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Abstract: The finite-difference 2D numerical model simulation was used to study the
characteristics of currents, elevation, amplitude, and phase of M2-tide in the Western
Waters of Aceh (WWA), Indonesia. The results show that the M2-tidal amplitude in WWA
is between 14 ¢cm and 17 cm. The lowest value is in the middle of the WWA, while the
highest value is in the northwest (NW). In the southeast (SE), the amplitude is 15 cm. Phase
values are in the range of 0 - 40 degrees. Contour lines indicate that M2-tidal waves move
from SE to NW of WWA. Current ellipses show an anticlockwise rotation. The residual
currents obtained from current ellipses move from SE to NW, and this is in line with the
movement of the M2-tidal wave. Based on the M2-tidal amplitude, it was concluded that
the M2-tidal wave had a weak impact on tidal currents at WWA. Semi-major amplitudes of
current ellipses show relatively higher value in the western part of WWA compared to the
eastern part of WWA. Also, residual currents are considerably strong in the shallows near

the WWA coastline.
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Introduction

Today the global tides can be derived from tidal
inversion software or online sites (Egbert &
Erofeeva, 2002; Price et al., 2018). The global
tides can be used to describe the tides in large
scale systems such as the Indian Ocean or the
Bay of Bengal. However, in local or regional
sites, the observation (Mayer-Glirr et al., 2012)
or ocean modeling of tides are still needed
(Pelling et al., 2013; Kumar & Balaji, 2015;
Othmani et al., 2017; Tazkia et al., 2017; Pringle
et al., 2018; Deng et al., 2019). Mayer-Giirr et
al. (2012) have combined the satellite altimetry
and Gravity Recovery and Climate Experiment
(GRACE) observation to improve a new tidal
constituent model. They found that their method
can improve the tidal prediction in a few areas
above 60°N. On the other hand, by using ocean
modeling methods, Pelling ef al. (2013) studied
the impact of sea-level rise on the European
Shelf tides. According to them, there is a
response of tide due to sea-level increase. They
concluded that sea-level rise shifts the tidal
energy dissipation and makes the amphidromic

points in the European Shelf toward the coastal.
In regional sites, Kumar & Balaji (2015) have
studied the tides on the gulf of the west coast
of India using the 2D numerical model with the
spatially varied friction coefficient. They found
that M2 and K1 tides are dominant compared to
other constituents. Also, Othmani ef al. (2017)
have used the high-resolution 2D numerical
model to study the tidal process and tidal
characteristic on the Gulf of Gabes, Tunisia.
They observed that the semidiurnal tides (M2
and S2) could generate significant sea-level
variations and currents on the coast.

WWA is the coastal waters bordered by
Sumatra Island and the Indian Ocean (95.6° -
96.3° E and 4.0° - 4.65° N). These waters had a
severe tsunami impact in December 2004. The
tsunami had taken many lives and destroyed
WWA infrastructures and the environment.
The information on sea level tide is important
to mitigate that disaster, and it can be used for
coastal management and protection, especially
in facing the sea level rise phenomenon (Daly
et al., 2017). Also, tidal information can be
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used to study the distribution of pollutant or
suspended sediment. According to Ramaswamy
et al. (2007), the strong tidal currents, shallow
depth, and presence of fine-grained sediments
on the bottom floor are the primary factors for
the high suspended sediment in the coastal area
for example in the Gulf of Kachchh, India.

However, the tidal information in WWA is
still limited. So far, the tides in WWA are known
from the large or regional scale such as the Bay
of Bengal (Sindhu and Unnikrishnan, 2013), the
Andaman Sea, the Malacca Strait (Rizal et al.,
2012), and Aceh Waters (Irham et al., 2018).
The semidiurnal tides from the Indian Ocean
propagate to the Andaman Sea, Malacca Strait,
and also coastal waters in Sumatra, such as
WWA.

In this study, we describe the
hydrodynamics of M2-tide in WWA by using a
high-resolution of a 2D numerical model. The
tidal hydrodynamics in WWA is represented
by the amplitudes, phases, residual currents,
and ellipses of M2-tide. The importance of this
research is to provide information on the M2-
tide of the location that can be used for fishery
activities, shipping, tourism development, ports
management, and other activities.

