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ABSTRACT

This study aims to assess the hydrodynamic conditions of the waters around Bawean Port, Gresik, using Delft3D
numerical modeling to support navigational safety. A quantitative approach was applied using nested-grid simulations to
capture both large-scale and detailed hydrodynamic processes. The model incorporated bathymetry, tidal forcing, wind,
and wave data obtained from global datasets, including GEBCO, TPXO 8.0, and ECMWF ERAS. Simulations were
conducted for two representative monsoon seasons, namely the west monsoon (January) and east monsoon (July), with
each simulation covering a one-month period. The results indicate that water depths in the study area range from 0 to 6 m,
highlighting the need for careful management of port and shipping lane depths to ensure navigationa safety. Tidal analysis
indicates a mixed tide with a predominantly semi-diurnal character. Model validation showed good agreement with
observed data, with RMSE and MAE vaues of 0.0581 m and 0.0426 m, respectively, indicating good model performance.
The hydrodynamic analysis revealed distinct seasona variations in wind and wave characteristics, with dominant winds
originating from the west and northwest during the west monsoon and from the east and southeast during the east
monsoon. Maximum wave heights reached 1.55 m during the west monsoon and 1.83 m during the east monsoon. Current
velocities were generally low, ranging from 0 to 0.4 m/s, with flow directions influenced by tidal conditions and coastal
structures, particularly harbor piers. Based on these findings, dredging of the shipping lanes is recommended to provide
sufficient depth for larger vessels, while appropriate speed restrictions are recommended to maintain vessel stability and
navigational safety. Overall, the modeling results provide important insights into the tidal, current, and wave dynamics of
Bawean waters and can support shipping lane management, port planning, and coastal management.
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INTRODUCTION salinity, density, and other oceanographic parameters. The

Indonesia is an archipelagic nation with results generaly indicated relatively homogeneous
numerous shipping routes that are vital to maritime oceanographic conditions at different water depths, with
transportation, trade, and national defense. Therefore, no significant variations. However, these findings were
effective management of these routesis essential to ensure based on data collected over only one month as part of a
the safety and efficiency of maritime traffic. One survey conducted by Pushidrosal [4]. Therefore, further

significant location within Indonesia’s shipping network, studies using more comprehensive and representative
particularly in the Gresik region, is the Bawean waters, temporal data are needed to better understand the
which serve as a primary link between Bawean Idland and hydrodynamic conditions relevant to navigational safety.

mainland Java for transportation, marine product trade, Navigational safety at Bawean Port is strongly
and tourism activities[1]. influenced by hydrodynamic conditions, particularly

Gresik Regency comprises a mainland area and currents and waves, which directly affect vessel stability,
Bawean Idand, which is located in the Java Sea maneuverability, and the overall risk of accidents during
approximately 120 km north of the mainland. The island docking and loading operations. To improve safety and
covers an area of 196.97 km? and consists of two sub- operational efficiency, current and wave modeling can be
districts, namely Sangkapura and Tambak, with a used to characterize the hydrodynamic conditions of the
population of 80,289 in 2020 [2]. Despite its significant area. The resulting information provides an essential basis
tourism potential, supported by its natural and cultural for  navigation system  planning, infrastructure
heritage, Bawean Island is characterized by complex development, and mitigation of maritime accident risks
marine dynamics that require a thorough understanding of [5].

its oceanographic conditions[3]. Therefore, this study aims to assess the
Several studies have investigated the hydrological hydrodynamic conditions of Bawean Port waters using
and oceanographic conditions of Bawean Island; however, Delft3D numericd modeling to support navigational

research specifically addressing navigational safety safety. The analysis focuses on bathymetry, tida
remains limited. One study examined the hydrographic characteristics, current patterns, and wave conditions
conditions around Bawean Isand, including temperature, during the west and east monsoon seasons. The study also
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evaluates the accuracy of the hydrodynamic model
through validation against observed data and identifies
hydrodynamic factors that may affect shipping safety and
port operations. The results are expected to provide a
scientific basis for improving shipping lane management,
port operations, and navigational safety in the Bawean
waters.

METHODS
Study Area and Research Design

This research was conducted in the waters of
Bawean Port, Gresik, located in Sungai Teluk Village,
Sangkapura District, Gresik Regency, East Java, Indonesia
(Figure-1). The port is situated north of Java Island and
serves as an important facility for maritime transportation
and logistics. Geographically, Bawean Port is located at
approximately 5.85280°S and 112.64226°E.

