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ABSTRACT

Dynamic processes in the coastal waters play an important role in regulating the marine pollution distribution
caused by riverine inputs and are relevant for coastal management. Here, the coastal water properties were inves-
tigated from field measurements and modeling hydrodynamic processes in the northeastern coast of Sumatra. The
present study found that the river discharges affect a low salinity of 28—29 psu in the surface waters along near the
coastal line. The river discharge might influence by strong La Nifia with high rainfall in December 2010. However,
the authors suggested that the effect of tidal mixing is stronger than the freshwater discharges, resulting in verti-
cally well-mixed coastal waters in the region. The observed tidal range of 200 cm indicates a strong tidal mixing
in the waters. The tidal elevation contributes more than 70% of the total measured sea elevation. The tidal current
signal in which the flow pattern simulations show no significant differences among tide and wind-tide driven cur-

rents, is also dominant (77%).
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INTRODUCTION

The Malacca Strait is one of the major inter-
national seaways. With high traffic density (Rusli
2012), this strait links the Indian Ocean to the
Andaman Sea in the North and the South China
Sea in the South. The wide section and depth of
the Northern Malacca Strait are gradually declin-
ing and narrowing down to the Southern Strait
(Muhaimin A et al. 2011). Malacca Strait is a part
of the Sunda Shelf, shallow water (Minhat et al.
2020), and included in the mainland of Asia as
well as some waters and bays such as the South
China Sea, Gulf of Thailand, and the Java Sea.
The southern, narrowest, part of Malacca Strait
is about 30 m deep and 35 km wide. The depth
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increases gradually to about 100 m before the
continental slope to the Andaman Sea begins
(Devlin et al. 2018; Wyrtki 1961). On the bottom
of this strait, in which strong tidal currents occur,
large sand ripples of considerable uniformity are
formed, with crests perpendicular to the direction
of the tidal currents (Wyrtki 1961).

The Malacca Strait is significantly influenced
by flow pattern and hydrographic parameters. The
Malacca Strait is typically viewed as a normal,
wind-driven channel with other components con-
sidered negligible (Chen et al. 2014). This shallow
strait includes unique ecosystems of muddy bot-
tom sediments and hyposalinic waters (Thia-Eng
et al. 2000). The Strait of Malacca has a tropical
atmosphere, with monsoon winds reversing twice
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a year (Tan et al. 2006). The two main monsoon
seasons are the wet Northeast Monsoon and the
warm and dry season of the Southwest Monsoon.
During the Southwest Monsoon, the intrusion of
the Andaman Sea from the Northern part of the
Malacca Strait happened (Daryabor et al. 2016;
Ibrahim and Yanagi 2006; Tomczak and Godfrey
1994). During the Northeast Monsoon, the wa-
ter from the South China Sea penetrated at least
the Southern portion (Pang and Tkalich 2003).
The tidal current is strengthened in the northern
Malacca Strait, while the southern strait narrow
channel is reduced. The winds with high inten-
sity and wind-stress curl may create an eddy as
wide as the width of the northern channel, which
significantly distorts the tidal circulation, particu-
larly during the neap tide (Chen et al. 2014). The
motions of these water intrusions affect the phys-
ical properties, such as dissolved oxygen, water
temperature, and salinity (Daryabor et al. 2016;
Ibrahim and Yanagi 2006).

The strong hydrodynamic processes in the
Malacca Strait are more complicated due to river
discharge from Sumatra and Peninsular Malaysia
as well as the structure and incident waves in this
area (Chua et al. 1997; Hii et al. 2006; Jaya et al.
1998; Pang and Tkalich 2003). Sea Surface Tem-
perature (SST) and Sea Surface Salinity (SSS) are
the most important oceanographic variables. SST
variability in Malacca Strait is determined by heat
and water balance, ocean morphology, bathym-
etry, and meteorological factors such as rainfall,
evaporation, air temperature, wind speed, and
sunlight (Aldrian and Dwi Susanto 2003; Chen
et al. 2014; Deser et al. 2010; Fingas 2018). SSS
is affected by evaporation and rainfall (Correge
2006; Durack and Wijffels 2010; Muhaimin A
et al. 2011). Higher evaporation contributes to
greater SSS values. On the other side, higher
evaporation contributes to lower SSS. Thus, hy-
drodynamic processes, sea temperature and salin-
ity can be used to examine the oceanographic and
climatic conditions in the Malacca Strait.