Materials and Methods
Hydrodynamic Equation

Ocean modeling which uses the Navier Stokes
equation has been developed rapidly, see for
e.g. Kampf (2009; 2010), Mayer et al. (2010),
Othmani et al. (2017), and Zhang et al. (2018). In
this investigation, we use a 2D hydrodynamical
model (Kampf, 2009). The equations of motion
are as follows:
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where,

Adv
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:Advection in component u
and v, respectively
Diff (w), Diff,(v) : Diffusion in component u and

v, respectively

f : Coriolis parameter

g : Acceleration of gravity

h : Seawater depth (undisturbed sea level)

ot bot ! Bottom stress in x and y direction,
respectively

Po : Reference density of seawater

t : time

4, v :Zonal velocity and meridional velocity

é : Sea level of M2-tide

x,y  :Cartesian coordinates

We define the following variables as follows:
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where,
A, : Horizontal eddy coefficient
r :non-dimensional  bottom  friction

coefficient

For the stability, the model respects the Courant-
Friedrichs-Lewy (CFL) criterion for the two-
dimensional equations:

min(Ax,Ay)

At < V2ghmax ’ (9)
where,
At : Time step
Ax, Ay : Distance spacing in longitude and

latitude, respectively
:Maximum depth of water or an
undisturbed sea level

max

At the open boundaries, the amplitudes and
phases are prescribed and we use the following
equation:

¢ (1) =A cos(t—9), (10)
where,
A : Tidal amplitude
0} : Tidal angular velocity,
T : M2-tidal period
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® : Tidal phase

Where ¢ (¢) is the height of the M2-tide as time
t, A is the amplitude of M2-tidal component, is
the phase of M2-tide.

{G0=¢0 (11)
ERossa =" b (12)
Cox =1k (13)
$ y+rk = $ nyke» (14)

where Eq. (11), Eq. (12), Eq. (13), and Eq.
(14) are the open boundaries of M2-tide at the
western, eastern, southern, and northern areas,
respectively (withj =1,2,3, ...,ny, k=1,2,3,
..., nx, and n is time index).

The amplitude and phase are calculated in the
following way:

a= [(¢+3) (15)
@ =tan™? (%) (16)
{x and {,, are:
{x=05@" =73 (17)
§y =05 @E™* =33, (18)

where &7 72 &7 and ¢Tare sea levels at time ¢
=T/4, T/2, 3T/4, and T, respectively.

The validation of the M2-tide of the model
consisting of amplitude and phase is compared
with the Geospatial Information Agency,
Indonesian data (GIA), and other sources.

Research Methods

This research was carried out with the following
steps:

1) Prepare bathymetric input data from
SRTM30 (ftp://topec.ucsd.edu/pub/srtm30
plus), M2-tidal amplitudes, and phases at
the open boundary conditions (Geospatial
Information Agency, Indonesian data).
We used GIA data for open boundary
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conditians because GIA data have a high
resolution (2.5 minutes) compared to TMD
(7.5 minutes) and FES (7.5 minutes). GIA
data is analyzed from the University of
Hawaii Sea Level Center (UHSLC) data
by Tropical Ocean Global Atmosphere
(TOGA) software (details about GIA data
can be seen on http://tides.big.go.id/). The
data are available for Indonesia Waters and
the adjacent seas.

2) Simulation with a two-dimensional
numerical model used the equations of
motion described above. The sensitivity of
several the non-dimensional bottom friction
coefficient () values, i.e. » = 0.0001, » =
0.0025, » = 0.005, and r based on depth
values with = g/(62.64 m®3/s)?, if h <40 m;
r=g/(62.64 m*3/s + (h-40 m)*3/s)? if 40 m <
h < 65m, and r = g/(87.64 m*3/s), if h > 65
m (Rizal & Stindermann, 1994) was tested.
To obtain numerical simulation stability,
the simulation was performed during 40
iterations of the M2-tidal period (7 =12.42
hours). The analysis of results is derived
from the last of the iteration, namely at time
t=T/4, T/2, 3T/4, and T. Then, we chose
numerical simulations using » of the best
choice.

