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Abstract:

Keywords:

This research aims to investigate the morphodynamics of the Wulan River es-
tuary in Demak Regency using the integration of multispectral remote sens-
ing images and numerical modeling. In this study, PlanetScope for a manual-
visual analysis of estuary morphodynamics and Sentinel-2 MSI Level 2A to
obtain periodic total suspended solids (TSS) information for the east and west
monsoon seasons. MIKE by DHI software used to develop hydrodynamic nu-
merical modeling in order to characterize the current circulation and sediment
transport model. Based on a marine cartography aspect, the obtained results
illustrated that the climatological phenomenon of seasonal forcing plays a role
in the development of the current circulation and indirectly influences the sed-
iment transport. During the west season, the morphodynamics in the Wulan
River estuary are much more massive and significant as compared to the east
season. A projection of the deposition that results from the sediment transport
is described in the bed-thickness change; this occurs in the western part of the
Woulan River estuary during the east season, while the bed-thickness change
occurs predominantly in the northern part during the west season (where
there was previously a beach sandbar phenomenon). This was verified through
multi-temporal satellite imagery that the deposition that occurs in the northern
part of the Wulan River estuary during the west season is increasingly progres-
sive and massive.
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1. Introduction

Estuaries and coasts are natural systems that are useful for civilization, making
them one of the most threatened ecosystems globally [1, 2]. They act as ecological
links between land and marine ecosystems and are influenced by the hydrodynamics
of estuaries, including the phenomena of tides, currents [3, 4], and periodic circula-
tions from upstream through river systems (which results in lower salinity levels) [5].
Sometimes, bio-geomorphic phenomena also play active roles in building these eco-
systems [6]. Morphological changes in estuaries are closely related to sediment trans-
port phenomena [7], where the sedimentation that occurs in estuaries is generally due
to erosion phenomena in higher upstream systems; the resulting material is carried
by river flows toward the estuaries and interact directly with coastal currents and
waves [8]. The main driving force for sediment transport phenomena and other mate-
rials in estuarine waters is influenced by longitudinal and vertical circulations [9, 10].

An actual identification of changes in coastal morphology due to sedimentation
transport phenomena can be done using remote-sensing time-series data [11-13].
Meanwhile, another approach that has been proposed and is commonly used is nu-
merical modeling for estimating sediment transport by fluids due to the circulation
of the water masses that arise due to the forces that are caused by tides, waves, wind,
and salinity [7]. In sediment-transport models, understanding this cannot be based
on individual events, as morphological changes along a coast obscure their contribu-
tion to the general evolution of the coastline (and coastal thrusts vary widely) [14].

Zhang et al. [10] stated that changes in morphology in an estuary cause changes
in the general circulation of the estuary. Apart from this, they also affect the lat-
eral circulation and the feedback on the longitudinal circulation of the estuary by
changing the lateral advection. Through the studies that were conducted by [14],
a numerical model was built to represent the mechanism of cross-shore sediment
transport that is caused by waves and storms; this model consisted of sub-models
of wave transformations, morphodynamic movements, and sedimentation to repre-
sent transport by considering the grain-size redistribution. On the other hand, Coli-
na Alonso et al. [15] explained the sediment-transportation process that builds a tid-
al system that is formed by a mixture of sand and mud (where these two materials
will experience erosion and transportation simultaneously). As a result, sand-mud
interactions result in morphological changes to tidal basins (with a major influence
on erosion) so that these interactions increase the formation of mud flats.

In general, studies on evolution in estuaries have mostly been carried out using
numerical-modeling approaches [7, 16, 17]. Another approach that is also possible to
use is spacecraft-based; namely, using remote-sensing data. Yuan et al. [18] investigat-
ed the morphodynamic variability of the Lin-gang tidal flat (Shanghai) using remote-
sensing images from various sources in a multi-temporal manner by extracting water
lines. The results of the investigations that were carried out show the existence of
sequential accretion and erosion phenomena. The distribution of total suspended
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solids (TSS) is also a study that is related to the morphodynamic phenomena on
coasts; such research was carried out by Febrianto and Latifah [19] and Jiyah et al. [20],
who utilized visible channel multispectral imagery to compute the TSS distribution
in waters. However, a combination of both approaches is also visible in several recent
studies — especially the identification of the TSS distribution in waters combined with
the numerical modeling of current circulation around estuaries and coasts [21, 22].
In this study, the results of investigations based on multispectral remote sensing im-
ages to obtain TSS values were then combined with coupled models in numerical
modeling to identify the evolution of the water topography in the estuaries and the
surrounding ecosystem (which is still being affected by estuary tidal phenomena).