The Malacca strait has potentially a large
number of natural resources (Sangkoyo et al.
2011; Thia-Eng et al. 2000), such as oil and gas
and fishery. In the Indonesian part, the Malacca
Strait stretches along the northeastern coast of Su-
matra; Aceh, North Sumatra, and Riau Provinces
(Sangkoyo et al. 2011). The rapid rise in anthro-
pogenic activities in the Malacca Strait could be
leading to the degradation of marine habitats and
indirectly deteriorating ecosystem services (Islam

and Maznah 2018), including seawater physical
properties.

It is, therefore, crucial to examine the oceano-
graphic and climatic conditions in the Malacca
Strait, especially in the direct adjacent region of
Indonesia (northeastern coast Sumatra), where
studies are still little done. Knowing temperature,
salinity, and hydrodynamic processes is vital to
oversee the management of this strait, particular-
ly for the Indonesian government, and to manage
the marine environment in eastern Sumatra. The
primary aim of this paper was to investigate the
physical properties pattern of water masses from
field measurements of seawater temperature, sa-
linity and modeling hydrodynamic processes in
the northeastern coast of the Sumatra region, ad-
jacent to the Malacca Strait.

THE MATERIAL AND METHOD

Study Area

Field observation was conducted along the
east coast of North Sumatra Province, which is
Deli Serdang Regency, Medan City, and Langkat
Regency, including some regions of Aceh Prov-
ince covering Aceh Tamiang Regency and Lang-
sa City. This area is the northwest boundary of
the Malacca Strait. The northwest border is set in
a gentle bottom slope, avoiding the steep slope
between the Andaman Sea and the Malacca Strait
(Chen et al. 2014). This makes it interesting to
study this area.

Field Sampling

The CTD (Conductivity Temperature and
Depth) was used at multiple stations to measure
the seawater temperatures and salinity at all water
depths. The CTD was guided down to the water,
where the collected results were calculated for
an interval of 0.1 m. During coastal water mea-
surements, the authors used Arcturus Navigation
Vessel for 3-day cruising (7-9 December 2010),
and collected temperature and salinity from 56
stations in six transects along Belawan to Langsa,
which cover six transecting lines from the coast
(Figure 1). A one-day cruise boat (12 December
2010) was used to cover nine stations near the
coastline of Belawan until Pangkalan Susu, in
particular to conduct the CTD measurements in
coastal waters (Figure 1).
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Water depth was measured by using Garmin
GPSMap Sounder 421s with distance interval re-
cording around 10 m. The sounder was attached
in the Navigation Vessel of Arcturus to measure
the water depth in coastal waters following the
vessel tracking and vessel speed of 5—6 knots. The
total transect length in coastal waters is 120 nm
(nautical mile). For the water depth measurement
in coastal waters, the sounder was attached in
the boat, which moved at the same speed as the
Navigation vessel, with a total transect length of
55 nm. The water depth measured by the sounder
was then corrected with the mean sea-level ob-
tained from the tidal prediction data in the nearest
location (Aru Bay).

Elevation of sea level and ocean currents
were measured by using a tide gauge and current
meter, respectively. The tide gauge was deployed
in the local harbor, while the current meter was
deployed further of the coastal to avoid non-lin-
ear signals that might affect the recorded water
current. The non-linear effect could be caused by

5°N

4.5°N

wave reflection near the coastal or produced by a
running boat. The hourly sea level elevation mea-
surement was recorded for 699 hours, while the
hourly ocean current measurement was recorded
for 704 hours. The specific location of the tide
gauge and current meter deployments is present-
ed in Figure 1.

Time series analysis for sea-level
elevation and ocean current data

The sea level elevation was analyzed using
the least-squares method in MATLAB, referred
to as the t_tide program (Pawlowicz et al. 2002).
This program is similar to the FORTRAN code
described by previous research (Foreman 1977,
1978; Godin 1972). However, unlike those au-
thors, the t tide program directly uses complex
algebra, rather than dealing with sine and cosine
separately. The analysis includes as many as 146
possible tidal constituents, 45 of them being as-
tronomical in origin, while the remaining 101 are
shallow-water constituents. Similar to sea level,
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Ocean Data View
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Fig. 1. Location of CTD measurements (blue dots), bathymetric profile of the model region, location of tide
gauge and current meter (black dots) and geographic positions of predicted tidal constituents of ORI.96 for tidal
elevation along open boundary, X1 (4.75 N and 98.25 E), X2 (4.75 N and 99.25 E) and X3 (3.75 N and 99.25 E).
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the analysis of the ocean current data were also
conducted using the least-squares method of the
t tide program (Pawlowicz et al. 2002).

