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ABSTRACT

Kalbut Port, located in Situbondo, East Java, Indonesia, is an important port serving small vessels operating routes
to the Madura Islands and tankers transporting liquefied petroleum gas (LPG) and crude oil. Ensuring navigational safety
and efficient loading and unloading operations under variable wave and current conditions requires a comprehensive
understanding of the local hydro-oceanographic characteristics. This study quantitatively investigates the current and wave
conditions at Kalbut Port using secondary data and Delft3D hydrodynamic and wave modeling. The simulations were
conducted for the east and west monsoon seasons. The results indicate a mixed tidal regime with a predominance of semi-
diurnal characteristics. Dominant winds originate from the southeast during the east monsoon and from the west during the
west monsoon. Significant wave heights reach 0.5 m during the east monsoon and 0.7-0.8 m during the west monsoon,
while current velocities remain relatively low, with maximum values below 0.3 m/s during the west monsoon. Within the
port basin, wave heights decrease to approximately 0.1 m due to the sheltering effect of the breakwater and the
progressively shallower bathymetry. Model performance was evaluated against observed tidal elevations and significant
wave heights. Tidal validation yielded an RMSE of 0.131 and an MAE of 0.105, whereas wave validation produced an
RMSE of 0.013 and an MAE of 0.009. These relatively low error values indicate that the model adequately represents the
hydrodynamic and wave conditions in the study area. Overall, wave and current conditions at Kalbut Port remain below the
applicable navigation safety thresholds, indicating a relatively low navigation risk for both small vessels and tankers. The
findings provide a scientific basis for assessing and mitigating navigation risks and supporting safer maritime operations at
Kalbut Port.
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INTRODUCTION Kalbut Port is one of the ports with intensive

The maritime sector plays a strategic role in activity, particularly involving small vessels. Located in
supporting the national economy; however, the high Semiring Village, Mangaran District, Situbondo Regency,
number of maritime accidents in Indonesia remains a the port serves small vessels operating routes to the
serious concern. The main factors contributing to these Madura Islands, including Kangean, Sapudi, and Raas.
accidents include extreme weather conditions, vessel These routes are commonly used to transport cattle from
overloading, and high waves. According to data from 2001 Sapudi Island to Kalbut Port, with reported volumes of
to 2007, these factors accounted for approximately 74% of approximately 60-70 head per week and, under certain
maritime accidents [1]. This situation highlights the need conditions, up to 100 head per week [4]. In addition to
for greater attention to navigational safety, particularly in supporting regional logistics, Kalbut Port accommodates
medium-sized and small ports that serve as important hubs small vessels serving local routes. The port also functions

for public mobility and the distribution of goods [2]. as a docking point for tankers transporting liquefied
Although several hydrodynamic studies have been petroleum gas (LPG) and crude oil.

conducted at Panarukan Port, the nearest port to Kalbut The port supports both fishing activities and
Port, information on the hydrodynamic characteristics of logistics operations involving the loading and unloading of

Kalbut Port remains limited. A study using the MIKE 21 tankers. According to data from the MarineTraffic
model reported a maximum wave height of 1.2 m at website, tanker traffic is dominated by LPG carriers,
Panarukan Port [3]. Despite the availability of accounting for 76%, while oil carriers account for
hydrodynamic studies at nearby ports, the lack of approximately 8%. The largest recorded vessel is 230 m in
information on the hydrodynamic conditions of Kalbut length, with a maximum draft of 12 m and a deadweight of
Port represents an important knowledge gap. This gap is 58,811 tons. Loading and unloading activities, particularly
particularly relevant because local wave and current those involving the ship-to-ship (STS) transfer
conditions directly affect navigational safety, operational mechanism, have the potential to generate waste that may
efficiency, and future port development. be discharged into the sea. Such waste can be transported
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by water-mass movement and may negatively affect
maritime activities in the port area [5]. STS operations
may be conducted when certain conditions are met,
including insufficient water depth for large vessels to enter
the port, inadequate channel width or turning-basin
dimensions, and the presence of other physical obstacles,
such as a low-clearance bridge across a river that prevents
large vessels from entering the area [6].

