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INTRODUCTION

Palu Bay is administratively located in Donggala Regen-
cy, Palu City of Central Sulawesi Province. The position 
of Palu Bay is facing north with the bay mouth leading to 
the Makassar Strait, which is the main line of Indonesian 
Throughflow. The circulation of Palu Bay as semi-closed 
waters is strongly influenced by tides. Palu Bay has a 
unique morphology with a high depth degradation at a dis-
tance of 2000 meters from the coast, which can reach the 
depth of 300 meters or a slope of 25%. It is very poten-
tial for the occurrence of internal mixing on the slope. The 
process of seawater circulation is important to detect areas 
that have robust internal mixing in the management of the 
marine environment. 

The depth of 450 meters in the mouth of Palu Bay al-
lows the potential of Arlindo flow to affect the circulation in 
Palu Bay. At the end of the Palu Bay there is a major river 
that flows with an average discharge of 83.6 m3/s with a 

maximum discharge of 423 m3/s which is possible to carry 
sediment of 0.42244 kg/s/m (Rusdin et al. 2014) from the 
upstream which are intensely experiencing land clearing 
for new agriculture land. This high level of discharge ena-
bles the potential nutrient transport into the Palu Bay. 

Research on the 2D tidal circulation model in the bay 
area has been conducted by Carbajal & Backhaus (1998) 
with the semi-implicit method showing that tidal energy 
dissipation is found very strong in the delta. A 3D model 
study conducted by Koropitan & Ikeda (2008) with a larger 
scale on the Java Sea shows that the mixing is dominant by 
the K1 tidal constituent. Pichon & Correard (2006) mod-
elled internal tides using a spring tidal constituent of daily 
tidal, showing that the vertical distribution of internal tidal 
amplitude is related to baroclinic propagations. Kartadika-
ria et al. (2011) conducted research in the Indonesian Sea 
using POM with (1/36)° resolution showing that vertical 
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ABSTRACT

The tidal simulation models and internal mixing were constructed using finite volume method to 
simulate diurnal tide (K1) constituent and semidiurnal tide (M2) constituent, the mixing level model 
using General Ocean Turbulence Model (GOTM). Tidal elevation amplitude of the model K1 ranges 
from 19.27 to 19.31 cm, high tidal amplitude at the point near the mouth of the Palu River, low tidal 
amplitude at the open boundary of the model that leads to the Makassar Strait. The amplitude range by 
M2 tidal constituents is 55.55-55.75 cm, high tidal amplitude at the mouth of Palu Bay and the end of 
Palu Bay and the slope area. The tidal current of the K1 constituent strengthens at the open boundary 
of the model and weakens into Palu Bay, which then undergoes strengthening near the mouth of the 
Palu River which experiences extreme siltation, tidal currents strengthen in the mouth area of Palu 
Bay and the tip of Palu Bay is caused by the tidal constituent propagation M2 and also the slope of the 
area along the coast of Palu Bay. Bottom Ekman layer which is caused by K1 constituent can reach 
11 meters while the M2 constituent reaches 7 meters. In the slope area, are also found the buoyancy 
frequency with the order of 10-5 which is at a depth of 75-150 m. Kinetic energy in Palu Bay stands at 
O (10-5-10-3) with high kinetic energy around rough topography in the order of 10-3 around the mouth 
of Palu Bay.
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mixing increased due to the effects of baroclinic pairs and 
increased horizontal mixing with the presence of barotropic 
tidal movements. Increased mixing has a role in eliminating 
high salinity water masses from the Pacific Ocean. Robert-
son & Field (2005) stated that in the Indonesian Sea signifi-
cant M2 values of baroclinic tides were found on slope and 
rough topography, especially in the strait. 

