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ABSTRACT Climate anomalies significantly affect coastal hydrodynamics, influencing sediment transport processes. The interaction between waves
and currents plays an important role in sediment transport, which is closely related to climate anomalies, particularly the Indian Ocean Dipole (IOD).
Indonesia is currently facing severe threats from port siltation due to the impacts of climate change. Port siltation results from sediment transport
and can reduce the effectiveness and safety of port activities. This study aims to investigate sediment transport processes at Titan Coal Port under the
influence of the IOD in 2016 and 2019. This port is located on the western coast of Sumatera, where high waves from the Indian Ocean pose a risk.
Groins and a breakwater have been installed to protect the port from littoral drift induced by southeastern longshore currents and waves. However,
the study found that during the negative IOD in 2016, hydrodynamic conditions led to shallowing of the port basin and navigation channel due to
longshore currents from the northeast. The methods used in this research include descriptive analysis (using ERA-5 data from the Copernicus Climate
Change Service) and numerical modeling (using MIKE 21) with bed level change identification at several points after groin modification scenarios. The
combination of tidal currents and waves primarily shaped current patterns in the study area. High-speed currents caused significant erosion upstream
at the bed level of the port basin. However, modified groin installations effectively reduced flow velocity entering the port basin. Two modified groin
installation scenarios were tested in the study area to alter existing coastal hydrodynamics and sediment transport patterns.
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1 INTRODUCTION

Maritime transportation is the foundation of interna-
tional trade and the global economy (United Nations
Conference on Trade and Development, 2021). Ac-
cording to data from the World Bank and S& P Global
Market Intelligence (2023), maritime transportation
accounts for 80% of global trade (Humphreys, 2023).
The efficiency of maritime transportation determines
the effectiveness of shipping activities, particularly in
transporting large volumes of cargo. Due to its criti-
cal significance, maritime transportation must comply
with security and safety regulations.

Seaports significantly support maritime transporta-
tion and contribute to a country’s economic growth
through national and international trade, thereby im-
proving the social standard of communities (Jouili and
Allouche, 2016; Munim and Schramm, 2018). High-
quality port infrastructurewith an effective service sys-
tem is a key component in enhancing the role of ports in
international economic activity. On a global scale, the
World Economic Forum (2019) revealed that the quality
of port infrastructure in Indonesia ranked 64th with an
index of 4.3 (scale 7.0),which is significantly lower than

Singapore, which topped the ranking with an index of
6.5. The challenge of developing ports is the vulnera-
bility of their structure to coastal hazards exacerbated
by climate change due to their coastal location (Abdel-
hafez et al., 2021; Mclean and Becker, 2021). Izaguirre
et al. (2021) projected that by 2100, 2,013 ports in the
Pacific Islands, Caribbean Sea, and IndianOceanwill be
exposed and vulnerable to coastal hazards linked to cli-
mate change. Since hydrodynamic conditions and sed-
iment transport patterns along the coast impact sea-
ports, an efficient port management system is neces-
sary tomitigate risks, particularly those related to silta-
tion issues. This aligns with the goals of developing re-
silient infrastructure and innovation as outlined in the
9th Sustainable Development Goal (SDG) to ensure the
adaptation of ports to environmental challenges. Thus,
addressing climate change-related port siltation aligns
with the 13th SDG goal of promoting climate resilience
and proactive adaptation strategies to mitigate the im-
pact of coastal changes (United Nations, 2024).

Excessive sedimentation in the port basin and naviga-
tion channel results from natural factors such as geo-
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graphic location, bathymetric conditions, the intensity
of sea-river currents, riverine sediment input, and cli-
mate change patterns (Portillo Juan et al., 2022; Wang
and Andutta, 2013). The total sediment load accumu-
lating in the port basin, exceeding the planned capac-
ity, may obstruct ship maneuvers. Severe sedimenta-
tion can also cause ships to run aground, disrupting
port operations.