One of the main challenges facing Kalbut Port is
the occurrence of high waves and variable water
conditions, which may affect navigational safety and
loading and unloading operations. To better understand
and minimize these risks, a hydrodynamic analysis is
required. Numerical modeling provides an efficient and
flexible approach for analyzing hydrodynamic conditions
because it can simulate wave and current characteristics
under different conditions and scenarios. Therefore, this
study aims to characterize the hydrodynamic conditions of
Kalbut Port, particularly wave and current characteristics
during the east and west monsoon seasons, and to assess
their implications for navigational safety and port
operations.

METHODS
Research Location and Simulation Period

This study was conducted in the waters of Kalbut
Port, Situbondo, located in Semiring Village, Mangaran
District, Situbondo Regency, East Java, Indonesia (Figure-
1). Kalbut Port is located on the northern coast of Java
Island, directly adjacent to the Madura Strait.
Geographically, the port is located at 7°39'18.6"” S and
114°1'53.8" E.

Hydrodynamic modeling was conducted to
represent two monsoon seasons: the east monsoon, which
generally occurs from May to October, and the west
monsoon, which occurs from November to April. Two
representative months were selected for the simulations:
July to represent the east monsoon and January to
represent the west monsoon.
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Figure-1. Research location map

Data Sources

The datasets were processed and used as inputs
for numerical modeling using Delft3D (Table-1). The
modeling was conducted to characterize the hydrodynamic
conditions, particularly currents and waves, in the waters
of Kalbut Port.
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Table-1. Data sources

Data Data Source

Bathymetry Gebco 2024 and Tanjung Perak
Class | Type A Navigation
District, 2022

Tidal data BIG, 2024

Tidal harmonic constants Delft Dashboard, 2024

Wind data ECMWEF, 2015-2024

Wave data ECMWEF, 2015-2024

Numerical Hydrodynamic Modeling

Numerical modeling is an approach used to
develop a simplified mathematical representation of real
physical phenomena. Numerical models can represent
complex physical processes and provide detailed
simulations of hydrodynamic conditions [7]. A
hydrodynamic model mathematically represents fluid
motion by considering variables such as water level,
velocity, pressure, and flow characteristics. In Delft3D, the
hydrodynamic model is formulated based on the continuity
and momentum equations [8]. The hydrodynamic model is
governed by the continuity equation (Equation (1)) and the
momentum equations (Equations (2) and (3)).
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Where h(x, y, t) is water depth (h = —d, m), d(x, y, t) is
water depth at different times (m), {(x, y, t) is surface
elevation (m), p, q(x, v, t) is flux 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, Vy(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 Ty, Ty, Tyy IS
components of effective shear stress.

The continuity equation  represents the
conservation of water volume within the computational
domain, while the momentum equations describe the
spatial and temporal changes in water motion under the
influence of forces acting on the flow. These governing
equations are solved numerically to simulate current
patterns and water-level variations within the study area.

Wave processes were also incorporated into the
numerical modeling because waves and currents can
interact and influence each other. Wave—current
interactions can modify current velocity and direction,
while currents can affect wave characteristics such as
wave height and wavelength. In addition, wave and
current dynamics may influence the transport of materials
within the coastal environment. In the wave model, wind
forcing is an important mechanism for wave generation,
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while restoring forces act to return displaced water
particles toward their equilibrium position.

Model Domain and Grid Configuration

The computational domain was designed to
represent the regional hydrodynamic conditions
surrounding Kalbut Port while providing higher spatial
resolution within the area of interest. A nested-grid
approach was applied to balance computational efficiency
and spatial resolution. A relatively coarse grid was used
for the larger computational domain, while a finer grid
was applied to the area surrounding Kalbut Port to better
represent local bathymetric and coastal features.

The nesting scheme consisted of two grid-
resolution levels. The larger domain had a grid resolution
ranging from approximately 450 to 550 m, whereas the
smaller domain had a resolution ranging from
approximately 15 to 170 m. The grid configuration is
shown in Figure-2. A rectangular grid was used, with the
computational domain defined according to the study area.