Tidal circulation modelling is an essential step to ap-
ply as it is being the main cause of internal mixing in the 
slope that occurs by reflection of M2 internal waves (Nash 
et al. 2004). Strong internal mixing indicates high prima-
ry productivity, although the internal mixing has insignif-
icant contribution (10% to 25%) to primary productivity 
(Schafstall et al. 2010). Internal mixing causes nutrients to 
be mixed in the sediment so that they enter the upper wa-
ter column which is then utilized by phytoplankton which 
is characterized by increased chlorophyll-a (McGowan & 
Hayward 1978, Pingree & Mardell 1981). Internal mix-
ing is a mechanism for lifting nutrients to the surface in 
increasing primary productivity (Sharples et al. 2001, Holt 
et al. 2012). In the previous study, the focus was on region-
al areas, while this study focused on more detailed areas 
with a grid size of 100 m so that small degradation could be 
clearly identified. 

This research simulates hydrodynamics in 3D, which 

is driven by wind and tides by using numerical models of 
finite volume. The result is verified by using measurements 
of currents and tides. This study investigates significant tid-
al constituents and its role to the mixing level. The total tur-
bulent kinetic energy and dissipation in the domain model 
area are also computed. 

MATERIALS AND METHODS

Description of the study sites: This research was conduct-
ed in Palu Bay, Central Sulawesi Province, Indonesia. Palu 
Bay is located on the Arlindo line in the Makassar Strait 
and the input of the Palu River is large during the rainy sea-
son. Rainfall patterns in the Palu bay fall into the category 
of Local Rain Patterns with only one (unimodal) peak sea-
son with an average annual rainfall of 547 mm, the lowest 
in all of Indonesia with the peak of the rainy season in June 
(Bayong 1999). Palu Bay provides environmental quality 
with human activities as the central government of Central 
Sulawesi Province (Fig. 1).

Hydrodynamic model, turbulent and validation: Hy-
drodynamic modelling in Palu Bay using 3D MOHID uses 
a finite volume approach to discretize equations (Neves 
2007). MOHID 3D is a hydrodynamic model based on the 
Navier-Stokes equation with a Boussinesq and hydrostat-
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𝜕𝜕𝑦𝑦)

…

Where, Horcon = 2.5 (Marín et al. 2013), is a dimensionless calibration constant. 

 

Fig. 1: the location of Teluk Palui, Central Sulawesi Province, Indonesia. 

Turbulence parameters in the form of vertical eddy diffusion by internal waves are calculated 

by the following equation (Gargett & Holloway 1984):  

 

𝐾𝐾𝑧𝑧 =
𝑅𝑅𝑓𝑓

1 − 𝑅𝑅𝑓𝑓

𝜀𝜀
𝑁𝑁2 …(3) 

With Rf is the Richardson number flux (0.20) 

Vertical displacement is obtained from the equation (Wang et al. 2018): 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑔𝑔𝜌𝜌′

2𝜌𝜌𝑐𝑐𝑁𝑁2 …(4) 

Where, g is gravity acceleration,  is the perturbation density, c is the reference density, and N is 

the buoyancy frequency. 

Fig. 1: the location of Teluk Palu, Central Sulawesi Province, Indonesia.
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ic approach. 3D MOHID is formulated in a volume up to 
vertical discretization approach using sigma coordinates 
(Neves 2007). The open boundary of the model which is 
the generator input point for the tidal mouth model of Palu 
Bay leading to the Makassar Strait uses tidal constituents 
from FES2004. The study was carried out in Palu Bay (Fig. 
1) by building a model that covers the entire water body of 
the Palu Bay. Turbulence modelling was carried out using a 
module (GOTM) which has been integrated with MOHID 
(Baumert et al. 2005) using the κ- Œ model approach (Ver-
steeg & Malalasekera 2007). 

Horizontal turbulence is calculated using a Smagorin-
sky turbulence model based on grid size and local deriva-
tive: 
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Equation (1) in MOHID has an expression in the form 
(Marín et al. 2013):
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Where, Horcon = 2.5 (Marín et al. 2013), is a dimensionless 
calibration constant.

Turbulence parameters in the form of vertical eddy dif-
fusion by internal waves are calculated by the following 
equation (Gargett & Holloway 1984): 

 K
R

R N
z

f

f

=
-1 2

e  …(3)

 Where, Rf is the Richardson number flux (0.20). Vertical 
displacement is obtained from the equation (Wang et al. 2018):

 APE
g

Nc

= ¢r
r2 2  …(4)

Where, g is gravity acceleration, ρ is the perturbation 
density, ρc is the reference density, and N is the buoyancy 
frequency.

