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Abstract: Metropolitan areas in Indonesia, specifically Jabodetabek, are projected to continue expe-
riencing population growth. This will result in increased water demand, which, if left unchecked,
could lead to a water crisis. Additionally, the region faces persistent flooding issues. To mitigate
these challenges, the Indonesian government proposes the creation of a coastal reservoir. However, a
methodology for the pre-feasibility study of such reservoirs in Indonesia is currently lacking. This
study addresses this gap by presenting a methodological framework encompassing hydrology and
water allocation analyses as well as numerical modeling related to hydraulic and sedimentation as-
pects of coastal reservoirs. The methodology was designed to be adaptable based on data availability.
Finally, this methodology was applied to a case study located at the Cisadane River estuary. The
water allocation simulation showed that the reservoir can release an annual optimum discharge of
80.618 m3/s in wet years and 22.731 m3/s in dry years. Flood modeling demonstrated a modest
impact on reducing early-hour floods, with a water level decrease of around 20–50 cm within 5 km of
the reservoir. Furthermore, sediment modeling revealed varying sedimentation and erosion depths
along the rivers, with approximately 62,300 m3/year settling in the reservoir.

Keywords: coastal reservoir; methodology development; water balance; flood; sedimentation

1. Introduction

Jakarta, Bogor, Depok, Tangerang, and Bekasi (Jabodetabek) are metropolitan areas
that continue to experience rapid population growth and industrial development. This has
an impact on various aspects, including decreasing land availability, increasing demand for
raw water, and continuously rising pollution and waste [1,2]. These factors significantly
affect the condition of natural resources, particularly water resources. For instance, a study
by [3] highlights the impact of coal mining on polluting water resources.

As a result, water resources will experience changes ranging from quantity to quality,
which, if left unchecked, will cause a water crisis, especially during the dry season. A study
conducted by the Indonesian government shows that the projected water demand for the
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Jabodetabek area in 2030 will reach 110 m3/s and in 2070 will reach 159 m3/s. Therefore,
adaptation is crucial as climate change intensifies and prolongs shortages [4]. Until now,
piped water coverage in this area has remained at only 64% [5] and tends to decrease from
year to year. Thus, massive groundwater extraction was conducted to meet increased water
demands. This has caused land subsidence that has occurred for decades in this area [6–8].
A study by [9] shows that observed subsidence rates during the 1982–2010 period were
about 1–15 cm/year and can be up to 20–28 cm/year at certain locations.

Apart from raw water problems, the Jabodetabek area also faces flooding issues.
Over half of Jakarta’s population resides in the coastal area in the northern part, which is
vulnerable to floods from the riverside and seaside [10]. Floods have occurred not only in
Jakarta but also in downstream areas around the Jakarta Bay area such as Tangerang and
Bekasi. Various factors contribute to these floods, namely, river overflows and local rain;
inadequate drainage systems; small water absorption areas, resulting in the potential for
tidal flooding from the sea; and climate change, which increases flood inundation areas
and depths [11,12]. Furthermore, land subsidence resulting from groundwater extraction
amplifies vulnerability to tidal flooding [13,14].

Thus, to address these problems, the Indonesian government has planned a structural
countermeasure, namely, a coastal reservoir, which is part of the National Capital Integrated
Coastal Development Program (NCICD). Coastal reservoirs, successfully implemented
in many countries [15], offer significant benefits for freshwater supply to coastal cities
with growing populations [16,17]. This reservoir is planned to be built at the Cisadane
River estuary, which will consist of a treated water reservoir (TWR) to address water
shortage problems and an untreated water reservoir (UWR) to address flooding problems.
In addition, another purpose of this infrastructure is to reduce groundwater extraction.

However, a methodology for the pre-feasibility study of the coastal reservoir in Indone-
sia has not been previously developed as this infrastructure is still rarely used in Indonesia.
Therefore, this study addresses this gap by presenting a methodological framework for
a pre-feasibility study of the coastal reservoir in Indonesia. The methodology involved
an analysis of water needs and availability (water balance) as well as numerical modeling
related to hydraulic and sedimentation modeling in the coastal reservoir. The analysis was
carried out using several types of software, namely, WEAP 2023.0 and HEC-RAS 6.2. This
methodology was then applied to a case study at the Cisadane River estuary to assess the
feasibility and impact of the infrastructure through modeling since it is an essential step in
the design process.