This study was applied to one of the estuaries on the north coast of Java — spe-
cifically, the Wulan River estuary (or Wulan Delta). The massive sedimentation
in this estuary results in the addition of wetlands around the intertidal zone [23].
Monitoring and projections of sediment loads are needed in order to control future
ecosystem problems in the Wulan River estuary [24]. Through the study of [25], sed-
imentary material from the mainland is influenced by tidal energy, which is then
distributed by longshore currents right in front of the estuary mouth in a lateral
zig-zag pattern. In general, the dominance of bottom sediments in the waters of the
Woulan Delta is fine silt with an asymmetrical shape and being well-sorted, which
then settles due to the low wave energy processes [26]. Previous research was gen-
erally carried out while considering only one particular time and did not consider
seasonal variations. Seasons definitively influence the precipitation regime, which
can increase the sediment material on land and its flow into estuaries [27]. A better
understanding of the hydrodynamic phenomena and sedimentation in the Wulan
River needs to be simulated by considering the influence of seasonal variations; this
was carried out comprehensively in this study and supported by remote-sensing
data resources and visualized based on a marine cartography approach.

2. Methodology.
Remotely-sensed Data Source
and Sediment Concentration Transformation Formula

Remote-sensing data plays a role in digital-based transformation and manual
analysis to describe the evolution of estuary morphology in general. This study used
two types of imagery with different resolutions: PlanetScope imagery was used for
manual-visual analysis (with a spatial resolution of 3 m), and a digital analysis was
carried out using Sentinel-2 satellite imagery (with a spatial resolution of 10 m).
The difference in the data sources was because PlanetScope was a relatively new
satellite image with a more detailed resolution than Sentinel-2 offered, so it was suit-
able for manual-visual interpretation. Unfortunately, PlanetScope imagery is not yet
available on cloud-computing platforms such as Google Earth Engine (GEE). In this
study, the entire digital TSS computation was carried out on the cloud using GEE,



94 N. Khakhim, A. Kurniawan, W.S. Pranowo

so the Sentinel-2 image was chosen. The manual-visual interpretation was carried
out by utilizing interpretation keys to separate water and land objects as well as
the land that arose as a result of the sediment-deposition process. A combination of
RGB channels was used to make it easier to find the interpretation key, as it could
display actual colors. The PlanetScope imagery was obtained under the academic
and research scheme of PlanetLabs (https://www.planet.com/). In conducting a sed-
iment-concentration analysis in the waters based on Sentinel-2 satellite imagery, this
study used a combination of equations that were developed by Laili et al. [28] as
an original equation. It was modified using the suggestions from Zhao et al. [29],
with ratio bands that involved Rrs, . and Rrs , being added to the equation. We
obtained the TSS values on the satellite images by using Equation (1):

Rrs
TSS [mg/L] = 31.42—8%" _12.719 (1)
Rrs

The image that was used was Harmonized Sentinel-2 MSI (MultiSpectral In-
strument, Level-2A), which is a product that has undergone atmospheric correc-
tion to the surface-reflectance (SR) level and was geometrically corrected referring
to the 1984 UTM/WGS projection (https://sentinels.copernicus.eu/web/sentinel/
user-guides/sentinel-2-msi/product-types/level-2a). The entire series of computing
processes was carried out on the GEE platform, where the program code was built
using the JavaScript programming language [30]. By using a cloud-computing
platform such as GEE, one can emphasize efficiency in storage use and comput-
ing time [31]. This study involved a large data constellation where Sentinel-2 image
data was taken at the peak of the west season (January) and the peak of the east
season (July) (or, the image with the least cloud disturbance, and the recording time
that was closest to both seasons each year from 2017 to 2023).