The grid cell size is 0.001° × 0.001°. As many as 14 
main constituents of tidal (Mf, Mm, Msqm, Mtm, O1, P1, 
Q1, K1, M2, K2, 2N2, N2, S2 and M4) are used as tidal 
generators at the open boundary, and these constituents are 
derived from the tide model FES2004 global tide (Lyard et 
al. 2006). Tidal data were also obtained from the Pantoloan 
Port station operated by the Geospatial Information Agency 
(BIG). Bathymetry data were obtained from the Navy Base 
(Lanal) Palu with a grid of 20 × 20 meters (not accommo-
dating bathymetry changes by the 2018 earthquake and tsu-
nami incident).

Model Analysis: Characteristics of water level by tides and 
tidal currents resulting from the model based on the tidal 
harmonic constants of the two dominant tidal constituents 
(M2 and K1) were analysed with T_TIDE program (Paw-
lowicz et al. 2002). 

RESULTS

Validation of model: The model was run for 30 days and 
validated with the results of tidal measurements from the 
Geospatial Information Agency (BIG) in Pantoloan Port for 
January (Table 1), the velocity of the model results was val-
idated with the results of measurements at Donggala Beach 
(Fig. 2). K1 tidal constituent has the greatest contribution to 
the occurrence of discrepancies between the results of ob-
servation (Fig. 2) and results of model with the difference 
in amplitude and phase respectively 2.41 cm and -12.17 
(Table 1).

Tidal Simulation 

Tidal constituent K1: The amplitude, phase, and tidal cur-
rents of the K1 constituent are calculated for each 5 grids. 
Co-amplitude, co-phase and elliptical tidal currents of the 
K1 constituent are shown in Fig. 3a. The co-amplitude pat-
tern and co-phase show a high tidal amplitude pattern at the 
end of the bay compared to the mouth of Palu Bay, while 
the phase propagates from the bay mouth who experience 
resonance in the middle of the bay due to the reflection of 
the wave returning from the end of the bay. The tidal eleva-

Table 1: Comparison of amplitude and phase between data from BIG and model results. 

Constituent

Amplitudes (cm) Phase (°)

Model BIG Data  ∆H Model BIG Data ∆HO1

∆HO1 15.48 16.35 -0.87 128.09 131.57 -3.48

K1 19.06 21.47 -2.41 138 150.17 -12.17

M2 54.38 55.1 -0.72 284.09 282.38 1.71

S2 42.97 42.05 0.92 337.83 332.74 5.09
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Fig. 3: Co-amplitude (cm) and Co-phase () (a) tidal component K1, (b) tidal component M2, amplitude 

(solid line) co-phase (dashed line). 

 

Fig. 4: Elliptical velocity tidal component K1 (a) bottom (b) surface. 
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Fig. 3: Co-amplitude (cm) and Co-phase (°) (a) tidal constituent of K1, (b) tidal constituent of M2, amplitude (solid line) co-phase (dashed line).
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Fig. 2: Zonal and meredional current velocity plots between tidal currents of observation results (red) 

and model results (blue). 

Tidal Simulation  

Tidal component K1: The amplitude, phase, and tidal currents of the K1 component are calculated for 

each 5 grid. Co-amplitude, co-phase and elliptical tidal currents of the K1 component are shown in Fig. 

3a. The co-amplitude pattern and co-phase show a high tidal amplitude pattern at the end of the bay 

compared to the mouth of Palu Bay, while the phase propagates from the bay mouth who experience 

resonance in the middle of the bay due to the reflection of the wave returning from the end of the bay. 

The tidal elevation amplitude of the K1 model results ranged from 19.27 to 19.31 cm high amplitude at 

points close to the mouth of the Palu River and low at the open boundary of the model leading to the 

Makassar Strait. 

Co-phase model results show that the tidal wave propagates from the open boundary of the 

model in the Makassar Strait entering the bay until it reaches the end of the bay at the hammer river 

mouth with tidal co-phase from 150.3-150.42. 