3) The resulting outputs are the M2-tide of
currents, amplitudes, and phases.

4) The amplitude and phase are verified by
using the analysis data from GIA, Tide
Model Driver (TMD), and Finite Element
Solution (FES). Then, the difference
between the model results and other data
(GIA, TMD, and FES) is quantified by the
Root Mean Square Error (RMSE) defined
as follows (Othmani et al., 2017):

1
RMSE = (25 Wit — Xl (19)

where N defines the number of wet grid points
used, X defines the model data (M2-tidal
amplitudes or M2-tidal phases), and X

defines its verification from GIA, TMD, and
FES.
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Figure 1: The bathymetry of Western Waters of Aceh,

This research was conducted with the
discretization of Ax = Ay = 0.5 minutes, the time
step At =10 s, and = 500 m?%s. Figure 1 shows
the bathymetry of the WWA obtained from
SRTM30.

Results and Discussion

The first results tested the sensitivity of several
non-dimensional bottom friction coefficient
(r) values, i.e. r = 0.0001, » = 0.0025, r =
0.005, and r based on depth values (Rizal and

Calang Station

Indonesia, based on SRTM30 (depths are in meters)

Stindermann, 1994). The results obtained show
that the different » values do not show a striking
difference in output for both amplitude (see
Table 1) and phase (see Table 2).

Thus, we chose numerical simulations using
r based on depth. The next results discussed are
tidal currents, M2-tidal amplitudes and phases,
current ellipses and residual current of M2-tide
by using based on depth (Rizal & Siindermann,
1994).

Table 1: M2-tidal amplitude with the non-dimensional bottom friction coefficient () variation of each station

Amplitude (cm)

Station Latoilt\lude LOH?EUde Model
N F) r=0.0001  r=0.0025 r=0.005 b;:;fh"“ cla
Calang 4.6 95.6 16.90 16.92 16.94 16.92 17.33
Teunom 44 95.8 15.37 15.37 15.37 15.38 14.58
Krueng Sabe 43 95.9 14.77 14.82 14.87 14.82 13.85
Meulaboh 4.1 96.2 15.21 15.23 15.25 15.23 14.74
Western of WWA 43 95.65 14.45 14.45 14.45 14.45 14.60

Northwest of

WWA 4.05 95.65 13.95 13.96 13.96 13.95 13.89
Southern of WWA 4.05 95.9 14.37 14.37 14.38 14.38 14.27
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Table 2: M2-tidal phase with the non-dimensional bottom friction coefficient () variation of each station

Phase (°)
. Latitude  Longitude Model
Station o o
°N) (°E) rbasedon GIA
r=0.0001  r=0.0025 +=0.005
depth
Calang 4.6 95.6 43.71 43.52 43.40 43.52 42.95
Teunom 44 95.8 22.94 22.63 22.39 22.64 27.76
Krueng Sabe 4.3 95.9 13.88 13.78 13.68 13.79 18.98
Meulaboh 4.1 96.2 0 0 0 0
Western of WWA 43 95.65 24.30 24.29 24.29 24.28 25.6
Northwest of
WWA 4.05 95.65 6.27 6.27 6.26 6.27 6.85
Southern of
WWA 4.05 95.9 0 0 0 0
Tidal Current At flood tide (¢ = 37/4), see Figure 4, at the

The pattern of tidal currents of the model
simulation at the ebb tide (z = 7/4) shows that
the relatively strong current moves from the
north to the south, along with the western open
boundary. Along the coastline, the weak current
moves from NW to SE (see Figure 2).

At the low tide (¢ = 7/2), as shown in Figure
3, the current generally move from NW to SE.
Along the coastline, the current magnitude
weakens. Close to the north-south open
boundary, the speed is around 15 cm/s.
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western part, currents move from south to north
at speed of around 15 cm/s. Whereas, along the
coastline, the weak current moves from SE to
NW.