3. Site Study and Numerical Model Setup

The study area in this research specifically targeted the Wulan River Estuary pi-
lot project, which is on the western coast of Demak Regency (Fig. 1). The Wulan River
is a tributary of the Lusi and Serang Rivers where these two river flows join and are
accommodated by the Klambu Dam, which is located in Grobogan Regency, Cen-
tral Java. Then, the Wulan River flows toward the Wilalung sluice gate, which has
nine individual sluice gates. This sluice gate was originally built during the Dutch
colonial period and is located in Babalan Hamlet, Kalirejo Village, Undaan District,
Kudus Regency, Central Java [32]. The estuary of the Wulan River is astronomically
located at 6° 44’ 04" S and 110° 32' 14" E. The study area is still included in the shal-
low water category, where the maximum depth reaches 46 m below sea level. The
waters of the Wulan River estuary will directly contact the water masses of the Java
Sea and Semarang Bay. The total area of this research area is 187.81 km? the length
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of the coastline in the domain area is 38.14 km, while it is 20.24 km long in the north-
ern domain, 12.82 km long in the western domain, and 12.39 km long in the southern
domain. Through an analysis of tidal conditions, the waters around the Wulan River
estuary can be identified as a diurnal tide (Fig. 2) with a FormZahl number value
of 3.51. The tidal data was predicted using the global tide model for the height data
(with a resolution of 0.125 x 0.125 degrees).
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Fig. 1. Study area: island of Java with Demak district marked with a red box (a)
and more detailed subset into Demak Regency (b);
bathymetry information from BATNAS [35] (c)
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Fig. 2. Tidal graph in Wulan River estuary area
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A local tidal analysis shows that the Demak waters fall into the micro-tidal cat-
egory (within a tidal range of up to 1.3 m). In this study, the tidal data along the do-
main was used as a hydrodynamic generator, which was added to wind data that
was simulated simultaneously in the development of a barotropic-based hydrody-
namic model. Apart from the hydrodynamics (HD) module, spectral waves (SW)
and sand-transport (ST) were simulated simultaneously in this study (also known
as a coupled-model). The modeling system is based on the numerical solution of
the two/three-dimensional incompressible Navier-Stokes equations, taking Bous-
sinesq assumptions and hydrostatic pressure into account using MIKE software
(by DHI).

The continuity equation that was used in this research was as follows:

a_u+@+a_wzs (2)
ox 0Oy Oz

along with the following two horizontal momentum equations for the x and y com-
ponents, respectively:
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where:
t — time,
x, Y, z — Cartesian coordinates,
u, v, w — flow velocity components,
h — depth,
f— Coriolis parameter,
F, F - horizontal stress terms based on gradient-stress relation,
uS, v.S — effect of mass sources or sinks on the u and v components,
S — magnitude of the discharge due to point sources,
g — gravitional acceleration,
p — density of water,
p, — reference density of water.
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In general, this model will be simulated continuously for the 2022 east (June
through August 2022) and west (December 2022 through February 2023) seasons.
The simulation will be run on an unstructured mesh (Fig. 3) with the specific in-
formation is given by Table 1. The input wind data as external forcing that was
used in the model domain was obtained via ECMWEF ERAS5 (https://cds.climate.
copernicus.eu/datasets), which is a point series. The position of the virtual wind
station is still around the model domain at the following coordinates: 6° 47" 24" S
and 110° 27" 0" E (Fig. 4b).
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Fig. 3. Wulan River location (a), unstructured mesh used in modeling where detailed aspects

of coastline are taken into consideration (b), and including results of existing sedimentation
deposits that form sandbanks (c)

Table 1. Specifications of unstructured mesh in modeling domain

Description Number
Number of elements 4,970
Smallest allowable angle 27
Total number of nodes 2,826
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The number of elements describes the total number of triangles, the smallest
allowable angle aims to control the skewness of the triangles, and the total number
of nodes is the whole node for constructing the unstructured mesh. The model in
this study was run for two seasons (east and west) so that the wind-input data ad-
justed the time series of the seasonal periods. During the east season, it can be seen
that the prevailing wind moves from the southeast to the northwest, while it can be
seen that the prevailing wind flows from the northwest to the southeast during the
west season (Fig. 4).
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Fig. 4. Windrose during east season (left) and west season (right) (a);
position of virtual wind station (green point) (b)

The wind speed during the west season was identified as being much stronger
than the wind during the east season; the maximum speed during the west season
was >10 m/s, while it was >4 m/s during the east season. Winds and tides were the
main input in building the current circulation model for the hydrodynamics (HD)
module in this study with barotropic-based density, where the density is projected as
a function of salinity and temperature (which was considered to be constant during
the modeling) [33]. The eddy viscosity was run with the Smagorinsky formula [34],
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which was constant at 0.28. A constant value was chosen because the bathymetry
around the study area tends to be gentle and there are no sudden changes in the
bathymetry. This model defined topographic layers in the form of a constant Man-
ning number. The wind input that was used based on the season was prepared in
a time-varying format.