Tidal current component K1 is presented from the model results for the surface (Fig. 4b) and 

bottom (Fig. 4a) of the waters in Palu Bay. The pattern of velocity of tidal currents of the K1 component 

strengthens at the open boundary of the model and weakens into the Palu Bay which then undergoes 

Fig. 2: Zonal and meridional current velocity plots between tidal currents of observation results (red) and model results (blue).
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tion amplitude of the K1 model results ranged from 19.27 
to 19.31 cm high amplitude at points close to the mouth of 
the Palu River and low at the open boundary of the model 
leading to the Makassar Strait.

Co-phase model results show that the tidal wave propa-
gates from the open boundary of the model in the Makassar 
Strait entering the bay until it reaches the end of the bay 
at the Palu river mouth with tidal co-phase from 150.3-
150.42°.

Tidal current constituent K1 is presented from the mod-
el results for the surface (Fig. 4b) and bottom (Fig. 4a) of 
the waters in Palu Bay. The pattern of velocity of tidal cur-
rents of the K1 constituent strengthens at the open bounda-
ry of the model and weakens into the Palu Bay, which then 
undergoes strengthening at a certain point near the estuary 
which experiences extreme silting, the pattern between the 
speed on the surface and the bottom of the waters resembles 
only the 25% stronger surface compared to velocity at the 
bottom.

The average current velocity of the K1 constituent mod-
el results shows that there was a fairly strong current head-
ing north near the east coast of the bay with a velocity of 
about 0.5 m/s in January 2016, the same as the research 
conducted by Sabhan et al. (2019). A strong K1 constituent 

 

 

Fig. 3: Co-amplitude (cm) and Co-phase () (a) tidal component K1, (b) tidal component M2, amplitude 

(solid line) co-phase (dashed line). 

 

Fig. 4: Elliptical velocity tidal component K1 (a) bottom (b) surface. 
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Fig. 4: Tidal current ellipses for K1 constituent (a) bottom (b) Surface.

velocity is also found in the area near the mouth of the Palu 
Bay in a shallow topographic area (Fig. 6a).

Tidal constituent M2: Elliptical parameters of tidal cur-
rents by tidal constituents M2 was calculated for every 10 
grids. Co-tidal is shown in Fig. 3b, referring that the M2 
constituent fluctuates from the open boundary of the model 
at the mouth of Palu Bay then strengthens at the mouth of 
the Palu River at the end of the bay so that the co-amplitude 
is low in the centre of the bay, the amplitude range of M2 
tidal constituents are 55.55 - 55.75 cm. Fig. 3b shows that 
the high amplitude in the bay mouth area, at the bay end 
and the slope areas which are close to the beach.

The velocity of the tidal current represented by the tidal 
current ellipse by the M2 constituent shows the same pat-
tern between the surface and the bottom of the waters, but 
at the latter is weakened due to friction with the bottom of 
the waters (Fig. 5a). Tidal currents strengthened in the bay 
mouth area and the gulf tip (Fig. 5b) by the M2 tidal con-
stituent propagation and the slope areas along the coast of 
Palu Bay. That corresponds to the results of research on the 
Hawaiian Sea backs that experienced siltation (Merrifield 
& Holloway 2002). Because Palu Bay only opens towards 
the Makassar Strait, the tidal propagation of M2 constitu-
ents comes from the Makassar Strait.
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A strong M2 constituent velocity was also found in the 
area near the estuary of Palu Bay in a shallow topographi-
cal area (Fig. 6b). The M2 constituent pattern is almost the 
same as the K1 constituent pattern but the M2 constituent 
is stronger than the K1 constituent. Besides that, it is found 
that a fairly strong average current velocity reaching 1 m/s 
near the Palu River estuary is occurring in an area with low 
depth. Robertson & Field (2005) found that in the Indo-
nesian Sea strong M2 baroclinic tides were present on the 
slope and rough topography especially in the strait.

