(Makassar strait) toward Balikpapan Bay coastal waters.
At high tide condition, the water level is positioned
between 1.3 - 1.5 m above mean sea level, but the current
speed decreases to 0.01 - 0.15 m/s and changed direction
from southwest to northeast and toward Balikpapan
Bay. These conditions indicate a clear physical motion
mechanism, where tides are the driving force for high-
salinity water masses from the Makassar Strait towards
the bay. The results of the model also show that there
is a difference in the direction of the current when in
the flood condition, where the tidal current in the mouth
of the bay flows from the northeast direction (Makassar
strait) towards the bay, while the tidal current from the
head of the bay toward into the bay. These conditions
occur because of the role of the Sepaku River, which
pushes the mass of freshwater into the bay and the
formation of different tidal propagation phases between
the mouth and the body of the bay (Figure 6a).

At the displacement toward the high tidal
conditions, the water mass movement speed had
decreased while moving predominantly northwestward.
In the eastern part of the study area, precisely from
the bay mouth until Riko River, the water level is
around 0.72 to 0.0.75 m. Within the river area, the
water level elevation decreased around 0.65 to 0.7 m.
This elevation difference causes the current to tend to
move northwestward entering the river. The simulation
results also showed that the current pattern moves from
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the southeast toward northwest in which the maximum

current magnitude is observed in the southeast(mouth of
the bay) ranged 0.65 — 0.80 m/s. The current magnitude
becomes weaker around Riko and Semoi River or
Sepaku area (Figure 6a). At a depth of 15 meters, the
current circulation moves northwest with the maximum
speed that was observed in the southeast part of
Balikpapan Bay and starts to decrease in the estuaries of
the Riko and Wain Rivers (Figure 7).

At the highest water level, the current profile
is relatively calm with very low speed, moving
northwestward, the surface elevation is above 1 m over
the model area (Figure 6b). It is calm because it in the
slack water phase where there is no energy-induced
current for a moment. The water level increased in the
northwest part with elevation values around 1.3 m and
1.5 m (Figure 6b). The current pattern at a depth of 15
meters is relatively similar to the surface pattern. The
current moves northwestward with a slightly slower
speed in the coastline (Figure 8).

During the low tidal conditions, the water level
varies between 1 m to 1.2 m beneath the mean sea
level with lower flow velocity (less than 0.15 m/s). The
variation of water level within the bay is lower than
the water level at the open seas and the bay mouth,
this difference also occurs in other conditions. At the
displacement toward the lowest ebb tides, the current
speed reaches its peak (~ 0.8 m/s). The reversed direction
of the current was also seen between the bay mouth
and within the bay, wherein the bay mouth, the surface
currents move toward the open sea and vice versa.

Current circulation patterns generated by tides,
winds, and rivers discharges are moving southeastward
with the expanded velocity toward the southeast.
The surface elevation ranges from -0.7 up to -0.6 m
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Figure 6. Tidal current patterns during the displacement toward the high tidal conditions (flood) (a)
and during the highest elevation of tides (b)
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in the southeast, while in the northwest, the surface
elevationis relatively higher ranging from -0.5 up to -0.65
m. This elevation difference causes the current to reverse
southeastward. The simulation results show that the current
is moving southeastward with the velocity magnitude
distributed uniformly throughout the model area (Figure
9a).

At the lowest ebb tides, the water level is ranged
from -1.15 up to -1 m. The current moved southeastward
with the maximum current speed observed in the southeast
(Figure 9b). While at a depth of 15 meters, the current
pattern is moving southeastward with the maximum
velocity observed in the southeast (Figure 11).

Current circulation patterns generated by tides, winds, and
river discharges move toward the southeast with tremendously
low speed (close to zero). The water level gradually decreased
toward the northwest, where the elevation in the north is
around -1.25 up to -1.1 meters and in the northwest ranges
from -1.2 to -1.25 m (Figure 9b).