Apart from the HD module, waves were defined using the SW module to ex-
plain the wave transformation in the Wulan River estuary. The formulation that
was used was quasi-stationary formulation. The surface water elevation and cur-
rent were directly connected to the previous HD module. The bottom friction in this
study was Nikuradse roughness (k, ), which was constant at 0.04 m. In describing the
estuary morphodynamics, the mud transport (MT) module was added. The selec-
tion of this module was based on the high level of turbidity around the estuary. The
sediment transport in the MT module came from advection-diffusion calculations in
the HD module. The MT module solved the advection-diffusion equation, which is
formulated as follows [36]:

6_c+u6_c+8_c:l£ tha—C +li hD o +QLCL1—S (5)
ot ox oy hox ox) hoyl Yoy h

where:
¢ — depth averaged concentration [g/m?],
u, v — depth averaged flow velocities [m/s],
D, D, - dispersion coefficients [m?/s],

h — depth [m],
S — deposition/erosion term [g/m?/s],

Q, — source discharge per unit horizontal area [m*/s/m?],

C, — concentration of the source discharge [g/m’].

In the MT module, this study used two parameters for fractions and layers.
The settling parameters used flocculation, while the deposition parameters used the
Teeter profile. Erosion was defined as “soft mud,” with the driving waves being ob-
tained from the SW module simulation.

4. Results and Discussion

4.1. Remote-sensing Approach Analysis

A manual-visual interpretation analysis was carried out using a combination
of visible channels (namely, RGB) on the PlanetScope images. This study analyzed
at least 14 image packages that were obtained from the Global Monthly Basemap
Series that was provided by PlanetScope. The evolution of the Wulan River estuary
ecosystem is clearly visible, with the appearance of coastal sandbars in the north.
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With the manual-visual interpretation analysis involving interpretation keys, the
evolution of the estuary was characterized by the appearance of sediment depo-
sition around the estuary. The interaction of physical motion in the estuary with
the deposition process will be discussed further in the discussion section. Figure 5
shows a constellation of the PlanetScope image data at the peaks of the west season
(namely, during each January from 2017 through 2023). In this series of images, it
can be seen that the evolution of the Wulan River estuary ecosystem occurs pre-
dominantly in the north during the west season; this is indicated by the occurrence
of fluctuations in the accumulation of sedimentary material and the formation of
a temporary inter-tidal land.

Fig. 5. Morphological evolution in Wulan River estuary during west seasons
from 2017 through 2023; yellow line represents water’s boundary with land

Apart from the buildup of sedimentary material in the northern part of the Wu-
lan River estuary, there was a phenomenon that is strongly suspected to be an ero-
sion event where part of the land area was massively eroded; namely, in the south-
ern part of the Wulan River estuary (Fig. 6).

Another identification was also carried out at the peak of the east season,
with image representation taken from each July from 2017 through 2023. Based on
a manual-visual interpretation analysis, it can be identified that the deposition that
occurred during the east season in the area north of the Wulan River estuary did not
occur. This is significant when compared to the previous western season (Fig. 7).

During the east season, the erosion phenomenon in the southern part of the
Woulan River estuary still appeared like that which was found during the west sea-
son (and in the same relative location). Figure 8 shows the erosion phenomenon that
occurred in the southern part of the Wulan River estuary.
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Fig. 7. Morphological evolution in Wulan River estuary during east seasons
from 2017 through 2023; yellow line represents water’s boundary with land

Fig. 8. Identification of erosion phenomena around Wulan River estuary during east season
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Digitally, an approach that used a formula that was developed by [28, 29] was
used to identify the total suspended solids (TSS) in the waters of the Wulan River es-
tuary. The image that was used in the digital-based analysis to identify the sediment
concentrations was Sentinel-2 (which was corrected to the surface-reflectance level.
The entire series of digital processing and transformation processes was carried out
via the cloud platform (Google Earth Engine — GEE). To separate the land objects
from the water, we used the NDWI digital-transformation approach in GEE. Fig-
ure 9 shows the TSS results that were extracted from the Sentinel-2 image data from
the 2022 east season and 2023 west season.

