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Ulee Lheue Port, a vital economic hub in Banda Aceh, faces operational challenges due to wave and cur-
rent disturbances in its harbor area. To mitigate these adverse effects and ensure safe and efficient port
operations, this study investigated the effectiveness of various breakwater configurations. To achieve
this, we employed a 2D numerical model utilizing the Flow Model FM application and analyzed cru-
cial data, including the water depth, tide, and wind patterns. We simulated three distinct scenarios for
the coastal protection structures. In Scenario 1, a single breakwater structure was implemented, while
Scenario 2 featured two structures positioned at the northern and southern entrances of the harbor. Sce-
nario 3 closely resembled Scenario 2, but included only one structure on the northern side. The results
demonstrated that breakwaters can significantly reduce wave heights and current speeds, with the two-
breakwater configuration proving to be the most effective. In this scenario, the maximum current speed,
wave height, and average wave energy were reduced by 28 %, 87%, and 56 %, respectively. These
findings highlight the crucial role of breakwaters in enhancing the safety and efficiency of operations at
the Ulee Lheue Port, providing a valuable tool for coastal infrastructure planning and management.

1. Introduction.

and calm water for smooth handling (Gao et al., 2017; Hou et
al., 2021; Romano-Moreno et al., 2022).

The fishing industry is essential for providing food and driv-
ing economic growth by employing a significant number of
people, including both fishermen and support staff. Fishing
ports are the heart of fishing communities and crucial for the in-
dustry’s sustainability (N’ Souvi et al., 2023; Thaib et al., 2024).
They support fishing activities and the distribution of catches
while also enabling accurate catch records that aid in responsi-
ble fisheries management and sustainability (Feng et al., 2024).
Effective port operations depend on an adequate land-based in-
frastructure and optimal water conditions for safe and efficient
loading and unloading. Safe navigation requires sufficient depth
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Breakwaters are essential coastal structures that provide shel-
tered harbors and calm basins to protect coastal areas from waves
and storms (Akbari et al., 2022; Guler et al., 2024). They
also play a crucial role in safeguarding ships and ensuring safe
berthing (Hou et al., 2021; Lépez and Iglesias, 2014). How-
ever, it’s important to note that breakwaters can influence local
hydrodynamics, potentially impacting sediment transport and
nearshore regimes (Abood et al., 1999; Dev et al., 2023; Par-
avath et al.,, 2021). An effective breakwater can reduce the
wave height and shield against severe storms while minimiz-
ing the environmental impacts (Archetti and Zanuttigh, 2010;
Tsai et al.,, 2024). Engineers use numerical modeling to re-
fine breakwater designs and simulate wave and current behav-
iors to ensure that structures are both effective and environmen-
tally friendly (Cui et al., 2021; Ondara et al., 2018; Wang and
Reeve, 2010; Zhao et al., 2022). This model helps guarantee
that breakwaters can withstand real-world conditions and pro-
vide adequate protection for coasts and ports.
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Banda Aceh, located on the western coast of Indonesia, is
positioned near the convergence of the Indian Ocean, Malacca
Strait, and Andaman Sea (Haditiar et al., 2024). This region
features a diverse marine environment with significant fisheries
potential (Haridhi et al., 2018; Purnawan et al., 2023). The wa-
ters around Banda Aceh support many local fishers engaged in
small-scale fishing, particularly in the Ulee Lheue sub-district,
which is vital to their livelihoods (Fadli et al., 2021).

Figure 1: Bathymetric Map of Ulee Lheue, Banda Aceh City,
Indonesia.
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Source: Authors.

The conditions at the Ulee Lheue port (Figure 1) present
significant challenges for fishing boats, including high waves,
strong currents, and sedimentation issues (Fatimah and Fauzi,
2021; Rahmawan et al., 2021). Despite these obstacles, the
port of Ulee Lheue remains crucial for supporting the fishing
and marine industries in Banda Aceh City, contributing sig-
nificantly to the local economy. Constructing breakwaters as
coastal protection structures is considered a viable solution to
mitigate these challenges. This study explores the design and
placement of breakwaters to dampen waves and currents us-
ing three proposed scenarios. Numerical modeling was used to
evaluate each scenario and identify the most effective design for
the conditions at the Ulee Lheue port (Ahn et al., 2019). By em-
ploying the Flow Model FM application, our numerical model
not only predicts outcomes but also offers validated solutions
readily applicable to real-world scenarios at Ulee Lheue Port.