Dredging and groin installation are commonly used to
manage sedimentation in port basins and navigation
channels. The choice of technique begins with the in-
vestigation of environmental data such as waves and
tidal currents, sediment characteristics, silt concentra-
tion, and siltation patterns at the site (Bianchini et al.,
2019; Wardani and Murakami, 2019). Dredging is the
most popular and reliable method for removing excess
sediment tomanage port siltation. However, the dredg-
ing procedure is inefficient in shallow waters since the
costs are higher than in deep waters (van Rijn, 2016).
As an alternative, groins help reduce coastal erosion
and capture sediment particles before they enter port
basins and navigation channels. However, groin instal-
lation can be destructive to coastal ecosystems by dis-
rupting the natural sediment flow along the coast. Ad-
ditionally, maintaining groins is costly due to constant
exposure to waves, currents, and saltwater.

Erosion and sedimentation are key coastal hydrody-
namics and sediment transport phenomena that re-
searchers and governments have long studied. Many
studies have advanced the understanding of these pro-
cesses through experimental studies and numerical
simulations (Afentoulis et al., 2022; Wang and An-
dutta, 2013). However, understanding sediment trans-
port processes in coastal areas remains incomplete due
to the many parameters involved. Climate variability
is one of the most dynamic factors influencing sedi-
ment transport, particularly under climate change, yet
its effects on coastal areas remain underexplored. Cli-
mate change alters atmospheric conditions and ocean
dynamics, resulting in increased coastal erosion and
shoreline shifts (Dong et al., 2024). For instance, in cer-
tain Asian coastal areas, a 30 cm rise in sea level can
cause up to 45 m of landward erosion (IPCC, 2007). In
Indonesia, climate change has intensified coastal ero-
sion, as seen in the Sayung coastal area, Demak Re-
gency, Central Java, where erosion has reached up to
5 km landward (Marfai, 2012).

El Niño-SouthernOscillation (ENSO) and IndianOcean
Dipole (IOD) are two key climate phenomena that have
gained increased attention. These climate patterns in-
volve significant variations in sea surface temperature
(SST) in the Pacific and Indian Oceans, respectively.
Climate change affects coastal hydrodynamics and sed-
iment transport, especially near seaports. Since the
study area is in Bengkulu, on the West Coast of Su-
matera, which faces the Indian Ocean, IOD likely has

a greater influence than ENSO. This study aims to as-
sess the influence of climate change drivers, particu-
larly IOD, on sediment transport in ports directly ex-
posed to open-sea conditions. Furthermore, solutions
for port basin shallowing were explored by evaluating
various groin construction strategies

The climate patterns of the Indian Ocean are primar-
ily governed by the annual Asian-Australian Monsoon
but can also be influenced by anomalies such as fluctua-
tions in the IOD.The IOD is characterized by significant
differences in SST between the western tropical Indian
Ocean (WTIO) at 50°E–70°E,10°S–10°N and the south-
eastern tropical Indian Ocean (SETIO) at 90°E–110°E,
10°S–0° (Zhang et al., 2018). The IOD is classified
based on the Dipole Mode Index (DMI), with values be-
low -1°C indicating a negative phase, neutral condi-
tions in between, and values above +1°C indicating a
positive phase. A positive IOD is marked by warmer
SST in WTIO and cooler SST in SETIO compared to
normal conditions. As a result, atmospheric pressure
increases around the western coastal areas of Sumat-
era Island, causing dominant westward winds. This
wind pattern pushes moisture away, leading to drought
across most of Indonesia. Conversely, during a neg-
ative IOD, warmer SST at SETIO lowers atmospheric
pressure, pulling in wind-driven rainfall from the In-
dian Ocean, leading to increased precipitation across
Indonesia.