a) 442000 448000 454000 460000 b) 448000 454000 460000
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Fig. 9. TSS calculation results based on Sentinel-2 satellite imagery
during east season in 2022 (a) and west season in 2023 (b)

The striking difference in the TSS that were extracted from the two seasons was
the distributions of the TSS concentrations in the waters around the Wulan Riv-
er estuary. During the eastern season, high TSS concentrations could be found in
the north and south of the Wulan River estuary; during the west season, however,
high TSS concentrations could be found along the coast that surrounded the Wulan
River estuary ecosystem. The highest TSS value that was identified during the east
season was 119.9 mg/L, and the lowest was 13.76 mg/L. During the west season, the
highest TSS concentration was slightly lower (namely, 112.2 mg/L), and the lowest
was 16.2 mg/L. The results from this TSS calculation were then integrated with a nu-
merical model for further analysis. The TSS values that were obtained through the
extraction method using the digital approach and the combination formula that was
developed by [28, 29] tended to have lower results when compared with the studies
that were conducted by [20].

4.2. Numerical Model Result and Analysis During Eastern Season

The hydrodynamic model produced two main outputs: namely, surface eleva-
tion as a representation of sea level height, and current circulation in a 2D barotropic
context for both seasons. During the east season (Fig. 10), the modeling results
showed that, during the highest high-tide conditions, the current moved from the
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northeast to the southwest, with a maximum speed that reached >0.358 m/s. Mean-
while, the current that circulated around the Wulan River estuary was relatively slow
(within a range of 0.000-0.085 m/s). The current circulation regime around the wa-
ters of the Wulan River estuary during the highest high tide was homogeneous with
the overall current that came from the northeast and moved toward the southwest
(giving rise to what is called a “longshore” current). Meanwhile, the current regime
was divided into several patterns under the lowest ebb conditions: namely, those
currents that moved at speeds of 0.0580-0.318 m/s from the west then turned sharp-
ly to the north, and those currents with similar speeds that moved from the south
toward the north. A low number of other current regimes were those that came
from the northeast toward the southwest but were deflected to the west at speeds
of 0.000-0.025 m/s. Under the lowest low-tide conditions, there were indications of an
eddy current in the northern part of the waters of the Wulan River estuary. Through
the SW module, it can be seen that the significant wave height around the Wulan Riv-
er estuary during the east season during the modeling period periodically dipped
below 1 cm, where the peak significant wave height was at 0.082 m (8.2 cm) (Fig. 11).
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Fig. 10. Current circulation during east season at highest high tide (a) and lowest low tide (b)
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Furthermore, the data that was extracted from TSS regarding the east season
was then integrated into a numerical model. We chose six points around the Wu-
lan River estuary as TSS sources that transmitted sediment concentrations based on
the TSS values that were obtained via the digital transformation of the Sentinel-2
satellite image. During the east and west seasons, the selected locations were the
same; however, the TSS input value was adjusted to the season-extraction results in
the image. The TSS-concentration information can be seen in Table 2 and Figure 12.

Table 2. TSS-concentration value as input to MT module

Source location (in UTM 49M) TSS cluri[nn[g1 zgw/f}st season TSS duri[rr;gge/ziit season
449815.8659 9250271.3545 65.4 70.5
448957.4137 9251763.4179 70.6 64.1
448544.8236 9255059.9666 743 70.3
450484.7569 9257601.0060 76.6 77.5
454678.1880 9258275.6045 57.8 76.2
455449.7805 9260742.6075 76.8 94.8

