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Abstract

Early warning system based on numerical models is important in disaster
mitigation to reduce economic and human losses. A hydrodynamics circulation
model and the causes of its failures in the Palu River Estuary were discussed in
this article using ECOMSED and GIS analysis. The investigation revealed that
the morphology of the estuary at the river mouth and bathymetry has caused the
sigma coordinate system difficult to be applied. This problem can be solved by
setting input data such as time space resolution, discharge, and water elevation
such that the model setup meets the requirements of the CFL criteria. The results
showed that current simulations for one tidal cycle at minimum and maximum
discharges move out of the river, it revealed that the estuary is dominated by river
discharges. The estuary is classified as a highly stratified estuary based on
simulations of the distribution of salinity and temperature on a vertical cross-
section. Verification of water elevation, direction and current velocity,
distribution of salinity and temperature was performed using field observation
and secondary data, where the results revealed a good agreement.
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1. Introduction

Disasters are certainty, but when, where, and how large its impact is uncertainty
before the disaster occurs. Mitigation is an approach to answer these questions as
an effort to reduce economic and human losses [1].

Multiple hazards triggered by the earthquake that took place simultaneously on
September 28th, 2018 in Palu city, Sulawesi have attracted the attention of many
researchers in the world to study the morphology and hydrodynamics of Palu Bay.
Field observation revealed that subsidence [2] and tsunami [3, 4] occurred along
the coast.

The numerical method is one of the approaches in disaster mitigation in the
coastal area. It can be used for monitoring water quality [5], flood control
management [6], and hydrometeorology disaster forecast [7-9]. The accuracy of
numerical models is very dependent on the selection of the model used and complex
natural variability as input data into the model. Therefore, the numerical model and
the input data chosen should be reliable to be used for prediction of the past, present,
and future.

Geological and geophysical factors are obstacles to generalising specific finding in the
Palu disaster [10]. Numerical simulation in previous research [11] was carried out by
modifying bathymetry data without explaining the causes of numerical failure
comprehensively, so that understanding of other simulation scenarios cannot be explained.

According to the unique morphology of Palu River Estuary and the stability of
numerical calculations above, the objective of this present research was to simulate
hydrodynamics circulation and to investigate the causes of numerical simulation
failures in the estuary of Palu River, so that a better prediction can be achieved.

2. Methods

The prediction of hydrodynamics circulation in the Palu River Estuary was carried
out using the computer programme. Figure 1(a) shows the computational domain,
where the area comprises the small part of the Palu Bay and the small part of the
Palu River.

The finite difference method is used for numerical calculation, where the
horizontal finite difference mesh of 125 X125 grids squares, equally spaced at 25
m intervals, and vertical grids of 11 o-levels. Figure 1(b) shows the grid model,
shoreline, and bathymetry contour of the study area.

Depth interpolation was conducted using GIS software. At this stage the
topography map, sea map, and satellite imagery were digitized to obtain
geometrically corrected coastline and bathymetry data, then the output is used as a
lateral and open boundaries condition on the model.

River discharge is used as a boundary condition at the upstream of the river in
the simulation area. It is assumed to be constant throughout the simulation which
is equal to 2 m’/s and 36 m’/s obtained from measurement data in the field to
represent minimum and maximum discharge conditions, while for verification
purposes of tidal currents, simulation was run without the influence of discharge.
The temperature and salinity at the upstream of the river and the open boundaries
in the sea are 28° C, 0 ppt, 29° C, and 30 ppt respectively. 6 Tidal constants (Sz, M
N», K, P; and Oy) at the Palu Bay are used as input data at the open boundary of
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the sea, while the results of interpolation of river depth and bathymetry are used as
lateral and lower boundaries.

(a) Map of simulation area. (b) Model grid
(finite difference scheme).

Fig. 1. Model setup.

Investigation of the causes of simulation failure was performed by modifying the
parameters of time step, grids, water depth, discharge, and tidal data. Once the error
problem has been resolved, then hydrodynamics numerical model runs smoothly.

In this research, ECOMSED is used to analyse hydrodynamics circulation in the
Palu River Estuary. This model has been widely used in the estuary and the ocean,
[12-19]. The governing equation of ECOMSED used in this model is a continuity
equation, Reynold momentum equation, temperature and salinity conservation
equation, and turbulence equations that have been transformed into the sigma
coordinate system to obtain accurate approximations of the bottom and surface
mixing layers [20].