The current pattern at displacement toward the low tidal
condition at a depth of 15 meters is moving northward
with the maximum velocity observed in the southeast
part or the bay mouth (Figure 10). In the river body at
a depth of 15 meters, the current moves downstream
with a speed of 0.2 m/s out of 0.5 m/s (Figure 10). The
velocity of tidal currents is higher on the surface and
gradually decreases bottomward.
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Figure 9. Surface current patterns during the displacement toward the low tidal conditions (ebb) (a) and during
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Figure 12. Sea current profile in the bay mouth (top) and within the bay (bottom)

3.3 Sea current profile within Balikpapan Bay

The time series of surface currents at two different
points (in the bay mouth and within the bay) are depicted
in Figure 12, which illustrates the variation of current
speed and direction for 15 days (from the 1* until 15%
August 2019). Current profiles at those two observation
points have the same pattern, which follows the variation
of tidal fluctuation formed from the open seas into the
bay. The direction of currents between those two points
is caused by the differences in morphology of the coast
and bathymetry profile as well. As in the bay mouth, the
current moves northwestward and southeastward, while
within the bay, the currents tends to move to the north
and south. The current speed within the bay is twice as
fast as in the bay mouth.

3.4 Spatial distribution of temperature and salinity

The distribution of temperature during high
tidal conditions ranged from 29.25-30.30°C, where the
highest temperature was observed within the bay, and
the lowest temperature was observed close to the Riko
River (Figure 13). The low temperatures flow from the
bay mouth toward Riko River estuary. The temperature
profile in the Sepaku tends to be higher, ranging from
30.15-30.30°C. The relatively high temperature is also
found in the peninsula area. According to Ross (1970),
the heat transport in areas close to the equator tends to
be higher because it receives more solar radiation than
the other surrounding areas.
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The distribution of salinity during the high tidal
condition ranged from 27.75-30.00 PSU where the
highest salinity was observed in the bay mouth area,
and the lowest salinity was found within the bay close
to Sepaku (Figure 14). In the Riko River estuary, low
salinity was identified at approximately 27.75, 28.00,
and 28.25 PSU. While the area in the bay mouth, the
salinity profile ranged from 29.00-30.00 PSU. Water
masses with low salinity ranging from 26.25-28.00
PSU were observed at a depth of 0-20 m. The area
within the bay is shallow (<4 m), therefore the mass of
water in the area tends to accumulate and get a little
input from seawater. Areas within the bay tend to get
more freshwater input from the rivers along the bay
than from the bay mouth area, and so this area has
lower salinity. Seawater influence in the bay mouth
sourced from Makassar Strait increases the mixing of
salinity. According to Edmiston (2008), freshwater from
rivers tends to have low salinity, so areas that get a lot
of freshwater input from rivers will tend to have low
salinity. This causes the waters column in Balikpapan
Bay to experience mixed stratification of salinity.

4. Conclusion

The current patterns reversed in direction and
changed in velocity on each tidal conditions. During
the displacement toward the high tidal conditions, the
southeast water mass moved northwestward, entering
the river body and vice versa during ebb tides events
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(from the northwest to the southeast). The water flows
from the river downstream near the coast. At the
highest elevation of tides, the current velocity is lower
than during the displacement toward flood tides. This
condition indicates that the physical motion mechanism
takes place, where the tides have a role in evoking the
high-salinity mixing from Makassar Strait into the bay.
The current profile in the bay mouth moves northward,
and within the bay move southward. Semoi River has
a role in pushing the freshwater discharge d into the
bay. On the other hand, the formation of different tidal
propagation phases between the bay mouth and within
bay also causes the oscillation transporting salinity dan
temperature. The temperature profile in the peninsula
region is higher because this area is located in lower
latitudes hence it gets more solar radiation than the high
latitude regions. The shallow condition within the bay
also causes this area to be polluted by high temperatures.
Water mass in Balikpapan Bay varies, surface salinity
ranges from 31.00-34.25 psu.
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