The type of tides in the site observation was
determined quantitatively according to the For-
mzahl number, which is calculated from the tidal
amplitude ratio between diurnal and semi-diurnal
constituents. The Formzahl number is as follow:

B 0, +K,
M,+S,

where: F— Formzahl number
0, — tidal amplitude of the diurnal con-
stituent forced by the Moon,
K, — tidal amplitude of the diurnal con-
stituent forced by the Moon and the Sun,
M, — tidal amplitude of the semi-diurnal
constituent forced by the Moon,
S, — tidal amplitude of the semi-diurnal
constituent forced by the Sun.

On the basis of F, the type of tides is classi-

fied into;

e F'<0.25 — semi-diurnal tide,

e 0.26 < F < 1.50 — mixed tide pre-dominantly
semi-diurnal,

e 1.51 < F <3.00 — mixed tide pre-dominantly
diurnal,

e F'>3.00— diurnal tide.

Hydrodynamic Model

The developed hydrodynamic model is based
on the Princeton Ocean Model (POM) with depth-
averaged approximation (two-dimensional/2-D)
(Blumberg et al. 1999; Blumberg and Mellor
1987). POM provides a 3-D model for fixed den-
sity and baroclinic and performs time splitting
mode to reduce the computation time. Time split-
ting is a numerical technique to separate gravita-
tion wave calculation in the complete 3-D model
equation (Zhang et al. 2004). That means the
gravitation wave propagation in the surface water
can be calculated well using a 2-D model equa-
tion, while the internal gravitation wave, which
moves slower than the surface wave, can be simu-
lated in a 3D model equation with a longer time
step (Blumberg and Mellor 1987). Therefore, the
time splitting mode has two-timed steps; a short
time step (external mode) for the 2-D model and
a long-time step (internal mode) for a 3-D model.
POM uses a sigma coordinate for a vertical layer,
which allows the model calculation to follow the
bathymetry profile (Blumberg and Mellor 1987).

The hydrodynamic model integrated verti-
cally from the bottom (c=-1) to the surface water
(0=0) within the coordinate of sigma. POM uses
an incompressible assumption of fluid (Blumberg
and Mellor 1987). Since, according to Ekman’s
theory, the wind significantly affects the ocean to
about 100 m, the hydrodynamic model treated the
waters in the study area as a homogenous layer
(Zhang et al. 2004). For this reason, in the pres-
ent study, the external mode was used for water
current measuring depth average. Mode external
equations of POM are as follows (Mellor 2002):

on oUD oVD
—+ +—-=
o ox oy

0 M

_ _, _
6UD+6U D+6UVD—F4‘ —fVD+gD%:7<wu(O)>+<wu(—l)>
ot Ox oy ’ Ox (2)
_ o _
b UVD ¥ D—I?v +fUD+gD@:—<wv(0)>+<wv(71)>
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Equation (1) is a continuity equation and
equation (2) is a momentum equation,
where: D=H +n
U,V are depth-averaged velocity compo-
nents for x-axis and y-axis, respectively

with
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U=—\|Udo 3
D_Il 3)
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where: t— time,
H — water depth,
1 —sea level,
g — gravitation,
f— Coriolis force.

Diffusivity terms:
ﬁng HQZMan -i-i HZM a£+5l
Ox ox | oy oy Ox
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where: horizontal diffusivity coefficient A, was
set to be constant (A,, = 100 m?/sec).

)
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Wind stress over the surface is as follows
(Ramming and Kowalik 1980):

2,Cowuwu® +wv’

<wu(0) >=
a (6)
2,Cownwu’ +wv’
<wy(0) >=—* 5

where: pa and Cd are air density and drag coef-
ficient in the surface, respectively, while
wu and wy are wind velocity component
in x-axis and y-axis, respectively. For
the bottom shear stress, POM uses qua-
dratic law, as follows (Ramming and
Kowalik 1980):

c U2 +72

<wu(=1) >= —=
(=1 5 o
c Mot 472
<wy(=1)>= = 5

where: Cz (0.0025) is a bottom shear constant.