Continuity equation is:
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where A4 is the Coriolis parameter, Ky is the vertical eddy diffusivity of
turbulent momentum mixing, P is the pressure, g is the gravitational acceleration,

p is the reference density, p is the in situ density, F, and F), represent the terms
of horizontal mixing processes.

The conservation equations of salinity and temperature could be written as
follows
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where 6, S, and Ky are the in situ temperature, the salinity, and the vertical eddy
diffusivity for turbulent mixing of heat and salt respectively.

According to the user’s manual of ECOMSED [21], the turbulence closure may
be written as follows
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Model verification was performed using field data and tidal data from
DISHIDROS. Measurements were taken at three locations (station A, station B,
and station C). The stations are located along the estuary, which are placed from
the river mouth to the upstream of the river. The distance of each station is as
follows: Station A is located at the river mouth, station B is located 125 m from
station A, and station C is located 250 m from station A. At each station,
measurements are taken for depth, salinity, discharge, temperature, and salinity.
Measurement of temperature and salinity was conducted for 3 points vertically (on
the near surface, middle, and near bottom), whereas the direction and current
velocity measurements were carried out only at station A. Based on the
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measurements, the simulation on the vertical profile is focused on the upstream up
to the downstream, where in that interval the currents velocity, temperature, and
salinity measurements were carried out.

3. Results and Discussion
3.1. Depth interpolation

The kriging interpolation method was used to reveal the river depth and the
bathymetry. Figure 2(a) shows that the maximum bathymetry depth of the
simulation area is 167.83 m, where in the east is steeper than in the west. Figure
2(b) shows that the Palu River is categorized as a shallow river, where the water
depth from upstream to the mouth of the river ranging from 1.9 m to 3.5 m.

The steepness in the east has the potential to cause underwater landslides if the
sediment from the river that enters into the Palu Bay has not been strongly
consolidated so that it collapses and landslides during an earthquake, then triggers
a tsunami. these results are consistent with Muhari's hypothesis [22]. If a tsunami
occurs outside the bay, then the wave energy coming from the Makassar strait into
the Palu Bay will be concentrated and amplified with a steep bathymetry so that it
can cause large differences between the tidal in the open ocean (Makassar strait)
and nearshore at estuary of Palu River.

Depi (4
T

Upsiream Biver mcuth Dommatioar

¥ a5
Deatanes fim

(a) Three dimensional model of (b) Vertical cross section of the
bathymetry. river depth.

Fig. 2. Simulation results of the depth interpolation.

3.2. Run time error analysis

Run time errors occurred during simulation. The problem of numerical instability
is caused by the non-linear phenomena. The simulation results show that the
ECOMSED programme can run stable if the advection term is linearized to simplify
problems in numerical calculations, the mathematical equation can be represented
in elementary functions so that it can be solved analytically [23].

The advection term in the momentum equation represents changes in
physical parameters over time space. Therefore, by not considering the
advection term in the momentum equation, the hydrodynamic circulation in the
Palu River Estuary will not be well described, especially in the shallow waters
and surrounding structures.
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3.2.1. Horizontal grid Size and maximum Depth

Simulation results reveal that the ECOMSED becomes unstable if the simulation
area has a larger horizontal grid size compared to the depth of the sea at the open
boundary. The maximum depth at the open boundary is 167.83 meters, while the
horizontal grid size is only 25 m. If the area of the simulation is enlarged, the
horizontal grid size should be reduced and the simulation time will run longer.

The wave in the Palu Bay is categorized as long wave, where the maximum
grid width is one quarter of the wavelength, whereas the maximum width of the
grid is one third of the minimum width of the Palu River in the model domain.
based on this criterion, the model at the open boundary has a high resolution, while
the upstream has a lower resolution.

3.2.2. Steep bathymetry of the model domain

The simulation area has a steep bathymetry at a depth of 10 m to a maximum depth
of 167.83 m. The depth interpolation was conducted for a maximum depth of 10 m
in the model domain, where the result revealed that simulation was running stable.
However, run time error occurs during simulation if the maximum depth was
imposed at the open boundary is 20 m. It reveals that the steepness between 10 m
to 20 m causes numerical model instability.