2. Matherials and Method.

2.1. Numerical Modeling Approach.

To evaluate the effectiveness of various breakwater configu-
rations, a two-dimensional (2D) numerical modeling approach
was employed. The study area was centered on the port of Ulee
Lheue, with a specific observation point located at 95.28309°
longitude and 5.55749° latitude. The numerical model utilized
the Flow Model FM application, which solved the 2D shallow
water equation and depth-integrated Navier-Stokes equation.

We utilized direct measurement data, including tidal and
bathymetry data, in addition to supportive information from
Topex satellite data with a 1250 x 1250 resolution, captured

every 60 min. Shoreline data were obtained from Google Earth
images, while wind data were collected hourly from the BMKG
station situated at 95.41700° longitude and 5.52244° latitude.

2.2. Model Setup.

The spatial domain of the model was defined using an un-
structured mesh with linear triangular elements (Pradhan et al.,
2020). Tidal data for the simulations were sourced from veri-
fied satellite data and direct measurements from the Ulee Lheue
Port. Tidal harmonic principal component analysis and Formhzal
number determination were performed using the least-squares
method. The parameters of the current and wave models are
listed in Table 1.

Table 1: Simulation input parameters.

Parameter Description
Flow model input
Time No of time step= 320
Interval = 86400 s
Periode 1/1/2016 0:00:00 to 30/10/2016 00:00:00)
Equation - High order
-CFL=0.8
- Density Barotropic
- Viscosity = Constant Smagorinsky formulation 0,28
‘Wind Forcing - 1/1/2016 0:00:00 to 30/10/2016 00:00:00)

- Constant friction 0,001255
Tidal - Predicted
- Analysis input tidal potential
- Varying in time and along boundary
- 1/1/2016 0:00:00 to 30/10/2016 00:00:00)

Wave model input
Basic Equations - Fully spectral formulation
- Instationary formulation
- Low order geographical
- Logarithmic discretization
- No diffraction
- Quadruplet wave interaction
- gamma form wave breaking
- JONSWARP fetch growth
- Hidrodynamic model (u,v)
- Varying in time and domain
- per 3600 s (1/1/2016 0:00:00 to 30/10/2016 00:00:00)
- Varying in time and constant domain
- Coupled air sea
- Background Charnock = 0,01
Tidal - Predicted
- varying in time and domain
- per 3600 s (1/1/2016 0:00:00 to 30/10/2016 00:00:00)

Equation

Initial conditions
Current

Wind forcing

Source: Authors.

2.3. Simulation Parameters.

To comprehensively evaluate our designs, we delineated three
distinct scenarios, each intended to test a specific breakwater
configuration’s impact on wave dynamics. Scenario 1 consisted
of a single oval structure adjacent to the jetty. In scenario 2
consist of two structures, one near the jetty to the north and
another in front of the river mouth to the south. In Scenario
3, a single structure was positioned on the north side, similar
to the northern structure in Scenario 2. All breakwaters were
modeled as impermeable structures to absorb wave energy and
prevent wave run-up and overtopping

Numerical simulations were performed from January 1st to
November 30, 2016, providing output data on the current direc-
tion, velocity, wave height, and direction. During these simula-
tions, the breakwater structures were modeled as impermeable
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to absorb all wave energy and to prevent wave run-up and over-
topping (Hsu et al., 2004; Huang et al., 2003; Zhou et al., 2023).
They have been shown to be effective in protecting coastal areas
by reducing wave height and controlling surface current veloc-
ity (Kim et al., 2014; Rupali and Kumar, 2021). In this study,
2016 was selected because of the availability of comprehensive
and reliable data, which ensured the accuracy of the research
results.