2. Methodology Development
2.1. Data Preparation

In the design of a coastal reservoir, the initial analysis focuses on the supply discharge
from the river. This step is crucial for making decisions on water resource management [18].
Two types of discharge must be assessed: flood discharge and dependable discharge.
Dependable discharge is the amount of discharge available to meet water needs with
a calculated risk of failure [19]. This discharge can be calculated using two methods,
depending on data availability. The first method involves using discharge observation data.
If the discharge observation data are available, dependable discharge can be determined
immediately. However, according to the Indonesia Hydrological Guidelines Standard [20],
observed discharge data should consist of at least 20 years of data to accurately calculate
dependable discharge. If this requirement is not met, a hydrological calculation (rainfall–
runoff model) is needed to convert rainfall into runoff. The details of this process will be
explained further in the next chapter.

Similarly, flood discharge can be calculated using the same method as that used for
dependable discharge. The necessary discharge observation data are also required to cover
a period of 20 years, or else a hydrological calculation is necessary. However, the method-
ology for calculating flood discharge is well-developed in the Indonesia Hydrological
Guidelines Standard. Therefore, this study will not delve into detailed explanations regard-
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ing flood discharge calculation. To calculate the hydrological process, rainfall data with
a minimum of 10 years of data are needed. However, in developing countries, including
Indonesia, there are vast areas without rain gauges. Even in areas where rain gauges exist,
the data are often incomplete. Hence, precipitation satellite products, namely, Tropical
Rainfall Measuring Mission (TRMM), have been officially used in Indonesia.

However, the quality of TRMM data is less reliable in the tropical regions of Asia
as a study conducted by [21] suggested that TRMM may not be suitable for applications
without prior correction. Therefore, if the available rainfall data from rain gauges do not
span 10 years, TRMM rainfall data can be utilized but must be calibrated to a rain gauge,
as demonstrated by [22] in a hydrological analysis of upper Bengawan Solo River in Java
Island. Additionally, other data required for hydrological calculations include land cover
and climatology. The methodology framework is presented in Figure 1.
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2.2. Hydrology Analysis

In a case where the discharge observation data fail to meet the requirement, the
dependable discharge can be calculated using the F.J. Mock Model and National Rural
Electric Cooperative Association (NRECA) rainfall data. The F.J. Mock Model is often
chosen for its simplicity as a rainfall–runoff model with inflows, outflows, and groundwater
storage considerations. The NRECA is a relatively simple rainfall–runoff model capable of
calculating the percentage of surface runoff that enters a groundwater reservoir [18]. These
two models have been widely used, especially in Indonesia [23–26].

Initially, rainfall data must be tested to ensure data quality with several methods,
namely, Outlier, Stationer, the double mass curve test, and the Spearman trend test. If the
data do not pass the test, correction using TRMM data is necessary. The regional rainfall is
then calculated using the Polygon Thiessen Method for regional average rainfall data to
calculate dependable discharge and the Polygon Thiessen method for regional maximum
daily rainfall data to calculate flood discharge. In addition, land cover must be included in
the analysis as it is an important factor in hydrological calculation that is used to calculate
water losses due to infiltration. Research by [12,27] confirms that changes in land use result
in increased flood discharge.

The dependable discharge model result is then calibrated using the observed discharge
data. However, the observed discharge data should be tested with Outlier and a rescaled
adjusted partial sums (RAPS) test before use. Calibration results for each model are then
validated using Nash–Sutcliffe efficiency (NSE), with criteria provided by [28] (Table 1). The
calibrated results should have a good interpretation or at least a satisfactory interpretation,
and the best model, with the highest NSE value, should be chosen.

Table 1. NSE value interpretation.

NSE Value Interpretation

NSE ≥ 0.75 Good
0.36 < NSE < 0.75 Satisfactory

NSE ≤ 0.36 Not Satisfied

For flood discharge, rainfall data are analyzed using a frequency analysis to obtain
rainfall design for a certain return period. There are a lot of methods for frequency analysis.
Gumbel, Normal, Log Normal, Pearson, and Log Pearson are the best frequency analysis
methods according to [20]. Other methods not included in the standard can still be used
if the results pass the Smirnov–Kolmogorov and chi-square tests. Multiple methods are
recommended to obtain a distribution function with better confidence levels based on the
lowest values of the Smirnov–Kolomogorov and chi-square test results. Thus, an optimum
result can be obtained. The rainfall design is then distributed into hourly rainfall and used
to calculate flood discharge using the synthetic unit hydrograph (SUH) method.