3.2.3. Limitation of the sigma coordinate system

Numerical experiment was conducted on the vertical cross section by setting
vertical grids. The results revealed that run time error occurred faster for 7 o-levels
compared to 11 o-levels. It revealed that the grid resolution was not enough due to
rapidly varying bathymetry. The addition of the c-levels in this case increases the
duration of the simulation but does not solve the error problem.

3.2.4. Shallow waters at the river mouth

Simulation result revealed that numerical instability occurs when the amplitude is greater
than the minimum depth at the river mouth around the delta. Therefore, the river depth
must be added such that the minimum water depth greater than the tidal amplitude.

Figure 3(a) shows the condition of the Palu River mouth before the disaster and
Fig. 3(b) after a disaster. Both figures show the water depth at the river mouth is
relatively the same so that the addition of the water depth for shallow areas must
still be done based on criteria of depth specified in model grid [24].

(a) Before the disaster (b) After the disaster

Fig. 3. The condition of the Palu River mouth.

Journal of Engineering Science and Technology August 2020, Vol. 15(4)



Hydrodynamics Circulation Model in the Estuary of Palu River Based . . . . 2315

3.2.5. Maximum discharge

Three simulations with different scenarios revealed that discharge is also one of
the causes of numerical instability. Run time error occurred for discharge of 36
m?/s. whereas the simulation for discharge of 2 m3/s run smoothly. It reveals that
large discharge in this model cannot be applied without modifying bathymetry
data. Therefore, the latest bathymetry data is needed to apply this model under
these conditions.

The numerical stability is strongly influenced by the Friedrich Levy's Courant
(CFL) Criteria [25] in equation (9)

1

1 2
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-
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where C, =2 (gH)"? + Upax; Upax is the maximum velocity.

Equation (9) shows that the choice of time step is influenced by the size of the
horizontal grid, the maximum depth, the acceleration of the earth's gravity and the
maximum velocity. The maximum time step for the internal mode in this study is ¢
< 8.9 s and for the external model is # <0.22 s.

The next experiment revealed that the smaller the time steps taken, the longer
simulation goes. Figure 4(a) shows run time error for Ar=>5s and Fig. 4(b) shows
run time error for Asz=1s. It reveals that there were no significant changes by

reducing the time step.

elevation (m)
elevation (m)

Time
16 (hours)

Water
Water

(a) Simulation for Ar=5s. (b) Simulation for Ar=1s.

Fig. 4. Simulation results of water elevation.

3.3. Current model

Tidal currents move in opposite directions at slack low water and slack high water
in narrow and closed waters such as bay, so that the velocity period follow the tidal
period that generates it. The tidal current pattern corresponds well to the results of
previous studies conducted at Jakarta bay [26] and at the Ariake sea [27].

The current velocity at slack low water and slack high water ranging from 0 m/s
to 0.027 m/s and the minimum current velocity occurs during the ebb and flood
conditions, where the current velocity ranging from 0 m/s to 0.007 m/s as shown in
Fig. 5. Surface current simulation for discharge of 36 m%/s. Figure 6 shows the
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pattern of surface current at ebb and flood condition moves out of the river. Based
on the direction and current velocity in the two simulations, it can be concluded
that the effect of tides on the Palu River Estuary is relatively small compared to
river discharge.

£ L]
i Bt
Upstream Downstream

[\\ t= 12 bours | Grids location
——= |Upsream X =87, ¥ =27
\J’ 005ms | Downstream: X = 87, V=40

(a) Slack low water condition. (b) Slack high water condition.

Fig. 5. Current model on the vertical cross section for Q@ = 0 m/s.

3.4. Comparison of simulation results and field data for water elevation
and current velocity

The type of tides in a waters can be determined by calculating the Formzahl value
(F) [28]. The waters at Palu Bay is categorized as mixed tide prevailing
semidiurnal based on the calculation (F = 0.29), where at ebb and flood occurs
twice a day with a time difference between the highest peaks. Figure 7(a) shows
the simulation result of ECOMSED for water elevation, where the flood condition
was 269.2 cm and ebb condition was 22.6 cm, while the DISHIDROS prediction
shows that the flood condition was 263.2 cm and the ebb condition was 31.4 cm.
The amplitude of ECOMSED is greater than DISHIDROS prediction, the
difference is caused by differences in tidal harmonic constants input data in the
two models.