2.4. Breakwater Design.

The breakwater height in the study area was determined by
incorporating bathymetry, waves, and tidal data (Samaras et al.,
2013; Takagi and Goda, 2000). The predicted water levels for
the next 20 years (Ghose et al., 2010) estimated that the water
height would reach 1.31 meters above the mean sea level dur-
ing high tide and fall to -1.11 meters below the mean sea level
during low tide. Additionally, the maximum projected wave
height was calculated at 1.61 meters, with a wave period of 3.6
seconds. To include a safety margin, an additional 50 cm was
added to the breakwater elevation in all scenarios. This resulted
in a final breakwater height of 3 m from the water surface to the
crest during the design mean sea-level condition.

In Scenario 1, the design features a single oval-shaped struc-
ture adjacent to the jetty, comprising three segments, each 20 m
long and 10 m wide, at the Mean Sea Level (MSL), resulting
in a total length of 60 m (Figure 2a). Scenario 2 included two
structures (Figure 2b); the northern structure measured 130 m
in length, whereas the southern structure was 120 m long, with
both having a width of 10 m at the MSL. Scenario 3 was simi-
lar to Scenario 2, with a single structure positioned on the north
side, identical in dimensions and location to the northern struc-
ture in Scenario 2 (Figure 2c).

Figure 2: Dimensional design of breakwater structures: (a) Sce-
nario 1, (b) Scenario 2, and (c) Scenario 3 consists of only the
north structure (identical to the north structure in Scenario 2).
The figure outlines the spatial arrangement and relative dimen-
sions of each breakwater structure within their respective sce-
narios.
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Cross-sectional profiles of each breakwater were developed
to illustrate the elevation and interaction between the sea sur-
face and seabed (Figure 3). Notably, in Scenario 2, the north-

ern breakwater reached a maximum depth of 2.98 meters at its
center and 1.9 meters at its end (Figure 3b). Meanwhile, the
southern breakwater, depicted in Figure 3c, exhibited a maxi-
mum depth of 0.56 meters at its end. This area is particularly
susceptible to sedimentation, resulting in shallow water depths
where the southern breakwater is located.

Figure 3: Cross-sectional profiles of breakwater structures: (a)
Scenario 1, (b) Scenario 2, and (c) Scenario 3. The diagrams
illustrate the elevation and structural design and show the inter-
action between the breakwater crest, sea surface, and seabed in
each scenario.
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3. Results and Discussion.

To evaluate the effectiveness of the three breakwater sce-
narios, their effects on the current velocity, wave height, and
energy were compared to the existing conditions. Numerical
simulations were conducted from January 1st to November 30,
2016, and provided data on the current direction, velocity, wave
height, and direction. The breakwater structures were modeled
as impermeable to absorb all wave energy and to prevent wave
run-up and overtopping.

3.1. Current Velocity Reduction.

Under existing conditions, the maximum current around the
jetty was measured at 9.34 cm/s, flowing from the north towards
the jetty. Conversely, the current from the south, directed to-
wards the river mouth, was redirected towards the pier before
following the natural coastline morphology northward (Figure
4a).

With the introduction of the structures in Scenario 1 (Figure
4b), the maximum current decreased to 7.5 cm/s. Initially, this
current moved eastward into the estuary but later changed di-
rection to follow the coast. The presence of the breakwater led
to a weakening of the northern current, which was deflected to-
wards the structure, while the remaining flow continued parallel
to the shoreline.

In Scenario 2 (Figure 4c), the maximum recorded current
was 8.3 cm/s. A portion of the water mass moved eastward
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Figure 4: Current conditions for full tide: (a) Without structure
under existing conditions. (b) Scenario 1 with the proposed
structure. (c) Structure of Scenario 2. (d) structure in scenario

85 2800

952800 52820 952840 05.2600 95,2020 052040 06,2660
(deg] léeq]

Source: Authors.

into the estuary, with some of the current subsequently shifting
northward and flowing parallel to the coastline after passing un-
der the bridge. This scenario created a circular current within
the southern breakwater, potentially increasing sedimentation.