A strong positive IOD event was recorded in 2019,while
a strong negative IOD occurred in 2016 (see Figure 1a).
Both extreme IOD phases influence not only Indone-
sia’s climate but also the hydrodynamic behavior of
coastal areas, particularly around the Titan Coal Port
(see Figure 2a). During extreme IOD phases, strong
winds generate high-energywaves, intensifying coastal
erosion. Additionally, powerful currents transport sed-
iment loads, increasing sedimentation risks in port
basins and navigation channels.

This study compares the impacts of the negative ex-
treme Indian Ocean Dipole (IOD) in the 2016 bo-
real summer (between June and August) and posi-
tive extreme IOD in the 2019 boreal autumn (between
September and November) on sedimentation rates at
Titan Coal Port, located in the western coastal area of
Sumatera, Indonesia. The dominant parameters influ-
encing hydrodynamic processes and sediment trans-
port are then examined. MIKE 21 software was used
to investigate the flow pattern changes due tomodified
groin scenarios aimed at protecting the port basin from
the risk of siltation

In this study, the description of the study site is pro-
vided in Section 2. The methods and supporting data
are explained in Section 3. The analysis of results and
discussion are presented in Section 4. The paper con-
cludes with Section 5.
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Figure 1 Determination of the simulation period and precipitation intensity: (a). Dipole Mode Index in 2016 (blue line) and 2019 (red
line). The dashed box indicates the negative IOD extreme in the 2016 boreal summer; (b). The correlation graph ofmonthly precipitation
fluctuations (2016 is in blue bars and 2019 is in yellow bars) and wind components (zonal wind in dashed line, and meridional wind in
solid line) in the study area

2 STUDY AREA

Titan Coal Port is located on the coast of North
Bengkulu, at coordinates −3.285005°S, 101.672500°E
(see Figure 2a). This port was constructed to accom-
modate the 113 km-long coal transportation route that
passes through 52 villages, 11 sub-districts, and 4 dis-
tricts, facilitating the distribution of coal frommines in
the South Sumatera region, particularly Muara Enim,
Lahat, and Pali. This 14.82-hectare port has a break-
water structure approximately 325meters long and 454
meters parallel to the coast. The breakwater is designed
to prevent sediment loads from being transported into
the port basin by southeasterly currents. In addition,
the breakwater also serves to block waves from off-
shore, reducing wave oscillation effects and ensuring
safe coal loading operations. Furthermore, this port
features a 50-meter-long groin extending perpendicu-
lar to the coastline at themouth of the port, designed to

mitigate sediment loads carried by longshore currents
from the northwest. However, due to its direct exposure
to the Indian Ocean, Titan Coal Port is highly suscep-
tible to extreme storm effects caused by global climate
change

3 METHODS

The methodology used in this study combines descrip-
tive analysis and numerical simulation. The IOD event
is observed by visualizing oceanographic data such as
SST, wind velocity, total precipitation, and significant
wave height (see Table 1 for the parameter data used
in the simulation). These data were obtained from
the reanalysis dataset ERA-5 of the Copernicus Climate
Change Service for the 2016 boreal summer and 2019
boreal autumn. These two periods were selected based
on the DMI value from the National Oceanic and At-
mospheric Administration (NOAA) to characterize the
positive and negative IOD events (see Figure 1a).

Figure 2 Illustration of the study area and the computational mesh used in the numerical simulation: (a). Map of study area at the
coordinates -3.285005°S, 101.672500°E (source: Esri, Maxar, Earthstar Geographics, and the GIS User Community; (b). 2D mesh of the
study area, where bathymetry is represented with contour shading, and grid density differences are shown as gray triangular grids.
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Table 1. Parameter data used in the simulation