Figure 6(b) shows that the field observation for current velocity is greater than
simulation results. This is caused by adding depth to the simulation area to avoid
the failure of numerical calculations. The waters depth for the simulation at ebb
condition was 1.3 m and the flood was 2.5 m, while the waters depth for field data
at ebb was 0.54 m and the flood was 1.03 m.

Overall, the water elevation verification results show a consistent pattern
between ECOMSED and prediction from DISHIDROS based on the admiralty
method [29] with a root mean square error (RMSE) [30] of about 0.114 and the
pattern of the current velocity for the simulation results corresponds well to the
field data. Based on the verification results, this model is feasible to be applied for
the prediction of hydrodynamics in this area.

Journal of Engineering Science and Technology August 2020, Vol. 15(4)



Hydrodynamics Circulation Model in the Estuary of Palu River Based . . . . 2317

3 cs

4 5 2
Distances (Ka)
Vecter refecence.
05 mis

(a) Ebb condition. (b) Flood condition.

Fig. 6. Current model on the horizontal cross section for Q = 36 m/s>.
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(a) Water elevation. (b) Current velocity.

Fig. 7. Comparison of simulation results and data field.

3.5. Temperature distribution model

The temperature distribution on the vertical cross section for ebb condition is
homogeneous from surface to bottom as shown in Fig. 8(a), while Fig. 8(b) shows
a small variation at the lowest layer for flood condition. There is no variation at the
surface layer because of the turbulence. At flood condition, the temperature
increases with the depth of the water. This is caused by the effect of sea water
temperature which is hotter than the temperature of river water that moves at the
lower layer of fresh water. At lowest water and highest water conditions, the
difference in water temperature at the top layer to the lowest layer was 0.9°C, where
the minimum temperature was 28.05°C and the maximum temperature was
28.95°C. The results are in accordance with previous studies, where the
temperature difference under these conditions is not more than 1°C [31].

Temperature (°C)

032
2815
81
- 1 n I 1 1 L 1 L n 005
03 [E3 048 o 005 01 015 02 025 03 03 04 045
Distance (Ka) Distance (Km)

(a) Ebb condition. (b) Flood condition.

Fig. 8. Temperature patterns on the vertical cross section.
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3.6. Salinity distribution model

Sea water propagation into the upstream of the river depends on the discharge. The
greater the river discharge the shorter the distance of sea water reach upstream [32].
Figure 9 shows that at ebb and flood conditions, the sea water enters upstream with
a maximum salinity of 34 ppt for a discharge of 2 m?/s, while for discharge of 36
m?/s, the maximum salinity at the upstream was 0 ppt at ebb condition and 24 ppt
for flood condition as shown in Fig. 10.

Based on the simulation results, the Palu River Estuary is classified as a highly
stratified estuary, where discharge is greater than tidal effect [33]. In this condition,
freshwater and saltwater separate, but the river discharge of 36 m?/s is not strong
enough to push the whole salt water back into the sea, so that the salt water will be
under fresh water because the saltwater density is greater than freshwater.

Depth (m)
Depth (m)
4

® —% £=15 hours

0z om
Distance (Km)

(2) Ebb condition. (b) Flood condition.

Fig. 9. Overlay of current and salinity patterns on the
vertical cross section for ebb and flood conditions (Q = 2 m/s%).

Salinity
(ept)

Salinity
et

Depth (m)
Depth (m)

- s
15 [ — v=05m's 8
1 F 1
05 + 05
0 K 0

Lot L L L L L L
0 o5 01 015 02 025 03 035 04 045
Distance (Km)

(b) Flood condition.

(a) Ebb condition.

Fig. 10. Overlay of current and salinity patterns on the
vertical cross section for ebb and flood conditions (Q = 36 m/s°).

3.7.Model verification of temperature and salinity

Tables 1 and 2 show a good agreement between simulation results and field data at all
stations. Small variations between measurements and simulations are caused by
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differences in river depth between the model and field data. The difference is seen only
in the middle and near bottom layers, whereas in the near surface is exactly the same.

Table 1. Comparison of field data and simulations result of temperature.