For the larger domain, the open boundary was
configured using the Riemann boundary type with
astronomical forcing and a minimum water depth of 5 m.
For the nested domain representing the area of interest, the
boundary condition was configured using the Water Level
boundary type with time-series forcing and a minimum
water depth of 1 m.

Bathymetry Processing

Bathymetry describes the underwater topography
and depth distribution of oceans, seas, and other water
bodies. Bathymetric data are essential for representing
seabed topography in hydrodynamic models because water
depth strongly influences current circulation, tidal
propagation, and wave transformation [9, 10].

The bathymetric data used in this study were
obtained from the Survey of the Tanjung Perak Class |
Type A Navigation District in Surabaya and supplemented
with GEBCO 2024 data. The datasets were processed and
integrated to generate the bathymetric input for the
numerical model.

The resulting bathymetric dataset was used to
define the seabed configuration of the computational
domain and to represent the spatial variation in water
depth within the port and surrounding waters. The
bathymetric characteristics and their implications for
hydrodynamic conditions are presented in the Results
section.

Tidal Analysis

Tidal observations were obtained from the
Geospatial Information Agency (BIG) and were used both
to characterize the tidal regime and to validate the
hydrodynamic model. The observation station was located
at  7°37'27.048”" S and 114°00'47.088" E. Tidal
observations were available for 30 days, from 1 to 30
January 2024, at an hourly interval.

The observed tidal data were analyzed using the
Least Squares method to derive tidal harmonic constants
in terms of amplitude (A) and phase (g) for each tidal
constituent. The principal tidal constituents were then used
to determine tidal characteristics and establish the tidal
boundary conditions for the numerical model.

The Formzahl number was calculated to classify
the tidal regime based on the relative contributions of the

principal diurnal and semi-diurnal constituents. The
Formzahl number was calculated using Equation (4).
F= (O] + Kl)/(Mz + Sz) (4)
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Figure-2. Computational domain and grid configuration
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Wind and Wave Analysis

Wind data were used as atmospheric forcing in
the hydrodynamic and wave modeling because wind
conditions influence current circulation and wave
generation [11, 12]. Wind-generated waves are primarily
controlled by wind speed, duration, fetch, and direction.
Therefore, wind and wave conditions were analyzed to
characterize the seasonal forcing applied to the model.

Wind and wave data were obtained from
ECMWEF for the period 2015-2024. The data were
processed using WRPLOT and presented as wind and
wave rose diagrams. The rose diagrams were used to
describe the frequency distribution of wind and wave
directions and their respective magnitude classes [13].

The processed wind and wave characteristics for
the east and west monsoon seasons were used to define the
seasonal forcing conditions for the numerical simulations.
The detailed seasonal distributions and maximum values
are presented in the Results section.

Model Validation

Model validation was conducted to evaluate the
agreement between the numerical model results and
observed data. Tidal elevation and significant wave height
were selected as validation parameters. The modeled tidal
elevations were compared with tidal observations from
BIG, while modeled significant wave heights were
compared with ERA5 wave data representing the
significant height of combined wind waves and swell.

Model performance was evaluated using the Root
Mean Square Error (RMSE) and Mean Absolute Error
(MAE). These statistical measures quantify the differences
between observed and modeled values, with lower RMSE
and MAE values indicating smaller prediction errors [14].
The RMSE and MAE were calculated using the Equations
(5) and (6).

RMSE — | Fani01-y2)?
x

1 2
W 3

()

x
a=1

1
MAE = < ©6)

Where y; represents the observed value, y, represents the
modeled or predicted value, and x represents the total
number of observations.

RESULTS AND DISCUSSION
Tidal Characteristics

The tidal harmonic analysis based on 30 days of
observations from the BIG station indicates that the waters
of Kalbut Port exhibit a mixed tidal regime with a semi-
diurnal predominance. The calculated Formzahl number
(F) is 1.31, indicating that both diurnal and semi-diurnal
tidal constituents contribute to the tidal characteristics of
the study area. The harmonic constants and important tidal
elevations obtained from the Least Squares analysis are
presented in Tables 2 and 3, respectively.