When high tide (¢t = 7), see Figure 5, the
current direction is dominated by flow moving
from SE to NW with a minimum speed of 5 cm/s
and a maximum speed of 15 cm/s. Still, along

the coastline, the weak current flow from SE to
NW.
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Figure 2: Current circulation during ebb tide (at = 7/4)
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Figure 4: Current circulation during flood tide (at ¢ = 37/4)

95.9
Figure 3: Current circulation during low tide (at ¢
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Figure 5: Current circulation during high tide (at ¢
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M2-tidal Amplitudes and Phases

The amplitude pattern of M2-tide is shown in
Figure 6. M2-tidal amplitude values range from
14 cm to 17 cm. The lowest amplitude value of
14 cm is found in SE and continues to increase
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until the highest value of 17 cm in NW. Figure
7 shows the M2-tidal contour amplitudes based
on GIA data. Figures 8 and 9 show the M2-tidal
amplitude contours obtained from TMD and
FES data.

95.6 95.7

96.1

Figure 6: The M2-tidal amplitude of model (cm)

Figure 7: The M2-tidal amplitude of GIA data, Indonesian (cm)
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Figure 8: The M2-tidal amplitude of TMD data (cm)
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Figure 9: The M2-tidal amplitude of FES data (cm)

Meanwhile, phase of M2-tide is shown in  in NW. Figure 11 shows the phase based on GIA
Figure 10. The values of the phase contour lines  data. Figures 12 and 13 show the M2-tidal phase
are about 0° — 40°. The phase value starts from obtained from TMD and FES data, respectively.
0° in SE and increases towards the value of 40°
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Figure 10: The M2-tidal phase of the model (degrees in GMT)
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Figure 11: The M2-tidal phase of the GIA data (degrees in GMT)
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Figure 12: The M2-tidal phase of the TMD data (degrees in GMT)
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Tables 3 and 4 show the verification of
the M2-tide between the model, GIA, TMD,
and FES data, in terms of amplitudes (cm) and
phases (degrees in GMT), respectively. We use

L I
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96

i
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9.3

Figure 13: The M2-tidal phase of the FES data (degrees in GMT)
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four stations, i.e., Calang, Teunom, Krueng
Sabe, and Meulaboh. The station locations are
shown in Figure 1.

Table 3: M2-tidal amplitude of each station

Station Latitude Longitude Amplitude (cm)
N (°E) Model GIA TMD FES
Calang 4.6 95.6 17 17 16 16
Teunom 4.4 95.8 16 15 15 16
Krueng Sabe 43 95.9 15 14 15 15
Meulaboh 4.1 96.2 15 15 14 15
Table 4: M2-tidal phase of each station
Station Latitude Longitude Phase (°)
°N) (°E) Model GIA TMD FES
Calang 4.6 95.6 44 43 28 34
Teunom 44 95.8 23 28 20 25
Krueng Sabe 43 95.9 14 19 16 20
Meulaboh 4.1 96.2 0 0 7 13
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The M2-tidal amplitude values obtained
from the model show that these values range
from 14 cm to 17 cm. From this lowest value,
the amplitude increases from 14 cm to 17 cm to
NW section and 15.4 cm to SE section. A similar
pattern occurs in M2-tidal amplitude of the GIA,
TMD, and FES data.

The model phases are similar to that of
GIA, TMD, and FES, directed from SE to NW
of WWA. The phase of the model is from 0°
to 40°. Meanwhile, the phases of GIA, TMD,
and FES are 0° to 40°, 5° to 25°, and 10° to 30°,
respectively.

If we compare the phase of the model to
other studies (Rizal et al., 2012; Shindu &
Unnikrishnan, 2013), the phases of the model
show compelling results. The increase of M2-
tidal amplitude and phase in WWA are caused
by the M2-tidal wave that was directed from the
tropical eastern of the Indian Ocean to the west of
Aceh Waters. According to Sindhu ef al. (2013),
the change of M2-tidal amplitude between that
point is relatively small (10 - 20 cm) compared
to the Andaman Sea and the Malacca Strait.
Furthermore, if we compared WWA and the
Eastern Waters of Aceh (EEA) connecting to the
Malacca Strait, the M2-tidal waves have a weak
effect on the tidal circulation. Also, it can be
seen in Table 3, amplitudes comparison between
the model results and GIA, TMD, and FES
shows they agree very well at four stations. The
same results are shown in Table 4. The phases
obtained from the model are almost similar to
those of GIA, TMD, and FES data.