The model region has 137 by 139 grid points
with grid sizes (dx and dy) of 1 km. According to
Courant-Friedrichs-Levy (CFL) criteria for nu-
merical stability, then the external time step (dt,)
was set to be 5 seconds where the equation (Mel-
lor 2002) is:

1 1 1

dt, < o +dy2

2 gH +V max

®)

where: Vmax — predicted maximum velocity.
Boundary conditions of the model region are
as follows:

e close boundary condition (land) (E, v, ;7):0
e open boundary condition (adjacent water)

The sea level along open boundary was in-
put using the predicted tidal elevation of three
main constituents (K1, M2 and S2) obtained from
ORI.96 (global tidal model assimilated with sat-
ellite Altimetry data of Topex/Posseidon). The
model region and positions of predicted tidal el-
evation along the open boundary are presented in
Figure 1, while detailed information of tidal con-
stituents is given in Table 1.

The tidal elevations in between are calculated
by linear interpolation. In addition, the water cur-
rents along the open boundary are calculated ac-
cording to the radiation equation (Kowalik and
Murty 1993):

a_UiCa_U:() )
ot Oox

where: C= (gH)**, which long wave velocity.

Model validation

A comparison between the model results and
the observed tidal elevation, as produced by the
t tide program (Table 2), shows that three main
constituents are reliable and consistent, where
the amplitude difference is only 5 cm or less. The
phase difference between the model result and
observed data are still comparable.

Generally, the calculated tidal currents of
the t tide program are moderately comparable
with the observed data (Table 3). Comparing the
model results with observed tidal current reveals
that the variations in semi-diurnal components
are remarkably higher than diurnal. This result
is caused by the topographic effect that is not
resolved well in the model region. The 2-dimen-
sional model itself is also not resolved vertical
water movement profile, so that the observed
current data in specific depth may influence it.
However, the model results for inclination is
still lower than 45°, which showed that the cal-
culated flow pattern is still comparable with the
natural condition.

Table 1. Tidal components obtained from ori.96 in the stations of X1, X2 And X3

Tide constituents X1 X2 X3
Amp (cm) Phase (°GMT) Amp (cm) Phase (°GMT) Amp (cm) Phase (°GMT)
K1 26.59 225.69 23.9 233.10 27.0 240.44
M2 43.28 187.10 38.20 203.44 44.02 217.93
S2 30.81 206.67 26.80 222.16 31.85 236.26

*Amp: Amplitude
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Table 2. Comparison between the model results and
observed tidal elevation using a tide gauge

Tidal constituent Delta (:i\:rrr;?htude Dezlotaéllz\’/lh_lz_a)se
K1 0.93 2.06
M2 5.08 11.25
S2 2.27 25.12

RESULTS AND DISCUSSIONS

Temperature and Salinity

The observational data showed that SST in
the study area is generally constant (29°C) during
December 2010, as shown in Figure 2. The vari-
ability of SST in the Indonesian seas is around
26-28°C due to constant light intensity all year
round. However, the Indonesian seas are also
under a monsoon system, so it relies on a mon-
soonal wind pattern. In the western area of In-
donesia, SST was predominantly lower during
December-February than in the eastern part, and
in June-August. The distribution by the SST in
the Malacca Strait amounts to about 28-30°C
during Southwest Monsoon (June — August) and
decreases by 1-2°C during Northeast Monsoon
(December — February) (Thia-Eng et al. 2000). In
general, mean SST along the Malacca Strait var-
ies between 28 and 30°C (Pang and Tkalich 2003;
Thia-Eng et al. 2000; Wyrtki 1961).

Figure 2 shows the observed SSS in the study
area. It presents low salinity that indicates dis-
charge from rivers, with concentrations of 28-29
psu (equivalent to ppt) in Pangkalan Susu Bay and
near river mouths. This value is still high for such
river mouths. The freshwater has been mixed and
might not dominate the study area, as shown by
the SSS distribution around 31-31.5 psu. How-
ever, the salinity in the strait is lower than 32 ppt
during the year (Pang and Tkalich 2003; Thia-
Eng et al. 2000; Wyrtki 1961), lower than on the
east coast of Peninsular Malaysia (>32 ppt) that is
influenced by oceanic waters. Many large rivers
along the strait (Hii et al. 2006; Jaya et al. 1998)
contributes to freshwaters, mineral and organic

substance supplies, thus affect the value of SSS
(Correge 2006).