Currently, there are many referable SUH methods. Fortunately, the eligible SUH
methods to be used in Indonesia have been determined in the Indonesia Hydrological
Guidelines Standard [20], namely, the SCS (Soil Conservation Service), Snyder, Nakayasu,
Limantara, GAMA-1, ITB-1, and ITB-2 unit hydrographs. Finally, to choose the appropriate
SUH methods, the Creager curve is employed in the analysis. The Creager curve, developed
by [29], serves as a tool to verify and select flood discharge from various SUH methods
employed in an analysis. This curve is one of the most well-known methods and has been
widely used in many hydrologic applications. Moreover, a study by [30] has conducted
research that determines the Creager coefficient for Java Island.

2.3. Water Resource Allocation Modeling

The modeling of water resource allocation can be conducted using WEAP 2023.0
(water evaluation and planning) software. This software was made and developed by the
Stockholm Environment Institute’s U.S. Center. WEAP incorporates the necessary features
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to address water allocation needs. The algorithm integrates various elements, such as
relative water flow and groundwater infiltration from rainfall, water conservation, water
policy and allocation priorities, reservoir operations, hydropower generation, water quality,
vulnerability assessment, and ecosystem requirements. Furthermore, this software has
been extensively utilized in numerous studies [31–33]. Thus, this software is recommended
for modeling water resource allocation.

The dependable discharge serves as an input for the model, along with other parame-
ters such as the elevation–volume curve of reservoir capacity, infiltration, evaporation, etc.
Additionally, upstream water extraction data must be incorporated into the model to pre-
vent the overestimation of inflow discharge. The objective of this modeling is to determine
a sustainable discharge that can be supplied and maintained throughout the year. This
process may involve some trial and error to achieve the optimum discharge and sustain it
for the following year. To become sustained, the water level elevation must be at the upper
limit of effective storage at the beginning and end of the simulation, and it should not fall
below the lower limit of effective storage throughout the year.

2.4. Numerical Model

Numerical models have been widely used in designing and analyzing the impact of
hydraulic structures [29], including coastal reservoirs. In this study, numerical modeling
was conducted to assess the reservoir’s impact during periods of heavy rainfall, establish
floodgate operation procedures, and calculate sediment rates to estimate the reservoir’s
service life. Numerical modeling software, such as HEC-RAS 6.2, MIKE Zero 2024, etc., can
assist this process. However, despite the availability of several types of numerical modeling
software, HEC-RAS 6.2 is preferred in Indonesia since it offers open-source software. For
instance, studies by [34–38] used HEC-RAS 6.2 for their research in Indonesia. Moreover,
HEC-RAS 6.2 has been widely used in numerous consultant projects as this software is well
known among hydraulics practitioners in Indonesia, thus creating a large community of
HEC-RAS 6.2 users in the country.

Given these considerations, we recommend the use of HEC-RAS software 6.2 in feasi-
bility studies of coastal reservoirs in Indonesia. However, this does not imply restricting
the use of other software. Alternative software, such as MIKE Zero 2024, are still eligible to
use, provided that the results are thoroughly validated against the observation data. In this
study, a HEC-RAS 6.2 one-dimensional model was used for the analysis. Developed by
the US Army Corps of Engineers, HEC-RAS 6.2 is continuously improved and developed,
standing as one of the most utilized modeling systems for analyzing channel flow and
floodplain delineation [39]. Importantly, this software is capable of modeling sediment
transport, which is notoriously difficult [40]. The flood discharge served as an input in the
model, along with tidal, topography, and sediment bed gradation data.