No. Parameter Source Resolution

1
Sea Surface
Temperature

ERA5
Reanalysis

0.25° × 0.25°

2 Wind 0.25° × 0.25°

3
Significant
Wave Height 0.5° × 0.5°

4 Bathymetry BATNAS 6 arc-second

The sediment transport process was investigated
through numerical simulations using the MIKE21 soft-
ware, which accounts for hydrodynamic conditions re-
sulting from different scenarios of modified groin in-
stallation. This software provides a dynamic model-
ing system for applications in coastal, estuarine, and
river environments (DHI, 2021). The simulation was
conducted to observe changes in the bed level due to
the sediment transport process in the port basin un-
der existing conditions and after groin modifications.
Satellite images from Google Earth, along with to-
pographic and bathymetric data (obtained from BAT-
NAS,National Bathymetry,Badan InformasiGeospasial
(2024)), were used as input for MIKE21 to construct a
2Dmesh of the simulation area under both existing and
modified conditions (see Figure 2b). Several parame-
ters were used in the simulation, such as wind, tides,
waves, and sediment data. Time-series wind data, in-
cluding wind speed and direction, were incorporated
into the simulation. For boundary conditions, tidal
datawere applied as time series,whilewave parameters
were set as constant values: a significant wave height
of 1m,a peakwave period of 6 s, and ameanwave direc-
tion of 315°. The sediment properties were defined as
follows: porosity of 0.4 and grain coefficient of 1.1 (de-
fault values), with a relative density of 2.65 and grain
size of 0.125 mm, based on laboratory results from a
study on coastal abrasion modeling in Pulau Baai Port,
Bengkulu (Irmawan et al., 2024).

3.1 Model Scenarios

Some scenarios were conducted to observe the effects
of groin modifications on the rate of non-cohesive sed-
iment transport (sand). As a non-cohesive sediment,
sand lacks resistance to erosion due to the absence of
interparticle bonding. The sand transport module was
used to quantify sand transport capacity under the in-
fluence of waves and currents (DHI, 2022). The hydro-
dynamic conditions of the existing groin were simu-
lated to investigate wave and current patterns during
the negative IOD event over three months (June to Au-
gust 2016). Subsequently, two modified groin scenar-
ios were simulated to evaluate their effectiveness in re-
ducing sedimentation levels in the port basin. To as-
sess the impact of waves on hydrodynamic processes in
the study area, wave parameters were incorporated as

wave radiation stress. The time-series boundary con-
ditions (northwest, southwest, and southeast) were de-
rived from predicted tidal parameters.

The calibration process of the coastal hydrodynamics
model was carried out using tidal data obtained from
a tide monitoring station in Padang. A total of 43,197
data points were recorded as a time series with one-
minute intervals from June 1, 2016, at 00:00 to July 1,
2016, at 00:00. Figure 3 shows the surface elevation
calibration results, comparing observational data and
model outputs, with a root mean square error (RMSE)
value of 0.0830, indicating good model performance.

To ensure model stability, the minimum and maxi-
mum internal time steps were set at 0.01 s and 3600
s, respectively, with a CFL adjustment number of 0.9.
The Coriolis force was incorporated into the simula-
tion with a variable coefficient across the domain. The
model was configured with an eddy viscosity of 0.28
m2/s (Smagorinsky formulation) and aManning’s num-
ber of 32 m(1/3)/s for open water (Boyden et al., 2021;
DHI Water & Environment, 2006). These values are es-
sential for understanding the impact of wave-induced
currents on bed level changes.

3.2 Model Equations

The accuracy and performance of various models, in-
cluding silt transport and spectral waves, are signifi-
cantly influenced by the hydrodynamic conditions sim-
ulated usingMIKE21. Thismodel captures the dynamic
behavior of water levels and flows in response to ex-
ternal forces. It solves the incompressible Reynolds-
averaged Navier-Stokes equations under the Boussi-
nesq and hydrostatic pressure assumptions, utilizing
the continuity equation and two horizontal momen-
tum equations for the x and y components. The depth-
integrated continuity equation is given as:

Continuity equation

∂h

∂t
+

∂hu
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+
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Figure 3 Calibration result between modeled and observed data.