Figure-1. Map of the research location

A quantitative approach using numerical
modeling was applied in this study. The hydrodynamic
conditions around Bawean Port were simulated using
Delft3D software with a nested-grid approach consisting
of alarge grid and a smaller grid. Both grids employed a
rectangular configuration.

The large grid covered a broader area extending
from the open sea toward the study area and was used to
represent the large-scale hydrodynamic processes (Figure-
2). The smaler grid provided higher spatial resolution
around Bawean Port and was used to simulate currents and
waves in greater detail. For the large grid, Riemann-type
and astronomical forcing were applied, with a minimum
water depth of 5 m. The smaller grid used water-level and
time-series forcing, with a minimum water depth of 1 m

[6].

Hydrodynamic M odel

The Hydrodynamic Module in Delft3D is used to
simulate multidimensional fluid flow in two or three
dimensions based on the fundamenta principles of fluid
dynamics. The module can simulate flow velocity, water-
surface elevation, mass transport, and other hydrodynamic
processes. Its outputs can also serve as driving forces for
other Delft3D modules. The hydrodynamic model is based
primarily on the continuity and momentum eguations
derived from the Navier—Stokes equations. The model
considers several physical processes and forces, including
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gravity, wind stress, tidal forcing, the Coriolis force,
bottom friction, turbulence, density variations, and wave
interactions [7]. The continuity equation is given by
Equation (1), and the momentum equation are expressed
as shown in Equation (2) and (3).

8h g 8h

du  dv

At et E=hsy A =hs @
dap P*y @ P a,, 9p\-'pz+r.?* [ — ]
ﬁt + ax(r) a—( ‘)+ |l" N Py a.rtll"].'_.l._.t.fl +a—}'(hl'l.‘.:l
-1, —fVV, +ZE (p) =0-0, - fVV +%: (p)=0 )
dg @ fg* Pg gp\p bt gt J.[ﬂ d ]
S 61.(?' )+a (F)+a ""a o ~ [ () + g3 (A7)

-1, — vV, + ;$i'pﬂj =0-0,— fVV, + ——cp. =0

3

Where h(x, y, t) is water depth (h = —d, m), d(x, y, t) is
water depth at different times (m), {(x, v, t) is surface
eevation (M), p, q(x, ¥, t) isflux densities in the x- dan y-
directions (m*s/m), C(x, y) is Chezy resistance coefficient
(m”/s), g is gravitational acceleration(m/s2), f(V) is wind
friction factor, V, Vi Wy(X, y, t) is wind velocity
components in the x- and y-directions (m/s), Q(x, y) is
Coriolis parameter (s, pa(X, y, t) is atmospheric
pressure(kg/m/s?), py, is water density (kg/m®), x, y is
spatial coordinates(m), t is time (s), and Tu, Ty, Ty IS
components of effective shear stress.

M odel Forcing and Simulation Period

The hydrodynamic simulations were conducted
for two representative monsoon seasons. the west
monsoon and the east monsoon. January was used to
represent the west monsoon, while July was used to
represent the east monsoon. Each simulation covered a
one-month period.

The model inputs consisted of bathymetry, wave,
wind, and tidal data. Bathymetric data were obtained from
the General Bathymetric Chart of the Oceans (GEBCO)
and survey data provided by Distrik Navigas Tipe A
Kelas | Tanjung Perak Surabaya. Wave and wind data
were obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERAS dataset. Tidal
forcing was obtained from the TPXO 8.0 Global Inverse
Tide Model.

Figure-2. Grid domain and wave station map
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RESULTS
Bathymetric and Tidal Conditions

The bathymetric map of Bawean Port, Gresik,
East Java, shows that the water depth around the port
ranges from 0 to —6 m (Figure-3). Referring to Minister of
Transportation Regulation No. 20 of 2015 and Minister of
Transportation Regulation No. 52 of 2011, the minimum
depth of a port area must be adjusted to the draft of the
largest vessel to be accommodated, including the required
under-keel clearance to ensure safe navigation. In general,
small-scale ports have depths of approximately 3-5 m,
medium-sized ports range from 6-10 m, while large or
international-scal e ports have depths exceeding 12 m [8].