3. Case Study
3.1. Research Location

The proposed coastal reservoir is located at the Cisadane River estuary in Tangerang
Regency, Banten Province. The coastal reservoir scheme is given in Figure 2. The Cisadane
River Basin covers a 1376 km2 area with 126 km along the main river, as shown in Figure 3.
The Cisadane River holds the potential to meet the water demand of Jabodetabek. However,
the water quality of the Cisadane River is currently polluted due to industrial and domestic
waste [41]. Therefore, waste water treatment is necessary before supplying water to the
city. The coastal reservoir will consist of TWR, and a waste water treatment plan (WWTP)
will be used to enhance water quality, resulting in raw water suitable for consumption. The
treated raw water will then be distributed to surrounding residential and commercial areas.
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A flood control reservoir, referred to as the UWR, equipped with sea dikes and three
identical flood gates is planned to mitigate flooding at the Cisadane River estuary. The
total storage capacity of the UWR and TWR is 68.83 million m3 and 202.78 million m3,
respectively, relative to +0 elevation. Sea dikes were built to prevent seawater contamination
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of the reservoir and mitigate tidal flooding. In addition, floodgates were built to prevent
the overflow of UWR water. The operation of the flood gates is contingent on the reservoir
and seawater levels, opening when the reservoir water level is above the seawater level.
The capacity and area for each reservoir are shown in Table 2.

Table 2. Reservoir capacity and area.

Volume (106 m3) Area (ha)

UWR 68.83 1739.69
TWR 202.78 1212.90

3.2. Hydrology Analysis

Hydrology analysis consists of dependable discharge and flood discharge calculations.
Observed discharge data spanning 12 years were obtained from Bendung Pasar Baru. Due
to limited observed discharge data, an empirical method was used to determine both
dependable discharge and flood discharge, utilizing recorded rainfall data. The 10-year
recorded rainfall data from Kracak, Cigudeg, Bendung Pasar Baru, Pasir Jaya, and Ranca
Bungur Station were tested using Stationer and a double mass curve test. The Stationer test
indicated that the entire recorded rainfall data were stationary. However, the double mass
curve test indicated inconsistency for each recorded rainfall data station. Thus, a correction
using TRMM data was necessary. Regional average and regional maximum daily rainfall
data were then calculated using the Polygon Thiessen method.

The frequency analysis aimed to predict the maximum rainfall within a certain return
period (rainfall design). Gumbel, Normal, Log Normal, and Log Pearson Type III methods
were used for the frequency analysis in this research. The Smirnov–Kolmogorov test was
conducted for every method, and all methods were found to be sufficient. Subsequently,
a chi-square test was conducted to choose the most sufficient method. Based on the test
results, the Gumbel method was selected with the lowest calculated chi-square value and
was used in further analyses.

The flood discharge was calculated using several SUH methods, namely, SCS, Nakayasu,
ITB-1, ITB-2, and GAMA-1 SUH. The peak discharge for each SUH method was then plotted
on the Creager curve to verify and select the most appropriate flood discharge. The ITB-1
SUH was found to be the most appropriate according to the Creager curve, with the flood
hydrograph results for the 100-year and 1000-year return periods presented in Figure 4.
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The dependable discharge analysis was calculated using the F.J. Mock and NRECA
models. Prior to analysis, evapotranspiration needed to be calculated as an input parameter
for the model, referring to [42] and using the Penman–Monteith method. The model results
were subsequently calibrated using recorded discharge data from Bendung Pasar Baru,
with the NSE value as the calibrating parameter, as shown in Figure 5a. The NSE value



Water 2024, 16, 344 8 of 16

for the F.J. Mock and NRECA models were 0.69 and 0.85, respectively. The NRECA model
was chosen due to its higher NSE value with good interpretation. Consequently, the results
from the NRECA model were used in water resource allocation modeling.
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3.3. Water Resource Allocation Modeling

After the calibrated discharge (existing condition) was obtained, an external factor,
namely, water extraction, was added to the calculation. The water extraction data for
upstream of the Cisadane River were from resident, irrigation, and industry data. Conse-
quently, the dependable discharge was adjusted to account for upstream water extraction
before being input into the WEAP model as the supply discharge for the coastal reservoir.
The resultant downstream discharge of the Cisadane River is presented in Figure 5b. The
schematic model of WEAP is illustrated in Figure 5c.

