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Abstract

This study aimed to investigate the effectiveness of the Brigif Reservoir as a pioneering nature-based infrastructure solution
for mitigating flood risk in the Kemang area, a significant business district in South Jakarta, and to provide a potential raw
water supply for city parks. We employed coupled HEC-HMS and HEC-RAS 1D2D unsteady flow models to analyze
rainfall-runoff and flood regimes before and after basin intervention in a rainfall scenario from January 2020. The flood
model demonstrated highly satisfactory performance on the calibration results, as evidenced by an NSE value of 0.93 on a
scale of 0 to 1. Flood risk was defined using the flood hazard, vulnerability, and capacity indices, and ArcGIS and QGIS
were used to prepare and visualize the output after the model performance was qualified. The study revealed that the Brigif
Reservoir could reduce the peak discharge of the January 2020 flood in the Kemang area by 19% while decreasing the risk
of high-level flooding by 12%. The Brigif Reservoir, as a Nature-Based Solution (NBS) infrastructure, retains approximately
250,000 m? of flood discharge, which can be utilized by the local government for watering gardens and as potential raw water
for residents because it meets the national surface water quality standards in dry conditions and requires additional treatment
during the wet season. The potential for groundwater recharge was estimated to be approximately 250 m3 and 6000 m? for
one hour and one day, respectively. For future studies, it is recommended to develop non-structural actions, such as a flood
early warning system incorporating machine learning that could potentially support the operational performance of the NBS
infrastructure. This study proposes the implementation of a series of sustainable infrastructure solutions, including rooftop
storage, underground storage, and underground retention systems, at the building scale within each sub-catchment to mitigate
flood risk levels in the Kemang region from high to acceptable levels. The findings of this research will be of significant
value to the Water Resources Agency in evaluating the potential application of NBS infrastructure for flood mitigation and
adaptation strategies and programs in response to the impacts of global climate change.

Keywords: Brigif Reservoir; Green; Blue and Grey Infrastructures; HEC-HMS Model; HEC-RAS Model; Kemang Region.

1. Introduction

Floods are among the most dangerous disasters in Jakarta. In January 2020, approximately 30,000 urban residents
were affected by natural catastrophes, necessitating temporary shelter evacuations. Floods have caused fatalities and
physical and economic damage and hindered Jakarta's economic development [1]. Global research has indicated an
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increasing trend in flood-related hazards, including riverine overflow, urban water inundation, fluvial erosion along
watercourses, and high sedimentation rates in rivers, which are all attributed to ongoing climate change [2, 3]. Most of
Jakarta's population continues to rely on groundwater for clean water because the current clean water delivery
infrastructure is insufficient. This causes land subsidence, which increases the risk of flooding [4-6]. Human activities
have intensified flood hazards by altering land-use patterns, modifying terrain levels, urbanizing, and encroaching on
floodplains [7]. These anthropogenic influences collectively exacerbate the severity of flood hazards in affected areas
[8, 9]. Flood events have shown that these types of flooding occur simultaneously, resulting in devastating floods in
Jakarta. The current Jakarta flood phenomenon demonstrates that flood discharge and surface runoff are expeditiously
directed towards rivers and the sea. Consequently, during periods of low precipitation or reduced river water levels,
Jakarta's population experiences insufficient raw water availability and continues to extract groundwater
indiscriminately, resulting in land subsidence [10].

Research on flood mitigation in Jakarta has explored multiple strategies to minimize the flood risk. These efforts
have included structural interventions such as river normalization, implementing reservoirs and underground storage
systems, and establishing infiltration wells and basins [11]. However, these initiatives failed to effectively reduce flood
risks owing to inadequate planning and a lack of standardized design criteria. According to Sengara, the magnitude of
earthquakes in Indonesia in the future will tend to increase; therefore, the possibility of dam breaks will also increase.
Kusuma concluded that, in general, the quality of reservoir water in Indonesia tends to decline. Therefore, the possibility
of flooding hazards generated by dam breaks will also increase owing to both inundation and pollution [12, 13].
Currently, the development of early flood warning systems is becoming an appropriate temporary solution to reduce the
potential risk of this problem. Many previous studies have discussed this problem, and the current study demonstrated
the successful development of an early warning model utilizing the Long-Short Term Memory (LSTM) neural network,
which is capable of detecting heavy precipitation events two and four hours prior to their occurrence [14].