The horizontal momentum equation for the y-
component
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where x and y are the Cartesian coordinates; g is gravity
acceleration; t is time; u and v are the averaged veloc-
ity components in the x and y directions, respectively;
h = η+d is the total water depth; η is the water surface
elevation; d is the still water depth; f is the coefficient
of the Coriolis force; fu and fv are accelerations caused
by the rotation of the Earth; Pa is the air pressure; ρ0
is the normal seawater density; ρ is the density of wa-
ter; τxx, τxy, τyy are the horizontal viscous stress terms;
Sxx,Sxy,Syx,Syy are the wave radiation stress; S is the
source and sink item; us and vs are the flow rates of the
head and sink flows.

Sediment transport

Modeling sediment transport involves complex inter-
actions between hydrodynamic forces and sediment
behavior. Since sediment transport modeling relies on
empirical formulations, experimental data and calibra-
tion parameters are used to refine the model. To sim-
plify the modeling process, sediment transport is di-
vided into two modes: bed load and suspended load.
The total sediment transport is given by:

qt = qb + qs (4)

where qt is the total sediment transport; qb is the bed
load transport induced by shear stress on the seabed;
and qs is the sediment transport in suspension due to
wave, sediment concentration, and shear stress on the
seabed.

Control equation of sediment transport model:

∂c

∂t
+ u

∂c

∂x
+ v

∂c

∂y
=

1

h

∂

∂x

(
hDx
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)
+

1

h

∂
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∂c

∂y

)
+QLCL

1

h
− S

(5)

where c is the average sediment concentration in the
water depth direction (kg/m3); Dx and Dy are the dis-
persion coefficients in the x and y directions;QL is the
source discharge divided by area (m3/(sm2)); CL is the
source sediment concentration (kg/m3); and S is the
scouring/silting item (m2/s).

The settling speed of sediments is calculated using the
Stokes’ settling velocity formula:

ω =
(ρs − ρ)gd2s

18 ρv
(6)

where ω is the sedimentation velocity (m/s); ρs is the
bulk density of the sediment (kg/m3); ρ is the bulk den-
sity of water (kg/m3); g is the acceleration of gravity
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Figure 4 Sea surface temperature (SST) andwind patterns during the JJA 2016 and SON2019: (a). The anomaly of SST (in contour shading,
unit °C) and wind circulation (in black vectors, unit m/s) during 2016 boreal summer; (b). Wind circulation around Sumatera Island (in
black vectors); (c). Northwestly wind in the study area; (d). The anomaly of SST (in contour shading, unit °C) and wind circulation (in
black vectors, unit m/s) during 2019 boreal autumn; (e). Wind circulation around Sumatera Island (in black vectors); (f). Southeasternly
wind in the study area.

(m/s2); ds is the sediment particle size (m); and ν is the
kinematic viscosity coefficient of the water flow (m2/s).

4 RESULTS AND DISCUSSION

4.1 Anomaly of Sea Surface Temperature (SST) and Wind
Patterns

SST conditions at the WTIO and SETIO are the main
factors in forming wind circulation in the Indian Ocean
region. The interaction between the ocean and atmo-
sphere causes different atmospheric pressures, deter-
mining the wind direction and speed. High SST in-
duces atmospheric pressure to decrease, while low SST
causes pressure to increase. Figure 4a shows a higher
SST of approximately 28.82 °C−29.82 °C in the east-
ern Indian Ocean, including the SETIO region, in the
2016 boreal summer. Meanwhile, the SST in the WTIO
region has a lower temperature of 28.57 °C, resulting
in higher atmospheric pressure compared to the SE-
TIO area. Wind movement starts from the southern re-
gion of the Indian Ocean towards the western Indian
Ocean in the WTIO region, then it turns at the equator
line towards the east due to the influence of the Cori-
olis effect. Subsequently, the wind flows towards the
coastal areas of western Indonesia, which directly af-
fects the study area on the coast of Sumatera (Figure
4b). This phenomenon, known as the negative IOD, has
the potential to increase rainfall intensity in Indone-
sia, particularly on Sumatera Island. Extreme negative
IOD also strengthens wind-induced currents from the

northwest direction to the west coast of Sumatera (see
Figure 4c). Longshore currents carrying sediment loads
due to strong winds from the northwest direction could
potentially reach the port basin, causing siltation.