The tidal characteristics are determined by the
relative contribution of the principal tidal constituents. The
presence of both diurnal and semi-diurnal constituents
results in two high tides and two low tides within a tidal
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cycle, with unequal tidal ranges and periods. This tidal
regime is relevant to port operations because variations in
water level and tidal currents influence vessel movement,
particularly during navigation through shallow areas and
maneuvering near the dock.

Table-2. Tidal harmonic constants in Kalbut waters,

Situbondo
Amplitude (m) g()
01 0.2752 317.5377
P1 0.1471 17.2750
K1 0.4542 256.5832
N2 0.0684 261.7180
M2 0.3799 84.2681
S2 0.1783 342.2106
K2 0.0651 187.0602
M4 0.0003 296.8102
MS4 0.0029 266.7938

Table-3. Important tidal elevations in Kalbut waters,

Situbondo

Element Count Results
(m)
S0 Z20+1.1(M2+S2) 2.09
HAT Z0+(all constituents) 1.57
HHWL Z0+(M2+S2+N2+K1+01+P1) 1.50
HWS Z0+(M2+S2+K1+01) 1.29
MHWL Z0+(M2+K1+01) 1.11

Z0 MSL 0

MLWL Z0-(M2+K1+01) -1.11
LWS Z0-(M2+S2+K1+01) -1.29
LLWL Z0-(M2+S2+N2+K1+01+P1) -1.50
LAT Z0-(all constituents) -1.57
F (01+K1)/(M2+S2) 1.31

Bathymetric Characteristics

The bathymetric distribution of Kalbut Port is
presented in Figure-3. The seabed elevation within the
modeled area ranges from approximately —0.5 to —11.8 m,
while the dock area ranges from approximately —0.50 to
—2.71 m. The bathymetry generally becomes shallower
toward the coastline and the inner port area.

The spatial variation in water depth has an
important influence on the propagation and transformation
of waves and currents. The relatively deep waters outside
the port allow waves and currents to develop more freely,
whereas the shallower bathymetry toward the coastline
contributes to wave transformation and a reduction in
wave height.
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Figure-3. Bathymetric map of Kalbut Port

The relatively shallow depth of the dock area also
needs to be considered in relation to vessel draft and
operational requirements. The Indonesian Ministry of
Transportation Regulation No. PM 40 of 2022 stipulates
that the required depth of a port basin should include an
allowance of at least 1 m relative to the vessel's full-load
draft. Therefore, the spatial distribution of bathymetry is
an important factor in assessing the suitability of the port
for vessel navigation and berthing.

Seasonal Wind and Wave Characteristics

The wind and wave characteristics derived from
ECMWEF data for 2015-2024 are presented in Figures 4
and 5. During the east monsoon, winds are predominantly
from the southeast, with maximum wind speeds reaching
7.88 m/s. The 0-4 m/s wind class accounts for 64.25% of
occurrences, while the 4-8 m/s class accounts for 35.75%.

During the west monsoon, winds are
predominantly from the west, with maximum wind speeds
reaching 7.01 m/s. The 0-4 m/s class dominates,
accounting for 86.17% of occurrences, while the 4-8 m/s
class accounts for 13.83%. These results indicate that low
wind speeds dominate during both seasons, although the
prevailing wind directions differ.

Wave conditions also exhibit seasonal and
directional variations. During the east monsoon, waves are
predominantly directed from the southeast, with a
maximum wave height of 0.81 m. The 0.25-0.50 m class
accounts for 63% of occurrences, while the 0.75-1.00 m
class accounts for approximately 2.7%. During the west
monsoon, waves are predominantly from the northwest,
with a maximum wave height of 0.62 m. The 0-0.25 m
class dominates, accounting for 76.3% of occurrences,
whereas the 0.50-0.75 m class accounts for approximately
3.8%.

The seasonal variation in wave direction and
magnitude reflects the influence of monsoon-driven wind
conditions. Wind speed, duration, fetch, and direction are
important factors controlling the development of wind-
generated waves [12]. Therefore, changes in the prevailing
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wind field between the east and west monsoons contribute
to differences in the wave characteristics observed in the
study area.