The findings of this investigation have potential applications as inputs to support NBS design criteria and improve
understanding, planning, and work operations in future implementation [15]. Subsequently, by regulating sluice gates
[16], building reservoirs and dams [13, 17], increasing drainage pump capacity [18], rainwater harvesting systems [19],
enhancing river capacity, and early warning systems [20]. Several previous studies have found that existing flood
mitigation methods (grey solutions) are ineffective in reducing the risk of flooding [11]. In a previous study, NBS
retention ponds could reduce peak discharge by around 23% under climate change scenarios [21]. This is because the
impact of the flood-generating processes was not considered in the design parameters used. Similarly, choosing
reservoirs is becoming more challenging owing to the rising risk of floods caused by dam failures as well as the collateral
hazard of earthquakes [12]. To date, using Nature-Based Solutions (NBS) at various scales has been a viable approach
for reducing flooding issues. Consequently, implementing rainwater storage as an NBS for flood risk management is
the most appropriate strategy for the sustainability of Jakarta. This strategy efficiently reduced the risk of flooding in
various regions [22]. However, there is no evidence of such infrastructure in Jakarta or other Indonesian cities.

At present, numerous global studies are focusing on the implementation of infrastructure Nature-Based Solutions
(NBS) for urban flood risk management. NBS requires integration with urban planning and utilization as a policy
instrument to adapt to climate change; however, a policy gap persists [23]. Additionally, cities require a framework for
monitoring and evaluating the effectiveness of NBS [24]. Densely populated urban areas have an urgent need for more
natural retention basin-type NBS that can retain and reduce surface runoff, which should be integrated into sustainable
flood risk management strategies [25]. Concurrently, NBS exhibits the potential to increase water availability during
dry seasons, thereby enhancing water supply to meet demand [26]. Urban centers require an NBS framework that
incorporates aspects of capacity, connectivity, and biodiversity for urban flood resilience, which can be validated
through the implementation of physical infrastructure [27]. NBS must be integrated with grey infrastructure and other
components and included in spatial planning to minimize flood vulnerability [28]. Furthermore, NBS demonstrates
efficacy in mitigating urban heat waves and flooding resulting from climate change and urban development [29]. The
integration of NBS with grey infrastructure demonstrates optimal outcomes in peak flow runoff reduction and flood
mitigation; however, this necessitates validation through empirical case studies to enhance comprehension [30].
Modeling the effectiveness of watershed-scale infrastructure NBS implementation remains insufficient and necessitates
additional experimental case studies to provide a more comprehensive understanding within the context of flood
management [31].

Based on the literature study above, this study will fill the gap related to the effectiveness of NBS (Brigif reservoir)
in urban flood risk reduction and other additional benefits by using hydrological, hydraulic, and scoring model
approaches and weighted overlay with spatial visualization. The Brigif Reservoir is a hybrid infrastructure, integrating
NBS and grey solutions, and is the first pilot project in Jakarta city. However, this is a sample of unplanned water
infrastructure development in Jakarta, which is not clearly stated in either the strategic planning program of the Water
Resources Agency or the regional medium-term development plan for the 2017-2022 report documents [32]. Moreover,
the plan is subject to change every five years or when a new governor is elected. There are 15 locations, and it was clear
that there is no plan for Brigif reservoir construction, as shown in Figure 1.
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Figure 1. Regional infrastructure development plan for 2017 to 2022 of Jakarta overlayed with Brigif reservoir and
Kemang area site (1 and 2), Flood event record in Kemang in January 2020 (3) and Brigif reservoir view (4)

The city applied NBS through a multipurpose retention basin linked to the Krukut River to reduce flood risk in the
Kemang region. The term NBS itself is defined as “actions to protect, conserve, restore, sustainably use, and manage
natural or modified terrestrial, freshwater, coastal, and marine ecosystems, which address social, economic, and
environmental challenges effectively and adaptively, while simultaneously providing human well-being, ecosystem
services, resilience, and biodiversity benefits” [33]. Hybrid solutions are considered the best for reducing flood hazards
in urban areas [11]. It is also a part of the local and central government, the Ministry of Planning’s roadmap 2023-2030
to achieve sustainable development goals, sustainable cities and communities (11), and climate action (13) through the
utilization of water storage, groundwater resources, and peak flood reduction.