Station A (field data) Station A (simulation)
Time Near . Near Near . Near
(hours)  surface N{z(?)le bottom  surface N{,l,(gl)le bottom
(W8] (9] (W) (9]
5 28 28 28 28 28 28.1
28 28 28 28 28 28
12 28 28 28 28 28 28
15 28 28 28 28.1 28.6 28.9
Station B (field data) Station B (simulation)
Time Near . Near Near . Near
(hours)  surface N{:(i;l)le bottom  surface N?](gl)le bottom
()] (Y] ()] (9]
5 28 28 28 28 28 28.1
9 28 28 28 28 28 28
12 28 28 28 28 28 28
15 28 28 28 28 28.1 28.3
Station C (field data) Station C (simulation)
Time Near . Near Near . Near
(hours)  surface M:dcdle bottom  surface M:(i;ile bottom
© C) ( ) ° C) © C) O © C)
5 28 28 28 28 28 28.1
28 28 28 28 28 28
12 28 28 28 28 28 28
28 28 28 28 28.1 28.3

Table 2. Comparison of field data and simulation result of salinity.

Station A (field data) Station A (simulation result)
Time Near . Near Near . Near
(hours)  surface N(hd(tl)le bottom  surface N([ld(:)le bottom
(ppt) PP (®pt) _ (ppt) PP (ppt)
5 0 0 1 0 0.5 1
9 0 0 0 0 0 0
2 0 0 0 0 0 0
5 0 0 3 0 2 4
Station B (field data) Station B (simulation result)
Time Near . Near Near . Near
(hours)  surface N(hd(tl)le bottom  surface N([ld(:)le bottom
(ppt) PP (ppt) (ppt) PP (ppt)
5 0 0 3 0 0.5 4
9 0 0 0 0 0 0
12 0 0 1 0 0 1
15 0 3 15 0 3 17
Station C (field data) Station C (simulation result)
Time Near . Near Near . Near
(hours)  surface N(hd(tl)le bottom  surface N([ld(:)le bottom
(ppt) PP (ppt) (ppt) PP (ppY)
5 0 0 2 0 0 3
0 0 0 0 0 0
12 0 0 0 0 0 0
15 0 0 10 0 1 9
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4. Conclusions

Three dimensional hydrodynamics circulation model has been made using
ECOMSED to predict water elevation, current, temperature and salinity
distribution in the Palu River Estuary and GIS analysis is used to investigate the
causes of numerical calculation failures.

According to the simulation results, the morphology of the estuary at the river
mouth and bathymetry has caused the sigma coordinate system difficult to be
applied. This problem can be solved by setting input data such as time space
resolution, discharge, and water elevation such that the model set-up meets the
requirements of the CFL criteria. The results showed that current simulations for
one tidal cycle at minimum and maximum discharges move out of the river, it
revealed that the estuary is dominated by river discharges. The estuary is classified
as a highly stratified estuary based on simulations of the distribution of salinity and
temperature distribution on a vertical cross-section. Verification of direction and
current velocity, distribution of salinity and temperature was performed using field
observation, while the water elevation with data from DISHIDROS, where the
results revealed a good agreement.

Investigation of the causes of simulation failures is difficult to be done because
of the ECOMSED and GIS software are run separately, so it takes a long time to
make the simulation run smoothly. Therefore, ECOMSED and GIS software need
to be integrated. By conducting further studies with a comprehensive simulation,
this model is expected to be used to reveal the impact of environmental damage
before, after, and when a disaster occurs by changing the input data into the model.
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Nomenclatures
A Coriolis parameter
F Formzahl value

Fy, Fy. Fp. Fy Represent the terms of horizontal mixing processes

g Gravitational acceleration, m/s>

o Water depth, m

Ky Vertical eddy diffusivity of turbulent momentum mixing
/ Turbulence for macro scale

P Pressure, Pa

0 Discharge, m/s*

Turbulence component

95}

Salinity, ppt

VoW Components of the current velocity, m/s
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Greek Symbols
0 In situ temperature, °C
g Water elevation, m
’ In situ density, kg/m3
0 Reference density, kg/m?
0 Vertical velocity, m/s
Abbreviations
CFL Courant Friedrichs Levy
DISHIDROS Dinas hidrooseanografi (hydro oceanographic office)
DTE External mode time step
DTI Internal mode time step
ECOMSED Estuary coastal ocean model and sediment transport
GIS Geographical information system
IDEC International development and cooperation
RMSE Root mean square error
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