The vertical structure of coastal water prop-
erties is shown in Figures 3 (temperature) and
4 (salinity). In general, the vertical temperature
distribution at all transects presents a well-mixed
profile with a value of about 28-29.5°C.

The temperature profile in the northern tran-
sect might show a slightly vertical stratification.
However, a thermocline layer does not form due
to a slight gradient of temperature. This homog-
enous layer of temperature in the coastal waters
is under control by tidal mixing, as reported by
Osadchiev et al. (2020), Wu and Wu (2018), Sus-
anto et al. (2019). Figure 4 presents slightly strat-
ified waters due to the interactions between the
freshwater discharge and tidal mixing, as shown
in the salinity cross-section profile in the region.
The middle and southern transects located near
the estuaries of the Wampu River and the Ular
River show a lower salinity of < 32 psu near the
river mouth at 10 and 20 m depth, respectively.
The low salinity then distributes towards offshore
until 20 km (middle transect) and more than
60 km (southern transect) from the coastline.

Related to climate variability, the freshwater
discharge in the study area was also influenced
by the La Nifa event. NOAA’s Climate Predic-
tion Center reported that the Oceanic Nifio In-
dex (ONI) started a negative SST anomaly in
June 2010 by —0.7°C. The peak was September
— December 2010 with a negative SST anoma-
ly of —1.6°C (Climate Prediction Center — ONI,
NOAA). Therefore, a strong La Nifia event oc-
curred during the field measurements in Decem-
ber 2010. In addition, there was an El Nifio event
from June 2009 until March 2010. The La Nifia
event causes rainfall increases over the Indone-
sian archipelago, while EI Nifo is associated with
prolonging the dry season. In terms of the rainfall
in Belawan, Sulbakti (2016) reported that month-
ly rainfall from June 2009 until March 2010 was
around 35-96 mm. The rainfall was then peak in
December 2010 by 258 mm. However, the ob-
tained findings suggest the effect of freshwater
discharge influenced by the strong La Nifia is still

Table 3. Comparison between the model results and observed tidal current (ellipse component)

Tidal constituent Delta major ellipse Delta minor ellipse Delta inclination Delta phase
(m/s) (m/s) (degree from east) (° GMT)
K1 0.021 0.013 27.83 36.7
M2 0.174 0.038 40.71 33.98
S2 0.031 0.023 41.88 43.04
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Fig. 2. Sea surface temperature (above) and sea surface salinity (below) distribution
in the study area. Practical salinity unit (psu) is equivalent to ppt

lower than the effect of tidal mixing, particularly
in controlling the coastal water properties in the
study area. The dynamics of tide and tidal current
will be discussed in the next sub-chapter.

Tide and Tidal current

The tides in the Malacca Strait are influenced
by tidal propagation from the Indian Ocean that
enters the Malacca Strait through the Andaman
Sea. Wyrtki (1961) reported that the tidal ampli-
tude increases from 80 cm in the northern part to
250 cm in the southern part, particularly when it
approaches the narrowest channel of the Malacca
Strait. The bathymetric profile and tidal oscilla-
tion cause this. Recently, Haditiar et al. (2020)
reported another way of tidal propagation from
the South China Sea (SCS). The tides from the
Andaman Sea in the north and the tides from the
SCS through Singapore Waters in the south of the
Malacca Strait meet in the middle, resulting in a
shoaling in the region.

22

Field observation of total sea-level elevation,
predicted tidal elevation and residual signal in the
region are presented in Figure 5. The tidal range
during neap tide is around 100 cm. Meanwhile, in
spring, tide could reach more than 200 cm (Fig-
ure 5a). The separation between tide (predicted
tidal elevation) and non-tide (residual signal)
shows that the tide signal is more dominant than
the non-tide signal. In this case, the tide signal
composition is 72% of the total sea-level eleva-
tion. The remained signals or non-tide might be
influenced by freshwater discharge, wind and
non-linearity effect in the region due to topogra-
phy profile.