RMSE is used to verify our results (Figures
6 and 10) with the other data, namely GIA
(Figures 7 and 11), TMD (Figures 8 and 12),
and FES (Figures 9 and 13). RMSE of M2-tidal
amplitude between the model result and GIA
is 0.4368 cm, while for the model result and
TMD is 0.3952 cm, and for the model result and
FES is 0.6010 cm. Results showed that most
RMSE of M2-tidal amplitudes is below 0.6 cm.
Meanwhile, the RMSE of M2-tidal phases is
2.4439°,5.9734°,9.1073°, respectively. It means
that the model results for M2-tidal amplitudes
and phases show a good agreement with the
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verification (GIA, TMD, and FES). Therefore,
we can use our model for further analysis.

At t = T/2 and T, the current magnitude
reaches 15 cm/s. The current velocity when ¢
= 772 and T has the same magnitude, but they
have opposite directions. At # = 7/2, the current
moves from NW to SE, and when ¢ = 7, the
current moves from SE to NW. Moreover, when
t = T/4 and 3774, their current magnitudes have
relatively the same speed, but they have the
opposite direction. The speed reaches 15 cm/s
near the western open boundary. In the west
when ¢t = T/4, the current moves from the north
to the south and when ¢ = 377/4 the current moves
from the south to the north. During all periods of
M2-tide, the M2-tidal current is always strong
because the M2-tidal amplitude gradient is high
at the western part of WWA compared to the
southern part of WWA.

Current Ellipses and Residual Current of M2-
tide

Figure 14 shows the M2-tidal currents for one
period. This current pattern is in the form of an
ellipse. All ellipses formed have anticlockwise
orientations with the semi-major amplitude (or
maximal velocity in one period of M2-tide)
values ranging from 5-15 cm/s.

We also calculate the residual currents with
the following equation (Rizal & Siindermann,
1994):

_ fOT vHdt
Vres = 2 (20)
where,
L : Residual current of component and
v : Resultant of component and
H ch+¢

The result of the M2-tidal residual current
is shown in Figure 15. The current pattern
indicates that the current moves from SE to NW
with speeds between 0.05 cm/s to 0.1 cm /s. This
residual current movement is in line with the
increase of the M2-tidal phase shown in Figures
10-13.
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Figure 15. Residual current of M2-tide (cm/s) based on model

The values of semi-major amplitudes of
current ellipses have larger values in the western
part than those in the eastern part of WWA.
The high value of the semi-major amplitude is
around 12 cm/s at the point 4.53 °N, 95.63 °E.

The results of the residual current calculation
show that the direction of the currents flows
from SE to NW of WWA. The largest residual
current is around 0.1 cm/s, and the smallest one
is smaller than 0.05 cm/s. The residual current
is active in the shallow region and close to the
WWA coastline. The direction of the residual

current is in line with the increase in the phase
value of M2-tide.

Conclusion

The modeling of M2-tide has been carried out
in WWA. At t = T, the current moves from SE
to NW, whereas when ¢ = 7/2, the current moves
from NW to SE. The M2-tidal amplitude and
M2-tidal phase values obtained from the model
results are in accordance with GIA, TMD, and
FES data. Based on the amplitude results, the
M2-tidal waves have a weak effect on the tidal
circulation in WWA.
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Current ellipses of M2-tide move
counterclockwise with semi-major amplitude
value reaching 12 cm/s in NW and the western
parts of WWA. While in SE part, the semi-major
is only about 5 cm/s. The semi-major amplitudes
of current ellipses have significant values in the
western part of WWA compared to the eastern
part of WWA. The residual current of M2-tide
moves from SE to NW, and this confirms the
findings of the increasing phases of M2-tide
from SE to NW. The residual current is strong in
the shallow region, which is closest to the WWA
coastline.

This tidal study can be used as a study for
marine protected areas, for port development,
tourism, navigation, shipping and fishing
activities. Based on this M2-tidal modeling,
further research is recommended to do be
carried out which are related to the distribution
of sediment and the spread of pollutants from
industrial and mining activities. In addition,
with external forces in the form of tides and
winds, a study of the flow of marine debris from
domestic waste and nutrient distribution from
estuaries can be carried out.
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