Scenario 3 (Figure 4d) resulted in a maximum current of 7.9
cm/s. The water mass from the south moved into the estuary,
and under the bridge, it deflected counterclockwise towards the
breakwater. This deflection caused the current in front of the
pier to move westward towards the breakwater, leading to a re-
duction in its strength.

In general, the presence of breakwater structures in scenar-
ios 1, 2, and 3 effectively reduced the current velocity compared
to the existing conditions without breakwaters (Figure 5a). This
occurs because when the water flow encounters the breakwater,
it decelerates and changes direction, leading to the dissipation
of kinetic energy and a subsequent decrease in current velocity
(Le Xuan et al., 2024). Figure 5b visually represents the extent
of this reduction using the existing scenario as a baseline for the
maximum and average current values in each scenario. Among
the three scenarios, Scenario 1 demonstrated the most signifi-
cant reduction, with a 19% decrease in the maximum current
velocity, along with the highest reduction in the average cur-
rent, compared with scenarios 2 and 3. Scenario 2 achieved
an 11% reduction in the maximum current speed, whereas sce-
nario 3 achieved a 14% reduction. The inward curve of the
structure in Scenario 1 is thought to improve harbor sheltering,
minimize exposure to open-sea conditions, and result in a sub-
stantial reduction in harbor currents (Tsai et al., 2024). There-
fore, the presence of a breakwater structure in the Ulee Lheue
Harbor mitigates energy levels and reduces current velocities in
the area.

Figure 5: Maximum and average current speed (a) and reduc-
tion percentage of the current speed for each scenario condition
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3.2. Wave Height Mitigation.

Waves in Banda Aceh generally originate from the north-
west and follow the coastline as they approach the Ulee Lheue
Beach. The Ulee Lheue Port is situated within the mouth of
an estuary, a natural feature that diminishes wave intensity and
reduces wave heights in the surrounding waters.

Under existing conditions, the wave height in front of the
fishing port ranged from 7.37 to 14.56 cm, with an average sig-
nificant wave height of 10.03 cm (Figure 6a). The introduction
of the structure in Scenario 1 (Figure 6b) led to a reduction in
wave height, with recorded wave heights ranging from 2.9 cm
to 12.3 cm and an average wave height of 4.6 cm. In Scenario
2 (Figure 6c¢), the wave height varied from 0.8 cm to 12.3 cm,
with an average height of 3.5 cm, while in Scenario 3 (Figure
6d), the wave height ranged from 0.7 cm to 13.3 cm, with an
average height of 3.7 cm.

Figure 6: Wave height conditions towards full tide for existing
conditions without structure (a), scenario 1 structure (b), sce-
nario 2 structure (c), and scenario 3 structure (d).
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These structures function as barriers that intercept incoming
waves. When waves encounter these structures, they slow down
and change direction. The structures also played a role in wave
reflection. In Scenario 2, where the structure covers a larger
portion of the harbor entrance, it effectively reflects a significant
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portion of the incoming wave energy back towards the open sea.
These combined effects result in a substantial reduction in the
wave height, effectively mitigating waves around the jetty.

The direction and height of the waves at the jetty are illus-
trated using wave rosettes in Figure 7. Under the existing condi-
tions (Figure 7a), the waves impacting the fishing pier structure
predominantly originate from the west, with 60% of the wave
events coming from this direction, whereas 40% originate from
the southwest. The dominant wave height from each direction
was less than 0.2 meters. In Scenario 1 (Figure 7b), the in-
troduction of additional structures reduced the maximum wave
height to approximately 0.1 meters. In Scenarios 2 (Figure 7c)
and 3 (Figure 7d), the dominant wave direction shifted to the
southwest, with the predominant wave height further reduced
to less than 0.05 meters.

Figure 7: Wave roses at full tide in front of the fishing port jetty
under (a) existing conditions without a breakwater, (b) scenario
structure 1, (c) plan structure 2, and (d) plan structure 3.