Using the t_tide program for whole possible
tidal constituents shows that the K1 (diurnal) and
M2, S2 and N2 (Semi-diurnal) components are
most dominant (Table 4) for the tidal elevation.
Overall, the M2 tide is an essential component
of the tidal wave propagation in the region. The
Formzahl number calculation produces a value
of 0.4 so that the tidal type in the study area can
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Fig. 3. Sea temperature cross-section profile
in the northern (above), middle (middle)
and southern (below) transects

be categorized as mixed-tide pre-dominantly
semi-diurnal.

The analysis of the ocean current signal us-
ing t_tide shows that the composition of the tidal
current signal is 77% of the total recorded data,
meaning that the tidal current is dominant in the
region. Particularly for the u-velocity component
(east-west movement) and v-velocity component
(north-south movement), the composition of the
tidal signal for u-component and v-component
is 33.2% and 82.9%, respectively. The major ve-
locity flow of the v-component in the study area
is consistent with the tidal propagation from the
northwest (Andaman Sea) that enters the Malacca

Salinity [psu]

20 30
Section Distance nm_vLI
P

Salinity [psu]

10 20 30 40
Section Distance [kn_nLI

4
Y

Fig. 4. Sea salinity cross-section profile
in the northern (above), middle (middle)
and southern (below) transects

Strait towards the southeast. The observed cur-
rent magnitude in the study area varies between
0-0.5 m/s. In detail, the tidal current analysis us-
ing t_tide is shown in Table 5. K1, M2, S2 and
N2 are major components for the total recorded
tidal current signal (Table 5). Similar to tidal el-
evation, the M2 tidal current is an essential com-
ponent in the region in general with major ellipse
0f 0.256 m/s.

Besides the major tidal constituents, Table 4
and Table 5 show the nonlinear tidal constituents
that arise from the advective terms, where the
complex topography in the study area might in-
fluence the variation and friction. The dominant
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Figure 5. Total sea level elevation as recorded by tide gauge (a), predicted tidal
elevation and residual signals of the total sea level elevation (b)

tidal constituent of M2 in the study area might
produce overtides of M4, M6 and M8, as shown
in tidal elevation (Table 4) and tidal current con-
stituents (Table 5).

Simulated flow pattern

The general flow pattern in the study area is
essential in examining the material transport in
the waters. The flow patterns assumed that the
vertical current profile is similar from the surface
until the bottom layers. This condition could be
applied for the shallow water with a homogenous
(mixed) layer. Therefore, the freshwater effect on
water density (vertical and horizontal) is not con-
sidered in the model calculation.

According to the observed wind data in Bel-
awan Marine Meteorological Station during pe-
riod of 1999-2008, the wind was mainly com-
ing from the northeast (81.8%) and a magnitude
of 4.76 knots (2.44 m/s). It is followed by west
wind (9.15) with a magnitude of 3.86 knots
(1.98 m/s), east wind (4.5%) with a magnitude
of 4.64 knots (2.38 m/s) and north wind (3.5%)
with a magnitude of 4.02 knots (2.06 m/s). The
flow patterns were simulated for two different
scenarios: tide-driven current (TDC) and wind
and tide-driven current (WTDC). Therefore,
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three main winds force hydrodynamic model
design of WTDC in the study area: northeast
(WTDC-NE), west (WTDC-W), and east winds
(WTDC-E).

The model results for all scenarios are pre-
sented in Figures 6-9. The tidal current patterns
during flood spring tide and flood neap tide are
pretty similar where the current move from the
north and northeast toward the coastline, but the
current magnitude during spring is higher than
neap tides. A similar pattern is also found during
ebb spring and neap tides, but the water moves
toward offshore (Figure 6).

The calculated flow pattern for all scenarios
shows intensification around Pangkalan Susu Bay
caused by a narrow channel around the small is-
land in front of the bay. The influence of wind-
driven (Figure 7-9) has appeared during neap tide
that the tidal range is minimum.