Figure-4. Wind rose for the east monsoon (left) and west
monsoon (right)

Figure-5. Wave rose for the east monsoon (left) and west
monsoon (right)

Wave Model Results

The spatial distribution of significant wave height
(Hs) obtained from the Delft3D simulation is presented in
Figure-6. During the east monsoon, the maximum
modeled wave height in the waters surrounding Kalbut
Port reaches approximately 0.5 m. During the west
monsoon, the maximum modeled wave height reaches
approximately 0.7-0.8 m.

The higher wave conditions during the west
monsoon are associated with the prevailing westerly winds
and the resulting seasonal wave forcing. In contrast, the
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east monsoon produces relatively lower wave conditions
within the modeled domain. These results demonstrate that
seasonal wind forcing plays an important role in
determining the wave conditions around Kalbut Port.

A pronounced reduction in wave height occurs as
waves propagate toward the port basin. Within the dock
area, wave heights decrease to approximately 0.1 m. This
reduction is associated with the sheltering effect of the
breakwater and the progressively shallower bathymetry
toward the coastline. As waves propagate into shallow
water, their characteristics are modified by water depth
and coastal geometry [15]. The observed reduction in
wave height therefore results from the combined effects of
wave transformation over shallow bathymetry and
attenuation within the protected port area.

The modeled wave conditions indicate that the
port basin is considerably more sheltered than the
surrounding waters. This spatial variation is important for
navigation because vessels operating in the outer waters
experience greater wave forcing than vessels maneuvering
and berthing within the protected dock area.

Current Model Results

The modeled current patterns during the east
monsoon are presented in Figures 7 and 8. During the
approach to high tide, currents in the waters surrounding
Kalbut Port are predominantly directed westward, with
velocities ranging from approximately 0.1 to 0.2 m/s in the
open waters. As the flow enters the port area, current
velocities decrease substantially, reaching approximately
0.01-0.05 m/s in the mooring area.

The reduction in current velocity toward the inner
port is consistent with the more sheltered hydrodynamic
conditions created by the port configuration and
breakwater. The interaction between tidal forcing, wind
forcing, coastal geometry, and bathymetry contributes to
the spatial variability of current circulation.

During the ebb phase, currents are predominantly
directed northward, indicating an outward movement of
water from the coastal and port areas toward the open
waters. Current velocities range from approximately 0.05
to 0.25 m/s, with maximum values reaching approximately
0.30 m/s during the lowest ebb tide. The stronger currents
during the ebb phase indicate the important contribution of
tidal forcing to current circulation in the study area.

During the west monsoon, currents during the
high-tide phase are predominantly directed westward, with
velocities ranging from approximately 0.1 to 0.3 m/s
(Figure-9). During the ebb phase, currents are
predominantly directed northeastward, with velocities
ranging from approximately 0.1 to 0.33 m/s (Figure-10).
The maximum current velocity during the west monsoon
is therefore slightly higher than that observed during the
east monsoon.

The similarity in current direction during the
high-tide phase between the two monsoon seasons
suggests that tidal forcing has a strong influence on the
overall current direction in Kalbut Port. Tidal currents are
an important component of coastal water-mass circulation,
while wind forcing can modify the velocity and direction
of surface currents [10, 18]. The slightly higher current
velocities during the west monsoon may therefore reflect
the combined effects of tidal and seasonal wind forcing.
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During the ebb phase, the outward movement of
water is more pronounced, resulting in stronger currents
than during the high-tide phase. This pattern is consistent
with the expected reversal of tidal currents between flood
and ebb conditions. Previous studies have also
demonstrated that tidal and wind forcing can interact to
influence current velocity and direction in coastal waters
[16, 17].

Model Validation

The numerical model was validated using tidal
elevation and significant wave height observations. The
comparison between modeled and observed tidal
elevations is presented in Figure-11, while the comparison
between modeled and observed wave heights is presented
in Figure-12.