Turbulent Models

Buoyancy frequency: The results of the model show that 
the buoyancy frequency (Brunt-Väisälä frequency) is in 
order (10-1-10-9) s-2. The cross section intersecting the y 
axis that passes through the end of Palu Bay (estuary of 
Palu River) to the mouth of Palu Bay (Makassar Strait) 
shows that the frequency of buoyancy is high in the bay 
area, which is close to the river mouth, where the input of 
high river water forms a strong stratification by difference 
density. This result corresponds to the results of the study 
by Hordoir et al. (2018) which states that high buoyancy 
frequency values   are present under strong stratification 
conditions. In the slope area also found areas with the or-
der 10-5 which are at a depth of 75-150 m with a depth of 

 

 

Fig. 5: Elliptical speed tide component M2 (a) bottom, (b) surface. 

 

Fig. 6: The average velocity vector of (a) K1 component, (b) M2 component. 
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Fig. 5: Tidal current ellipses for M2 constituent (a) bottom, (b) Surface.

about 25 m from the bottom of the waters (Fig. 11a), this 
occurs because the slope area is a region with high friction 
(Wunsch 1968).

Turbulent dissipation: Fig. 10a shows the turbulent dissi-
pation distribution pattern near the bottom in the Palu Bay. 
Fig. 11b shows that turbulent dissipation in the slope area 
is at O (10-5-10-4), whereas in areas with rough topogra-
phy there is a turbulent dissipation area that is small, but 
higher one to two orders from the surrounding environ-
ment. These results are consistent with the results of the 
model conducted by Nikurashin et al. (2013) which states 
that in the absence of rough topography, internal turbulent 
mixing will decrease. As for the ocean with small tidal 
currents, internal wave friction is the dominant cause of 
turbulent dissipation (Ledwell et al. 2000, Jayne & St 
Laurent 2001).

Eddy diffusivity: Vertical slice of vertical eddy diffusiv-
ity on the y = 33 axis (Fig. 11c) has a fairly wide order 
with (100-10-9), areas that have high eddy diffusivity in ar-
eas close to coarse topography with O (10-3-10-2) and the 
surface area, in the mouth area of the Bay found a high 
diffusivity area with first order where the incoming tidal 
currents hit the rough topography. According to the results 
of the study (Toole et al. 1994), increased dissipation was 
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observed in the areas near steep boundaries (eddy diffusiv-
ity >10-4 square meters per second).

Bottom friction velocity: Bottom friction velocity was cal-
culated using equations (Zhurbas et al. 2018):

 u* .= ( )t r/ 0 5  …(5)

  t r= C ud
2  …(6)

Where, τ is the basic shear stress, ρ is the density of 
seawater. Fig. 8, the bottom friction velocity distribution 
for the tidal K1 and M2 constituents shows that the basic 
friction velocity of K1 constituent (Fig. 8a) has increased 
at a point where there is a rough topography, but is rapid-
ly weakened, while the M2 constituent (Fig. 8b) speeds up 
from the bay mouth until reach the middle of the bay. High 
velocity is also found at the end of the bay due to silting or 
slope plus the flow of the river at the mouth of the Palu Riv-
er. Sea threshold topography causes constriction, increas-
ing the velocity of basic friction, this implies an increase 
in mixing on the other side of the sea threshold topography 
(Xing & Davies 2009).

Delta Ekman layer: Delta Ekman layer is calculated using 
equation (He & Weisberg 2002):

 

 

Fig. 5: Elliptical speed tide component M2 (a) bottom, (b) surface. 

 

Fig. 6: The average velocity vector of (a) K1 component, (b) M2 component. 
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Fig. 6: The average velocity vector of (a) K1 constituent, (b) M2 constituent.
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+
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f

*
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Where, c = 0.2-0.4, σ is the tidal frequency and f is the 
tidal parameter. The M2 tidal frequency for Palu Bay is 2 
times the frequency of the coriolis parameter so that the Ek-

man layer for the tidal constituent of M2 becomes:d =
cu

f

*

3
.  

Fig. 9 shows that the Ekman layer by the K1 constituent 
(Fig. 9a) can reach 11 meters, while the M2 constituent 
(Fig. 9b) reaches 7 meters. The point undergoes a high lay-
er Ekman on the rough topography of the north side of the 
mouth of Palu Bay. But what is effective in mixing is in 
the slope section where the sea is getting shallow and the 
layer Ekman is getting bigger so that the mixed layer from 
the base is getting higher, in the next study this area has the 
potential to supply nutrients to the water column.