The positive IOD in the 2019 boreal autumn in Fig-
ure 4d demonstrates the decline of SST in the SETIO
region of approximately 26.98 °C, lower than those
in the WTIO region of 29.6 °C. The dominant winds
with a mean velocity of 4.48 m/s from the southeast
stretched along the coastline of western Sumatera (Fig-
ure 4e). Wind movement from the southeast is not a
phenomenon that should be of concern for the silta-
tion of Titan Coal Port on the coast of Bengkulu (Figure
4f). The existing breakwater position was designed to
protect against longshore drift under these conditions
(see Figure 2a). Even if it does not induce siltation in
the port basin, the energy of the longshore current from
the southeast can cause changes in the coastline due to
accretion in the downdrift area.

4.2 Effects of Precipitation on Hydrodynamic Processes

Rainfall intensity was significantly different between
the negative IOD 2016 and the positive IOD 2019 (see
Figure 1b). The IOD phenomenon greatly impacts the
intensity of rainfall in the 2016 boreal autumn, raising
it above normal conditions at the beginning of the rainy
season in Indonesia (normally fromSeptember toOcto-
ber), but drastically decreasing the rainfall intensity in
the 2019 boreal autumn. This anomalous rainfall con-
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dition can be explained by the movement of zonal and
meridional winds in Figure 1b. In 2016, zonal winds
(red dashed line) were consistently in a negative di-
rection (east−west), while meridional winds (red solid
line) were in a positive direction (north−south). Both
zonal and meridional winds began to increase, result-
ing in high rainfall from September to November. Con-
versely, in 2019, zonalwindswere in a positive direction
(west−east), while meridional winds were in a negative
direction (south−north). This wind condition resulted
in low rainfall intensity,with the peak occurring in SON
2019 when zonal and meridional winds reached maxi-
mum speed in the positive and negative directions, re-
spectively.

According to the DMI in Figure 1a, the 2019 boreal au-
tumn was the highest index during 2019, which also
caused a drastic decrease in rainfall intensity in the
same period (see Figure 1b, SON 2019). On the other
hand, the 2016 boreal summer was also the lowest in-

dex during 2016. However, the highest level of precipi-
tation occurred in the 2016 boreal autumn,which is not
in linewith theminimum index value (see Figure 1a, JJA
2016, and Figure 1b, JJA 2016). Based on this anomaly,
it can be assumed that an IOD index can serve as a guide
for characterizing IOD phenomena (positive or nega-
tive), but it cannot be used to determine low or high
precipitation amounts. High levels of precipitation at
negative IOD or low levels of precipitation at positive
IOD are simply a side effect of the influence of the IOD
phenomenon on wind circulation. By considering the
IOD index and dominant wind direction, the 2016 bo-
real summer was simulated to determine the dominant
parameters in hydrodynamic processes and sediment
transport.

Figure 5a shows the hydrodynamic conditions in the
study area due to the influence of precipitation on cur-
rent speed. When precipitation began to increase (see
Figure 5c, green box), the current speed became lower

Figure 5 The influence of precipitation on hydrodynamic processes: (a) The modeled result showing current speed during peak precip-
itation in 17 June 2016 at 9.00 a.m.; (b) Tidal fluctuations (from 6/15/2016 at 9:00:00 p.m. to 6/17/2016 at 12:00:00 p.m.); (c) Rainfall
intensity; (d) Comparison of the current speed between the simulations with and without precipitation.
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(see Figure 5d, black line) compared to modeling re-
sults without precipitation input (blue line). On the
other hand, when precipitation decreased (Figure 5c,
red box), the flowvelocity increased (Figure 5d, red box)
compared to the flow model without precipitation in-
put. This is likely due to the influence of precipitation,
which slows down the current circulation in the study
area.