Figure-3. Bathymetric map at the study site

The tidal data were analyzed using the least-
squares method to calculate the tidal harmonic constants,
including the mean sea level, amplitude, and phase of the
nine main tidal components. M2, S2, N2, K1, O1, M4,
M$4, K2, and P1 [8]. The resulting harmonic constants are
presented in Table-1 and Figure-4. These constants were
subsequently used to determine tidal reference elevations,
such as the Highest Water Spring (HWS) and Lowest
Water Spring (LWS), which are important for correcting
bathymetric survey data and establishing vertical control
points.

The tidal type was determined using the
Formzahl number (F), with the following classification: F
< 0.25 indicates a semi-diurnal tide; 0.25 < F < 1.50
indicates a mixed tide with a semi-diurnal dominance;
150 < F < 3.00 indicates a mixed tide with a diurna
dominance; and F > 3.00 indicates a diurna tide. Based on
the tidal analysis, the Bawean region has an F value of
6.84 and is therefore classified as having a diurna tidal
regime. The tidal reference elevations obtained from the
least-squares analysis were used in establishing vertical
control points and processing the bathymetric and
topographic data.

Model Validation

Model validation was conducted using the Root
Mean Square Error (RMSE) and Mean Absolute Error
(MAE). RMSE evaluates the degree of agreement between
simulation and observation data, while MAE measures the
average magnitude of errors without considering their
direction. A smaler RMSE value indicates better
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agreement between the simulation results and the observed
field conditions [9].

Table-1. Tidal component at the study site

Tidal Component | A(m) | g(°)
M2 6.4 | 246.3
2 42 | 1284
N2 1.6 | 206.7
K2 1.0 | 1284
K1 495 | 197.9
o1 23.0 | 146.9
P1 16.3 | 197.9
M4 00| 66.2
M4 0.7 | 3439

,,,,,

..............
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Figure-4. Tidal conditions at the study site

The validation results yielded an RMSE of
0.0581 m and an MAE of 0.0426 m (Figure-5). These
relatively small error values indicate that the differences
between the modeled and observed data are limited,
suggesting that the model provides a sufficiently accurate
representation of the actual field conditions. RMSE is
caculated by determining the differences between
predicted and observed values, squaring these differences,
calculating their mean, and then taking the square root.
Thus, the RMSE value of 0.0581 m indicates a relatively
small deviation between the modeled and observed tidal
data.

Figure-5. Tide validation

Wind and Wave Conditions

A wind rose diagram provides a radia
representation of wind direction and frequency at a
particular location. Each sector indicates the frequency
with which wind originates from a specific direction,
allowing the dominant wind patterns during a given period
to be identified [10]. The wind data were obtained from
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the Copernicus ERA5 dataset with a spatial resolution of
0.25°.

During the west monsoon season, the prevailing
winds in the waters off Bawean originate from the west
and northwest (Figure-6). The maximum wind speed is
10.46 m/s, with the highest frequency of occurrence in the
8-12 m/s wind-speed category, accounting for 6.8% of
occurrences. During the east monsoon season, the
prevailing winds originate from the southeast and east.
The maximum wind speed is 9.79 nm/s, with the highest
frequency of occurrence in the 8-12 m/s category,
accounting for 20.16% of occurrences.

Figure-6. Wind rose for the east and west monsoon
Seasons

The wave rose analysis shows seasonal
differences in wave height and direction (Figure-7).
During the west monsoon season, the maximum wave
height reaches 1.55 m, with 15.3% of waves exceeding 1
m in height. The dominant wave directions are west,
southwest, and northwest. During the east monsoon
season, the maximum wave height reaches 1.83 m, with
44% of waves exceeding 1 m. The dominant wave
direction is eastward.