Source: Authors.

3.3. Energy Dissipation Analysis.

The wave energy intensity and significant wave height at
sea showed considerable variability and were influenced by sea-
sonal changes and weather conditions, resulting in a wide range
of observed values. There is a directly proportional relationship
between the wave energy and significant wave height (Chen et
al., 2023) in front of the Ulee Lheue Port, as illustrated in Fig-
ure 8a. Under existing conditions, the significant wave energy
varied from 0.01107 to 0.0272 kW/m, with an average value
of 0.0186 kW/m, corresponding to wave heights ranging from
0.074 to 0.16 meters.

The implementation of the structures in Scenario 1 reduced
the wave energy significantly, with values ranging from 0.00153
to 0.01334 kW/m, averaging 0.00385 kW/m. In contrast, Sce-
nario 2 yielded an average energy of 0.00247 kW/m, whereas
Scenario 3 yielded an average energy of 0.027 kW/m. As shown

in Figure 8b, the significant wave energy in the existing con-
dition was consistently higher than that in scenarios involving
structural modifications. Interestingly, an upward trend in wave
energy was observed around October, coinciding with the sea-
sonal transition in Banda Aceh, when strong winds from the
northeast exposed the Ulee Lheue area to larger waves (Rizal et
al., 2012; Setiawan et al., 2018).

Figure 8c further illustrates the inverse relationship between
the significant wave height and the peak wave period. A higher
significant wave height generally corresponded to a shorter peak
wave period. Under existing conditions, both the significant
wave height and peak wave period were higher than those in
scenarios 1, 2, and 3. The wave periods under the existing con-
ditions also exhibited a broader range of values. However, the
presence of structures in these scenarios resulted in lower sig-
nificant wave heights and shorter wave periods. Scenario 2, in
particular, proved to be more effective in mitigating wave im-
pacts at Ulee Lheue Port. The dual structures in Scenario 2 pro-
vided enhanced protection, particularly during seasons when
waves approached from multiple directions. This approach en-
sures that the inner port area remains secure irrespective of the
direction of incoming waves, offering robust protection against
potential maritime.

Figure 8: Percentage of wave power reduction for each scenario
condition compared to existing conditions.
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As previously discussed, there is a direct correlation be-
tween the significant wave height and energy generated, which
is clearly reflected in the high wave energy values under the cur-
rent conditions (see Figure 9). The introduction of structures in
scenarios 1, 2, and 3 resulted in substantial reductions of 51
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9, 56 %, and 49 %, respectively, in the maximum significant
wave height around the fishing port. Additionally, the mean sig-
nificant wave height decreased significantly, with reductions of
79%, 87%, and 85% in scenarios 1, 2, and 3, respectively.

Figure 9: Comparison of parametric (a) wave height and en-

ergy (b) wave energy (c) peak wave period and significant wave
height.
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These findings indicate that the use of structures in the Ulee
Lheue is highly effective in mitigating wave energy in the port
area, leading to a significant reduction in wave energy com-
pared with existing conditions. Notably, Scenario 2 proved
to be the most effective, offering the greatest protection be-
cause of the presence of two structures that shielded the har-
bor from incoming waves. The dual-structure configuration in
Scenario 2 is particularly effective in providing sheltered condi-
tions within the Ulee Lheue Port, ensuring enhanced protection
against wave impacts.

Conclusions.

The implementation of breakwater structures in the Ulee
Lheue Estuary has demonstrated significant effectiveness in mit-
igating the wave energy and current velocities within the port
area. A comparative analysis of the three scenarios revealed
that Scenario 2, featuring dual impermeable structures, yielded
the most substantial reduction in wave power, achieving an 87%
decrease in the average wave energy. This configuration ef-
fectively shielded the Ulee Lheue Port from incoming waves,
providing enhanced protection and improving the operational
efficiency. These findings underscore the critical role of well-
designed breakwater structures in safeguarding coastal infras-
tructures in wave-exposed environments. The results offer valu-
able insights for future planning and implementation of coastal
protection measures in similar locations.
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