Energy flux is calculated using the equation:
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Where, Ex and Ey are each flux energy of the constituent 
vector x and y, (u, v) is the vector of horizontal velocity, 
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Fig. 7: Energy flux of Palu bay by (a) tidal component K1, (b) tidal component M2. 

 

Fig. 8: Velocity of water friction base by (a) tidal component K1, (b) tidal component M2.  
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Fig. 8: Bottom friction velocity by (a) tidal constituent of  K1, (b) tidal constituent of  M2. 

 

 

Fig. 7: Energy flux of Palu bay by (a) tidal component K1, (b) tidal component M2. 

 

Fig. 8: Velocity of water friction base by (a) tidal component K1, (b) tidal component M2.  
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Fig. 7: Energy flux of Palu Bay by (a) tidal constituent K1, (b) tidal constituent M2.
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Fig. 9: Bottom Ekman layer by (a) Tidal component K1, and (b) Tidal component M2. 

  

Fig. 10 (a): Turbulent dissipation () (b) turbulent kinetic energy Palu Bay. 
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 Fig. 9: Bottom Ekman layer by (a) Tidal constituent of K1, and (b) Tidal constituent of M2.

 Fig. 10 (a): Turbulent dissipation (ε) (b) turbulent kinetic energy Palu Bay.
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Fig. 11: Vertical slice of (a) buoyancy frequency, (b) eddy diffusivity, (c) turbulent dissipation, (d) 

turbulent kinetic energy, (e) vertical displacement in the waters of Palu Bay. 

Turbulent kinetic energy: The kinetic energy in Palu Bay is at O (10-5-10-3) with high kinetic energy 

found around the rough topography in the 10-3 order around the mouth of Palu Bay (Fig. 11d), the 
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Fig. 11: Vertical slice of (a) buoyancy frequency, (b) eddy diffusivity, (c) turbulent dissipation, (d) turbulent kinetic energy, 
(e) vertical displacement in the waters of Palu Bay.
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“η” is the elevation of the water level, “g” is acceleration 
of gravity, “h” is the depth of seawater, “T” is the period of 
tides, r0 density of seawater. The results of the model show 
that M2 kinetic energy of turbulent (Fig. 7b) is greater than 
K1 (Fig. 7a) with the dominant energy vector to the north 
with large on the right side of Palu Bay.

Turbulent kinetic energy: The kinetic energy in Palu Bay 
is at O (10-5-10-3) with high kinetic energy found around 
the rough topography in the 10-3 order around the mouth of 
Palu Bay (Fig. 11d), the roughness effect tends to lower the 
average velocity distribution and increase turbulent kinetic 
energy within the boundary layer (Rachman et al. 2011).

CONCLUSION

The tidal elevation amplitude of the model K1 ranges from 
19.27 to 19.31 cm, high tidal amplitude at the point near the 
mouth of the Palu River, and low tidal amplitude at the open 
boundary of the model that leads to the Makassar Strait. 
The amplitude range of M2 tidal constituents is 55.55 - 
55.75 cm, high tidal amplitude at the mouth of Palu Bay 
and the end of Palu Bay and the slope area. The tidal current 
of the K1 constituent is strengthened at the open boundary 
of the model and weakened when it enters Palu Bay which 
then amplify near the mouth of the Palu River because of 
its extreme siltation. Tidal currents strengthen in the mouth 
area and the tip of Palu Bay by propagation of the tidal 
constituent M2 and the area in the slope along the coast of 
Palu Bay. The basic Ekman layer by the K1 constituent can 
reach 11 meters while the M2 constituent reaches 7 me-
ters. In the slope area also found the buoyancy frequency 
with the order of 10-5 which is at a depth of 75-150 m. The 
kinetic energy in Palu Bay stands at O (10-5-10-3) with the 
highest kinetic energy found in the rough topography of the 
mouth of Palu Bay in the order of 10-3.
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