Considering the depth-averaged model ap-
proach of this model, the wind affects the flow
pattern, but has little effect on the current mag-
nitude. Therefore, the flow pattern tends to fix
when the wind direction is consistent with the
flow pattern during ebb or flood tidal current, or
reversely, the flow pattern tends to change when
the wind direction is opposite or different with the
flow pattern during ebb or flood tidal current. In
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Table 4. List of tidal constituents as recorded by tide
gauge

Table 5. Tidal current ellipse components as recorded
by a current meter

Tide constituent Amplitude (cm) Phase (° GMT)
MSF 1.5547 162.26
21 1.0754 350

Q1 1.0777 80.2
o1 3.0153 131.13
NO1 5.0936 276.7
K1 26.5929 232.29
J1 5.5518 338.29
001 2.3184 59.59
UPS1 0.1281 117.18
N2 20.9856 271.16
M2 42.3485 211.63
S2 31.479 230.52
ETA2 6.4042 155.31
MO3 0.5542 144.63
M3 1.6709 241.05
MK3 0.5032 297.42
SK3 0.4863 55
MN4 0.4862 54.34
M4 0.1784 170.36
MS4 0.1466 218.79
S4 0.6856 336.7
2MK5 1.2122 251.51
28K5 0.2478 62.86
2MN6 0.2751 93.08
M6 0.8521 231.34
2MS6 1.3081 274.4
2SM6 0.1776 337.56
3MK7 0.2055 80.07
M8 0.3418 299.14

general, the calculated flow pattern of the WTDC
scenario (for three wind designs) is still similar
to those of the TDC scenario, which means the
tidal current is dominant for the flow pattern in
the study area. However, the tidal flow pattern in
the study area significantly happens for the small
scale (local effect). Overall, the flow pattern of
the Malacca Strait shows the water moves to the
northwest for the whole year (Devlin et al. 2018;
Muhaimin et al. 2011; Wyrtki 1961).

CONCLUSIONS

The present study suggests that the effect of
tidal mixing is stronger than the effect of fresh-
water discharge in controlling the coastal water
properties in the study area, even though the
measurement at the study site coincides with

e [l [ o teielen | prase
constituent (mF/)s) (mr;s) fromgeast) (° GMT)
MSF 0.019 -0.011 125.59 187.37
2Q1 0.005 0.002 133.06 | 255.53
Q1 0.02 0.001 126.09 | 222.75
o1 0.018 -0.007 116.62 249.86
NO1 0.007 0.002 119.1 244.75
K1 0.045 -0.015 82 284.64
J1 0.011 0.002 8.95 331.96
o1 0.008 -0.003 128.63 311.7
UPS1 0.012 0 133.73 29.63
N2 0.038 0.006 78.54 284.99
M2 0.256 0.042 95.79 325.42
S2 0.091 0.021 93.35 338.54
TA2 0.014 -0.004 125.64 | 262.49
MO3 0.013 0 122.41 271.77
M3 0.01 0.006 173.59 75.56
MK3 0.024 0 110.87 124.87
SK3 0.015 -0.003 138.56 161.13
MN4 0.009 0.008 77.97 4.1
M4 0.016 0.004 149.32 105.86
MS4 0.008 0.004 157.03 104.05
S4 0.006 -0.001 88.8 280.06
2MK5 0.007 -0.005 82.94 293.53
2SK5 0.004 0.002 36.41 3.3
2MNG6 0.008 0.004 111.92 242.2
M6 0.006 0.004 106.17 | 227.68
2MS6 0.006 0.003 139.72 | 299.93
2SM6 0.004 -0.003 80.01 339.69
3MK7 0.005 -0.001 146.24 91.51
M8 0.005 0.001 5.82 321.83

an intense La Nina event. The tidal range in the
study area can reach 200 cm, corresponding to
the strong tidal mixing where the observations
show the contribution of the tidal elevation sig-
nal to more than 70%. The complex tidal propa-
gation due to the confluence of tidal propaga-
tion from the Andaman and South China Seas
and the influence of complex topography cause
large nonlinear effects, as seen in the nonlinear
tidal constituents for tidal elevation and tidal
current in the study area. The M2 constituent is
dominant in general, where the nonlinear tides
produce over-tides of M4, M6, and MS8. The
simulated WTDC and TDC scenarios result in
a similar flow pattern in the study area. This is
consistent with the observed ocean current data
that provides the tidal current signal accounting
for 77% of total ocean current signal.
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(a), ebb spring tide (b), flood neap tide (c), and ebb neap tide (d)

Figure 9. Model results for the WTDC-E scenario during flood spring tide
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