Both simulations with and without precipitation uti-
lize the same input tidal data (Figure 5b) and wind.
The simulated results demonstrate insignificant differ-
ences even during the highest intensity of precipitation
events. Although the IOD phenomenon is closely re-
lated to the increase and decrease in rainfall, it does
not directly affect coastal hydrodynamic conditions. In
general, changes in rainfall intensity are a side effect
ofwindmovement patterns due to pressure differences.
Furthermore, thewind-generatedwave and tidalmove-
ment patterns due to the IOD phenomenonwere inves-
tigated for their influence on the hydrodynamic condi-
tions in the study area.

4.3 Coastal Hydrodynamics InfluencedbyWaves andCur-
rents

Wind-generated waves and tides are parameters that
form hydrodynamic patterns in coastal areas, which in-
fluence sediment transport processes induced by cur-
rents. In general, the dominant winds formed in the

study area move from the northwest during negative
IOD 2016 and blow from the southeast during positive
IOD 2019 (see Figure 4). These two phenomena form
different wind-generated waves in the study area and
generate longshore currents. The condition of the ex-
isting Coal Port Titan with a 50 m groin makes it ex-
posed to longshore currents in the northwest direction,
which poses a risk of accelerating shallowing in the port
basin (see Figure 6a).

The risk of siltation in the existing port basin can be
mitigated bymodifying the current circulation pattern,
throughmodifications to the shape, dimension, and lo-
cation of the groin. Figure 6 shows changes in flow pat-
terns and velocities due to the presence of the existing
groin. In general, the installation of a groin changes
the current patterns around the port. Modified groin
1 (Figure 6b) involves extending the existing groin to
200 m with the addition of a bent groin at the end ex-
tending 70 m. This modification aims to change the di-
rection of longshore currents from the northwest, di-
verting sediment away from the port basin. Modified
groin 2 (Figure 6c) was used to block longshore drift.
This scenario involves extending the existing groin to
200 m with the addition of two groins on the upstream
side, each measuring 130 m and 125 m long, perpen-
dicular to the coastline. The effectiveness of the groin
installations can be seen through the current speed at
themouth of the port (t1) at coordinates -540843.22m,
and 9632129.77 m. The simulated results demonstrate

Figure 6 The effects of waves and currents on coastal hydrodynamics due to: (a) Existing groin; (b) modified groin 1; (c) modified groin
2; (d) comparison of current speeds between existing and modified groins.
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that themodified groins 1 and 2were effective in reduc-
ing the flow velocity entering the port basin (see Figure
6d).

4.4 Impacts of Groin Installation on Reducing Sedimen-
tation in Port Basin

This section examines the impacts of groin modifica-
tions on reducing sedimentation in the basin of Titan
Coal Port, Bengkulu, due to the influence of climate
change-triggered Indian Ocean Dipole (IOD). The sed-
imentary process is greatly influenced by the hydrody-
namic conditions of the coastal area, which determine
the pattern of currents in transporting sediment loads.
Apart from wind-generated waves and tides, coastal
structure installations such as groin and breakwaters
can also change the current patterns in the surround-
ing area. Figure 7 shows the simulated results of bed
level changes due to sediment transport processes in
the existing conditions and two scenarios of the modi-
fied groin. Three points were used to observe sedimen-
tation patterns in the port basin. Point t1 located at the
mouth of the port was examined to observe changes in
bed level due to the direct influence of longshore cur-
rents from the northwest direction. Point t2 was set in
the port basin, chosen to investigate the sedimentation
process induced by sediment transfer at point t1. Point
t3 was the point where the current circulates and ex-
its the port basin, depicted as the site where sediment
loads accumulate from points t1 and t2.