The wave conditions are closely related to wind
direction and speed. Wind is one of the primary driving
forces of wave generation, while other factors influencing
wave formation include wind speed, fetch, wind duration,
and seabed topography [4].

|

Figure-7. Wave rose for the east and west monsoon
Seasons

Hydrodynamic Conditions During the Monsoon
Seasons
West Monsoon

The wave and current patterns during the west
monsoon were analyzed using the Delft3D model under
different tidal conditions. Based on a one-month wave
simulation conducted from January 1 to January 31, 2024,
the highest wave occurred on January 22, 2024, at 2:00
(Figure-8). The simulated wave heights during this period
ranged from approximately 0.1 to 0.8 m, with waves
propagating from the southwest. In the open sea, wave
heights reached approximately 0.7-0.8 m, represented by
reddish colors, whereas nearshore wave heights were
approximately 0.1-0.3 m and represented by bluish colors.
The reduction in wave height indicates wave damping
caused by seabed bathymetry and/or coastal protection
structures such as breakwaters. Areas directly exposed to
wave action have a greater potential for erosion.
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Figure-8. Highest wave pattern during the west monsoon
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The current patterns during the west monsoon
varied according to the tidal phase (Figures 9-12). During
the transition toward high tide on January 13 at 12:00,
currents flowed from the west toward the harbor area. As
the flow approached the harbor basin, the breakwater and
pier structures deflected the current, while shalower
bathymetry increased bottom friction and reduced current
velocity to approximately 0.1-0.3 m/s (Figure-10). This
indicates that the current pattern was controlled by the
combined effects of tides, monsoona winds, coasta
structures, and bathymetry.

depth averaged velocity
13-Jan-2024 12:00:00 1

y cocrdinate (km)

6315 682 6825 683 6635 o
x coordinate (km) —»

Figure-9. Towards high tide current during the west
monsoon

Ba1

“es05

At the highest tide on January 13, 2024, at 2:00,
the current predominantly flowed from the west (Figure-
11). In unobstructed areas, the current direction remained
relatively unchanged, whereas currents interacting with the
harbor piers were deflected. The simulated current speed
ranged from O to 0.35 my/s.

During the transition toward low tide on January
12, 2024, at 12:00, the currents flowed from the west
toward the east and southeast (Figure-12). Several areas
showed no current arrows, which may indicate that the
current velocity in these areas was close to zero. The
average current speed ranged from 0to 0.4 m/s.
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Figure-10. Highest high tide current during the west
monsoon
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Figure-11. Towards low tide current during the west
monsoon
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Figure-12. Lowest low tide current during the west
monsoon

BB25 683

At the lowest tide on January 12, 2024, at 2:00,
currents flowed from the west and northwest toward the
east (Figure-13). Severa areas showed no current arrows,
indicating that the current velocity was close to zero. The
simulated current speed ranged from 0 to 0.35 m/s.

Overdl, the west monsoon current pattern
indicates that the flow direction is strongly influenced by
the interaction between tidal forcing and the geometry of
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the harbor. The breakwater and pier structures cause local
flow deflection, while shallow areas contribute to
reductions in current velocity through increased bottom
friction.

East Monsoon

The east monsoon wave simulation was
conducted to evaluate the seasonal wave and current
characteristics around Bawean Port. The highest wave
pattern observed on July 17, 2024, at 19:00 is presented in
Figure-13. The simulation shows wave propagation from
south to north, with wave heights ranging from 0 to 1 m.

The current patterns during the east monsoon
under different tidal phases are presented in Figures 14—
17. During the transition toward high tide on July 8, 2024,
at 00:00, the dominant current originated from the south
and then spread toward the west and north (Figure-14).
The average current speed ranged from O to 0.2 m/s, with
higher velocities occurring in open waters. The dispersal
and deflection of the current are attributed to the presence
of breakwaters, which influence the flow around the
harbor.

At the highest tide on July 8, 2024, at 2:00, the
dominant current flowed from south to north before
spreading southward (Figure-15). The simulated current
speed reached approximately 0.2 m/s, as indicated by the
dark-blue areas.
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Figure-13. Highest wave pattern for the east monsoon
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Figure-14. Towards high tide current during the east
monsoon



Asmara, S, et al / Journal of Marine Resources & Coastal Management 7(2): 112-118, August 2026

dapth averaged velocity
0-Jul-2024 020000 1
9354.5

For
r 106

F 05

 ecordinate (kmp -«
depth averaged velocity, magnitude (mis)

BE1S BEZ BE2S 8215 0

¥ coordinate (km) —»

681 BE3

Highest tide current during the east monsoon

depth averaged velocity
21-Jul-2024 11:00:00 1

y coordinate (km) —
depth averaged velocily, magnitude (mis)

681 6815

682
x coordinate (km) —

Figure-16. Towards low tide current during the east
monsoon
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Figure-17. Lowest tide current during the east monsoon
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During the transition toward low tide on July 21,
2024, at 11:00, the dominant current flowed southward
toward the open sea (Figure-16). A reverse current was
observed near the breskwater area. The average current
speed ranged from 0 to 0.3 m/s. The increase in current
speed toward the open sea indicates relatively stronger
flow in offshore areas.