In this study, five dependable discharge scenarios were simulated based on their
probabilities, namely, Q33.3, Q50, Q66.7, Q80, and Q90. The goal was to determine the
optimal annual release discharge value from the TWR, ensuring that it maintained the
upper limit of effective storage (normal water level) at the end of the simulation operation
pattern and did not fall below the lower limit of effective storage throughout the year. The
upper limit of effective storage for this coastal reservoir was at +0.00 m elevation, while the
lower limit was at −18.20 m elevation.

Initially, the reservoir operation pattern was simulated with January as the initial
simulation month. However, the results were not optimal, which was indicated by the large
amount of water discharge wasted or overflowing into the sea through the floodgates. To
mitigate this issue and reduce wasted water discharge, various simulations with different
initial months were attempted. It was found that using May as the initial month yielded
optimum results, characterized by the least wasted water discharge and the most supplied
discharge. The WEAP simulation results of the reservoir operation pattern, along with the
optimized discharge value, are presented in Figure 6, which were achieved through a trial
and error process.
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outflow = 22.731 m3/s.

3.4. Numerical Modeling

The numerical modeling was divided into flood and sediment modeling. For flood
modeling, floodgates were incorporated into the model, with five proposed sizes by the
design team. All floodgates were required to be identical in size. The objective was to
determine the most suitable yet cost-efficient size for the coastal reservoir. To evaluate each
floodgate size’s effectiveness, simulations were conducted under two conditions: flood
design discharge with 100-year and 1000-year return periods, resulting in 10 scenarios, as
shown in Table 3. In addition, an existing condition scenario (without the coastal reservoir)
was simulated under flood design discharge of 100-year and 1000-year return periods to
facilitate comparison and analyze the coastal reservoir’s impact.
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Table 3. Flood numerical modeling scenario.

Scenario Q100 Q1000 Flood Gate Width (m)

1 v -
5002 - v

3 v -
4004 - v

5 v -
3006 - v

7 v -
2008 - v

9 v -
10010 - v

The modeling scope extended from Bendung Pasar Baru into the UWR. Cross-section
data along the Cisadane River were obtained from a topographic survey. The modeled
river’s total length was approximately 22 km, with a 25 m distance between each cross
section. The numerical model schematic set up is given in Figure 7. The simulation time was
set at 100 h, with a time step of 10 s. The duration of the simulation was determined based
on the overall time needed for the flood hydrograph. In our case, 100 h was the time needed
for the flood hydrograph to reach its peak and return to its normal river discharge. Flood
design discharge with 100-year and 1000-year return periods, derived from hydrology
analysis, were used as the upstream boundary conditions. Tidal data for Jakarta Bay,
obtained from two observation stations, were used as the downstream boundary condition.
The model schematic setup is given in Figure 6. In addition, the floodgate operation rule
was applied in the simulation to optimize the coastal reservoir’s impact:

• When tide level > water level in the coastal reservoir, the floodgate is closed;
• When tide level ≤ water level in the coastal reservoir, the floodgate is opened.

Water 2024, 16, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 7. Numerical modeling schematic setup. 

 
(a) 

 
(b) 

Figure 7. Numerical modeling schematic setup.



Water 2024, 16, 344 11 of 16

The numerical modeling results, comparing the existing scenario with the coastal
reservoir scenario in a long-section view, are presented in Figure 8. In this figure, Scenario 1
is used as an example. The results indicated that the UWR had an impact on reducing early-
hour flood levels, with a decrease in water levels of around 20–50 cm up to ±5 km upstream
from the UWR, as shown in Figure 8a. However, under maximum Q100 conditions, the
UWR had a minimal impact on reducing floods due to its small reservoir capacity compared
to the flood volume of the Cisadane River, as shown in Figure 8b. Similar results were
observed in each simulation scenario. The highest water level results for the UWR in each
scenario are given in Figure 9. Figure 9a,b highlight a significant decrease in HWL between
scenarios with 100 m, 200 m, and 300 m floodgates, with an up to 80 cm decrease in HWL
between the 100 m and 300 m floodgate scenarios.