Under existing conditions (Figure 7a), longshore cur-
rents caused an increase in bed level at points t1 and
t3 (Figure 7d). On the other hand, point t2 experiences
erosion due to current-driven sediment transport, lead-
ing to point t3. Modified groin 1 (Figure 7b) demon-

strated that the mouth of the port is in a balanced con-
dition (see black line, which is relatively stable on the
y=0 axis in Figure 7e). The extension of the groin was
relatively capable of preventing sediment from enter-
ing the port basin due to changes in current patterns
at the mouth of the port. Significant differences oc-
curred at points t2 and t3 which experience accretion
and erosion, respectively (Figure 7e). In general, mod-
ified groin 1 was effective in stabilizing the bed level
at the mouth of the port, maintaining the safe entry
and exit for vessels. Modified groin 2 (Figure 7c) caused
the mouth of the port (point t1) and port basin (point
t2) to experience erosion, triggering the siltation point
t3 (see Figure 7f). Sediment accumulation at point t3
was an advantage in maintaining the effectiveness of
the coal port due to no obstruction to the vessel move-
ments. Moreover, the sediment dredging process will
become more accessible.

Sedimentation in the port basin is a complex natural
process. However, the choice of groin installation can
be made based on its effectiveness in reducing sedi-
mentation levels in the port basin. The simulated re-
sults in Figures 7a and 7d depict that the sediment ac-
cumulated at the mouth of the port, which has risks
of disrupting the vessel movements due to siltation.
Groin modification is studied as an alternative option
that can be applied to overcome port siltation issues.
The mouth of the port and basin areas near the break-
water are the dominant areas for sediment accumu-
lation. The observation was carried out by drawing
a straight line from the mouth of the port along the
breakwater for 280m (see Figure 7g, line A-B). The sim-
ulated results show that the modified groin 1 has great
potential to reduce sedimentation levels. However, at
the location between 140–210m from themouth of the
port, a significant increase in bed level occurred (see

Figure 7 The impacts of groin installation on reducing sedimentation in the port basin: (a) Straight line from themouth of the port along
the breakwater for 280 m to observe the bed level changes; (b) variations of bed level changes; (g) Straight line from the mouth of the
port along the breakwater for 280 m to observe the bed level changes; (h) variations of bed level changes.
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Figure 7h, black line). On the other hand, a similar
pattern occurred between the existing conditions and
modified groin 2 with a smaller increase in bed level at
up to 80 m. Greater effectiveness in reducing sedimen-
tation levels in the port basin occurred when modified
groin 2 was chosen, showing a reduction at 80–280 m
with a lower bed level change (see Figure 7h, blue line).

5 CONCLUSION

The hydrodynamic conditions and sediment trans-
port processes near seaports are impacted by climate
change. IOD is one indication of climate change that
has posed the risk of siltation in Titan Coal Port,
Bengkulu, Western Coast of Sumatera. The positive
IOD extreme 2019 boreal autumn induced southeast-
ernly wind-driven littoral drift. Fortunately, the exis-
tence of a breakwater can protect the port basin from
siltation issues. In contrast, the negative IOD extreme
2016 boreal summer caused the dominant winds to
move from the Indian Ocean to the coast of Sumatera
Island. Consequently, the areas surrounding the Titan
Coal Port experienced significant changes triggered by
wind-generated waves from the Indian Ocean. North-
westernly littoral drift could potentially induce the port
siltation.

The mitigation of port siltation can be carried out by
modifying the existing groins according to shape, di-
mension, and location. The simulated results demon-
strate that the modified groin 1 (extending the exist-
ing groin to 200 m with the addition of a bent groin at
the end of 70 m) and groin 2 (extending the existing
groin to 200 m with the addition of two groins at the
upstream side, each 130 m and 125 m long, perpendic-
ular to the coastline) were effective in reducing the flow
velocity entering the port basin. In terms of maintain-
ing the effectiveness of the Titan Coal Port, the modi-
fied groin 2 was more effective in slowing the port sil-
tation. The minimum sedimentation levels in the port
basin can be found if modified groin 2 is applied in the
study area.
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