110°30'0"E 110°35'0"E 110°40'0"E

Legend
|8l Source Concentration of TSS

110°40'0"E

110°30'0"E 110°35'0"E

Fig. 12. Geographical plot of TSS-concentration source

The sediment transport around the Wulan River estuary during the east season
can be seen through the results of the model that was run in the MT module; at the
end of the modeling, it can be seen that the total suspended sediment concentration
(in milligrams per litre) moved following the current circulation in the waters of the
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river estuary. During the month where there were two main current regimes that
moved the TSSs in the waters (namely, the currents that moved from the northeast
confronted the currents that moved from the south, thus causing an eddy current. As
a result, the dominant TSS materials moved in the area and eventually settled. Any
material that experiences deposition then has the potential to cause changes in the
thickness of the water bed (Fig. 13b). Visually, it can be seen that the material depo-
sition had a pattern that reflected the same direction as the current circulation and
was strengthened by the influence of the eddy currents on the material-deposition
phenomenon (Fig. 13b — dashed square).
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Fig. 13. TSS movement patterns followed current circulation patterns (a),
and total bed thickness changed (b) in waters of Wulan River estuary during east season

4.3. Numerical Model Result and Analysis During West Season

The current circulation during the west season was obtained from the HD mod-
elin 2D form (Fig. 14). It can be seen that, under the highest high-tide conditions, the
current pattern around the estuary had a circulation that moved from north to south
along the coast (with a maximum speed that reached 0.073 m/s around the Wulan
River mouth). In the current circulation under the highest high-tide conditions, it
could be found that there was an eddy current in the northern part of the waters of
the Wulan River estuary (where the eddy current moved south and passed through
the narrow gap between the land and the beach sandbar that was formed due to the
sedimentation). Under the lowest low-tide conditions, the current that moved along
the coast reached a significant speed (reaching 0.464 m/s). Under the lowest low-
tide conditions, eddy currents could also be found; they were located quite close
to the eddy currents that were found during the east season. The dominant water
mass came from the southwest and moved toward the northeast, but a small portion
turned back to the south due to the force that was generated by the eddy currents.
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Fig. 14. Current circulation during west season at highest high tide (a) and lowest low tide (b)

During the west season, the significant wave height that was obtained from
the SW module showed a varying pattern that was similar to that which occurred
during the east season; during the west season, however, the peak significant wave
height reached 88 cm and was much more significant when compared to the east
season (Fig. 15). The wave phase also fluctuated more when compared to the previ-
ous season.
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Fig. 15. Significant wave height during west season [m]

The sediment transport that was simulated in the MT module in this study
showed that there was a TSS-distribution pattern that moved predominantly toward
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the northeast; this was in accordance with the current circulation at that time (Fig. 16a).
The suspended material that moved following the hydrodynamic patterns (Loca-
tion 1) then settled and had the potential to change the thickness of the bottom layer
of waters (which is referred to as a “total bed-thickness change”). Based on this anal-
ysis, the area that was projected to experience massive morphological evolution and
changes was in the northern part of the Wulan River estuary or Location 2 (where
there were beach sandbars that formed at this location due to the previous sedimen-
tation processes). There were two separate beach sandbars in the northern part of the
Woulan River estuary ecosystem; these sandbars were not connected due to the push-
ing force effect of the river discharge on the mainland. In the second coastal sandbar
area, it was projected that the bottom layer of the waters would rise enough so that it
was projected to merge with the land. At Location 3 (which was still part of the main
ecosystem of the Wulan River estuary), it was also projected that the land area would
increase because the current circulation in the area could trap and deposit sediment.
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Fig. 16. TSS-movement patterns following current circulation patterns (a),
and total bed-thickness changing (b) in waters of Wulan River estuary during west season;
1-3 — location points

5. Conclusion

The current circulation in the hydrodynamic process has a strong connectivity to
sediment transport in a river estuary ecosystem (in this case, specifically in the Wu-
lan River estuary). Climatological phenomena such as wind are significant driving
factors in current circulation around coasts and estuaries. This could be identified
through the distribution pattern of the TSS material in our study, where the currents
moved from the east to the southwest during the east season due to the dominant
effect of the current circulation. The projected bed thickness change was dominant in
the western part of the Wulan River estuary (and vice versa during the west season).
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The dominant current circulation moved from the southwest to the north so that the
sediment transport would trigger deposition, thus resulting in changes in the thick-
ness of the water bed. This phenomenon has the potential to change the morpho-
dynamics in the northern part of the Wulan River estuary. However, it could be
periodically observed that there were significant differences between the west and
east seasons where, based on our observations of the remote-sensing images during
the west season, the deposition that occurred in the northern part of the Wulan River
estuary was much more massive than during the east season. This was also validat-
ed by the results of the sediment-transport modeling, which deposited massively in
the northern part of the Wulan River estuary during the east season.
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