The decrease in HWL observed in the 400 m and 500 m floodgate scenarios was very
insignificant. This indicated that the 300 m floodgate had reached its highest effectiveness.
Thus, an increase in floodgate size beyond 300 m is unlikely to have a significant impact and
tends to be cost-inefficient. In this case, the authors recommend using a 300 m floodgate
for the coastal reservoir. A more detailed result is presented in Figure 10a, illustrating the
comparison of water levels in the coastal reservoir and the sea, along with the total flow
through the floodgates throughout the simulation. The negative value of the flow indicates
that the discharge flowed into the coastal reservoir. Additionally, the modeling results were
used to provide the floodgate operation, as shown in Figure 10b. At the beginning and end
of the simulation, the floodgate was closed due to high tide levels and low river discharge.
For the rest of the simulation, the floodgate was fully opened because of the large amount
of flood discharge from the river.
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Finally, sediment modeling was conducted to simulate sediment transport in the UWR.
The primary focus here was to analyze sediment deposition in the coastal reservoir. Thus,
the floodgate was excluded from the model for simplicity, assuming that the floodgate
would be continuously opened throughout the simulation. The model setup was the same
as that for flood modeling, with dependable discharge at 50% probability used as the



Water 2024, 16, 344 13 of 16

upstream boundary condition. Riverbed sediment gradation data were obtained from field
measurements, as shown in Table 4, with three datasets classified as upstream, middle, and
downstream segments. For the sediment boundary condition upstream, a rating curve of
the flow–sediment load was utilized, which was also obtained from field measurements. To
analyze the sediment behavior in the coastal reservoir, a long-term analysis was conducted,
and the simulation time for sediment modeling was set at one year, with a time step of
1 min.

Table 4. River sediment gradation.

Segment
Percent Passing (%)

Gravel Sand Silt Clay

Upstream 0 77.90 14.32 7.78
Middle 0 55.56 30.35 14.09

Downstream 0 49.72 33.75 16.53

The sediment modeling results, in a long-section view, are given in Figure 11. This
figure shows the riverbed conditions at the beginning and end of the simulation. In general,
there was substantial erosion along the Cisadane River and sedimentation in the UWR. Most
parts of the Cisadane River experienced erosion, with approximately 90% of the riverbed
parts eroded. The average erosion depth was 0.37 m, with a maximum erosion depth of
4.94 m. The volume of sediment deposited in the coastal reservoir was approximately
62,300 m3/year or 0.35 cm/year of sediment layer, under the assumption that the sediment
was evenly distributed along the reservoir.
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4. Conclusions

A methodology for the pre-feasibility study of coastal reservoirs in Indonesia has not
been developed previously given the limited usage of such infrastructure in the country.
Thus, this study addressed this gap by presenting a methodological framework for a
pre-feasibility study and managing water resources of a coastal reservoir in Indonesia.
The process encompassed hydrology analysis, water allocation modeling, and numerical
modeling to determine dependable and flood discharge, conduct a water balance analysis,
assess floodgate operation, and estimate reservoir service life. The methodology was
designed to accommodate varying data availability, considering the common limitation of
limited data in Indonesia.
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Subsequently, we applied this methodology to a case study located at the Cisadane
River estuary in Tangerang Regency, Banten Province. The water resource allocation
simulation, considering different dependable discharge scenarios, revealed that the TWR
could release an annual optimum discharge of 80.618 m3/s during a wet year (Q33.3%) and
22.731 m3/s during a dry year (Q90%). Flood modeling was simulated for both 100-year
and 1000-year return periods, incorporating variations in floodgate size. The operation of
the floodgate was based on the water levels of the UWR and the sea.

The flood modeling indicated that the UWR had a limited impact on reducing floods
in the early hours of the simulation, with a decrease in water levels of around 20–50 cm
up to ± 5 km upstream from the UWR. This impact was slight due to the small reservoir
capacity compared to the flood volume of the Cisadane River. Similar results were observed
in each simulation scenario. The water collected in the UWR is to supply the TWR during
the dry season. Furthermore, sediment modeling was conducted for normal monthly
discharge (Q50%) with a one-year simulation time, revealing sedimentation and erosion
along the rivers with varying depths. Approximately 62,300 m3/year of sediment volume
or 0.35 cm/year of sediment layer is estimated to settle in the UWR.

To enhance the quality of the pre-feasibility study, the authors recommend using
field measurement data rather than satellite projections, such as TRMM for precipita-
tion data. Long-term and up-to-date time series data for discharge and precipitation are
preferable for more credible results. In addition, the authors suggest installing new mea-
suring instruments if the measurement instruments are inadequate or unavailable in the
research location.
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