At the lowest tide on July 21, 2024, at 1:00, the
dominant current was directed toward the open sea
(seaward/outflow) before being deflected around the pier
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(Figure-17). The average current speed ranged from O to
0.3 m/s, with currents in the open sea generally faster than
those in the coastal area.

The comparison between the two monsoon
seasons indicates that the hydrodynamic conditions around
Bawean Port are governed by the combined influence of
seasonal wind forcing, tidal variation, bathymetry, and
coastal structures. The west monsoon is characterized by
dominant winds and waves from the western sector,
whereas the east monsoon exhibits predominantly
southeastern and eastern winds and eastward wave
propagation. The harbor structures further modify the local
current patterns by deflecting and reducing flow velocities,
particularly in shallow and nearshore aress.

DISCUSSION

In terms of current speed, the simulation results
show that currents in the waters around Bawean range
from 0 to 0.4 m/s, both during high tide and low tide in the
west monsoon season. Compared to the general PIANC
standards, these values remain within the safe category, as
they are below the 0.5 m/s threshold for port areas. This
relatively low current velocity indicates that vessels have
sufficient maneuverability when entering the port area and
during the berthing process.

From the wave condition perspective.The
analysis results indicate that the maximum wave height in
the waters around Bawean reaches 1.55 m during the west
monsoon and 1.83 m during the east monsoon in open sea
areas. Wave height data for Bawean Harbor from the
BMKG data source shows lower values, ranging from 0.8
to 1.0 m. High wave heights values from model can be
caused by several factors, ranging from input data
(bathymetry, wind, and currents) to model error (RMSE).
However, in areas near the port, wave heights decrease
significantly to approximately 0.1-0.3 m due to the
influence of bathymetry and the likely presence of
protective structures such as breakwaters. When compared
to port operational standards, where safe wave heights for
berthing activities range from < 0.3-0.5 m, conditions
within the Bawean harbor basin are till considered safe
and conducive to operational activities

In addition to currents and waves, water depth
aso plays a crucid role in navigation safety. The
bathymetric map shows that the depth around the port
ranges from O to -6 meters. According to regulations from
the Ministry of Transportation of the Republic of
Indonesia [11], the minimum port depth must
accommodate the ship's draft plus the under-keel
clearance (UKC), which is generaly about 10% of the
ship’s draft. Thus, for ships with a draft of approximately
4-5 meters, the required minimum depth ranges from 4.4
to 5.5 meters.

Given the bathymetric findings indicating
shalow depths ranging from O to -6 meters, routine
dredging of the navigational channel is crucial to safely
accommodating vessels with deep drafts. Additionally, to
mitigate the impact of offshore waves that can exceed 1.5
meters during the east monsoon season, it is highly
recommended that port authorities implement strict vessel
speed restrictions to guarantee navigational stability and
safety.

Overal, the hydrodynamic conditions in the
waters around Bawean indicate that current and wave
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parameters meet maritime safety standards, particularly
within the harbor basin. However, regarding water depth,
there are still potential limitations at severa locations that
require further management. Therefore, the results of this
study can serve as a basis for policy-making regarding port
management, improving navigation safety, and planning
maritime infrastructure in the region.

CONCLUSIONS

This study demonstrates that the hydrodynamic
conditions in Bawean waters, as simulated using Delft3D,
generaly support safe navigation and port operations.
Current velocities remain relatively low (0-0.4 m/s),
allowing adequate vessel maneuverability, while wave
heights in the harbor basin are significantly reduced (0.1—
0.3 m), creating favorable conditions for berthing
activities. The tidal regime is classified as mixed with a
predominantly semi-diurnal pattern, and the model
validation results indicate a high level of accuracy.

However, bathymetric conditions reveal that
water depths ranging from 0 to -6 meters may present
limitations in certain areas, particularly for vessels with
larger drafts. Therefore, while hydrodynamic parameters
such as currents and waves meet safety standards, depth
constraints require careful management. Overal, the
findings provide a reliable basis for improving navigation
safety, optimizing port operations, and supporting future
coastal and port development planning in Bawean waters.
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