Model performance was evaluated using the Root
Mean Square Error (RMSE) and Mean Absolute Error
(MAE). These statistical measures quantify the difference
between observed and modeled values, with lower values
indicating smaller prediction errors [14].

The tidal model produced an RMSE of 0.131 and
an MAE of 0.105, while the wave model produced an
RMSE of 0.013 and an MAE of 0.009. The relatively low
error values indicate good agreement between the modeled
and observed conditions. The results demonstrate that the
model is capable of adequately representing the tidal and
wave characteristics of the study area and can therefore be
used to analyze the hydrodynamic conditions at Kalbut
Port.

Implications for Navigation Safety

Two monitoring points were established to
evaluate the hydro-oceanographic conditions around
Kalbut Port (Figure-13). Point 1 is located in relatively
open waters near the port entrance, while Point 2 is located
closer to the coastline and main dock facilities. The two
locations represent the transition between relatively
exposed and sheltered waters and provide a basis for
evaluating the spatial variation in wave conditions relevant
to navigation and port operations [2].

The modeled significant wave height at the
monitoring points is presented in Figure 14. During the
west monsoon, Hs values range from approximately 0.01
to 0.42 m, whereas the maximum Hs during the east
monsoon reaches approximately 0.34 m. The two
monitoring points show similar temporal patterns, with
relatively small differences between the modeled values.
Under normal conditions, most Hs values remain below
approximately 0.15 m.

The maximum modeled Hs values at the
monitoring points are below the wave-height limits used
for evaluating port and navigation conditions. In
accordance with Minister of Transportation Regulation
No. 129 of 2016 concerning shipping channels at sea and
structures and/or installations in waters, as amended by
Minister of Transportation Regulation No. 40 of 2021,
wave conditions are among the factors that need to be
considered in port planning and safe navigation. The
modeled maximum Hs values of 0.42 m during the west
monsoon and 0.34 m during the east monsoon are below
the 0.5-1.0 m range used for different vessel and port
operational conditions.
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Figure-9. West monsoon current pattern during the approach to high tide (left) and highest tide (right)
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Figure-10. West monsoon current pattern during the approach to low tide (left) and lowest tide (right)

The modeled current velocities also remain
relatively low within the port area. During the east
monsoon, current velocities in the mooring area are
approximately 0.01-0.05 m/s, while the maximum
velocity in the wider study area reaches approximately
0.30 m/s. During the west monsoon, the maximum
current velocity reaches approximately 0.33 m/s. The
combination of relatively low wave heights and current
velocities indicates that the inner port area is
considerably more sheltered than the surrounding waters.

These conditions are favorable for vessel
maneuvering, berthing, mooring, and loading and
unloading activities. Lower wave heights reduce wave-
induced vessel motion, while relatively low current
velocities reduce the lateral forces acting on vessels
during maneuvering. However, the higher wave and
current conditions observed during the west monsoon
should still be considered in operational planning and
navigation risk management.

Overall, the Delft3D results indicate that the
hydro-oceanographic conditions within the Kalbut Port
area are generally moderate, with lower wave heights
and current velocities in the sheltered inner port than in
the surrounding waters. The results provide a basis for
assessing navigation safety and developing operational
strategies for both small vessels and tankers operating at
Kalbut Port.
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CONCLUSIONS

The hydro-oceanographic model at Kalbut Port,
Situbondo, shows a mixed tidal pattern, tending toward a
bi-daily pattern. Wind distribution tends to be
predominantly southeastern during the east monsoon and
westerly during the west monsoon. Waves in the study
area are moderate, with peak waves recorded during the
west monsoon reaching 0.7-0.8 meters in open waters,
while during the east monsoon they are only around 0.5
meters. Current speeds are relatively calm, with a
maximum of less than 0.3 m/s occurring during the west
monsoon, while current direction varies depending on the
monsoon and tidal phase. Wave heights in the dock area
are relatively low, around 0.1 meters due to the influence
of breakwaters and increasingly shallow bathymetry.
Wave and current conditions in the waters of Kalbut Port
are below the navigational safety threshold, so Kalbut Port
as a whole presents a low navigational risk for small
vessels and tankers, especially in the more sheltered dock
area.
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