Many studies have indicated that NBS-retarding basins may reduce urban flood threats [34, 35], enhance infiltration
[35], increase the groundwater budget, and improve water quality. Reservoir storage is essential and can be used as an
alternative water supply to meet environmental needs and sustainable water resource management [36-38]. Additionally,
they contribute to socioeconomic and human well-being by providing public spaces for human activities [39-48]. A
constructed wetland can reduce flood volume by an average of ~ 59% [49] and is considered an essential infrastructure
owing to its co-benefits [50]. However, there remains a lack of knowledge and evidence regarding its performance on a
city or regional scale in Jakarta, Indonesia. Retarded basins have also been noted to improve urban landscapes and
human well-being [51, 52]. It has also been advocated for minimizing climate change effects in the form of sustainable
urban water resource management, water availability, and addressing drought challenges [53-58]. Moreover, NBS has
been advocated as an adaptive infrastructure that effectively reduces urban flood hazard indices [59-66].

The Kemang area is in Bangka Urban Village, whereas the Brigif retarding basin is in Cipedak Urban Village,
Jagakarsa, South Jakarta. Previous research indicated that the areas around Brigif have inadequate potential for
groundwater recharge. Several previous flood studies have been conducted in the Kemang area, but none have addressed
NBS as an optional solution. Therefore, this study discusses the effectiveness of NBS for flood risk reduction in the
Kemang area. The Kemang area is a built-up urban area where land availability is a problem in providing space for
NBS, such as the Brigif Reservoir. Therefore, in addition to exploring the Brigif, this study also explored the potential
for storage in commercial buildings and vacant land along the Krukut River to support the sustainability of the city and
its water resources.

Flooding in the area is primarily attributed to the overflow of the Krukut River, caused by its limited capacity and
extreme precipitation events. The implementation of gray infrastructure solutions, such as the normalization of the
Krukut River, has been impeded by rapid urban expansion and high population density. Owing to the accelerated rate
of erosion, the Kemang Stretch of the Krukut River has exhibited significant sedimentation and reduced depth. Rainfall
intensity, topography, slope, and land-use alterations are identified as the principal factors contributing to flooding in
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Jakarta [67, 68]. In January 2020, it was reported that precipitation events lasting more than 24 h with intensities
exceeding the 100-year return period posed a substantial flood risk to the Kemang region. The flood depth in this area
ranges from approximately 0.30 m to over 1.50 m, resulting in an economic loss of 960 billion rupiah. Flooding
frequently because of high discharge from the upstream area, which subsequently overflows into the Kemang region.
The Brigif Reservoir, which functions as an NBS infrastructure, is hydrologically connected to the Kemang Region.
However, the extent of its contribution in mitigating urban flood volumes and enhancing river water quality remains
unclear. Kemang's location within a basin renders it particularly susceptible to flooding owing to its high discharge from
upstream rivers. Local authorities have asserted that the Brigif Reservoir could reduce flood hazards in the Kemang
region. Therefore, this study is crucial for assessing its contribution to flood risk, identifying relevant and effective
mitigation strategies, and evaluating the potential of the reservoir as an alternative source for raw water and groundwater
recharge.

The primary objective of this study was to assess the contribution of NBS to flood risk mitigation through
hydrodynamic modelling of river floods before and after construction of the Brigif Reservoir in the Kemang region. The
secondary objective was to analyze the potential water quality improvement in the Brigif Reservoir storage and the
potential for groundwater recharge. This study aimed to provide a more comprehensive evaluation of flood risk,
particularly that resulting from upstream water release before and after mitigation measures. This study employs a case
study methodology at the metropolitan scale and incorporates an NBS infrastructure to achieve this objective.
Investigating the impact of NBS Brigif Reservoirs on mitigating flood hazards in the Kemang area is crucial, as site
preparation is complex, time-consuming, resource-intensive, and carries potential risks, such as dam failure. This study
also serves as a foundation for the implementation of NBS. Jakarta has developed numerous green infrastructures,
including reservoirs, infiltration wells, and basins, without established design standards. Consequently, this NBS
infrastructure warrants investigation as it will potentially serve as a standard for flood infrastructure mitigation in Jakarta
for future development. Therefore, this study functions as a reference or model for decision-makers in the Jakarta
government and other Indonesian cities interested in developing NBS-based reservoirs and other infrastructure for flood
mitigation.

2. Study Area, Material and Methods
2.1. Study Area Description

Kemang, a business district in South Jakarta, is at high risk of floods. The high risk of flooding is primarily caused
by fluvial [69, 70] and pluvial floods. It is located in the lower part of the Krukut Watershed. The Krukut River drains
into the West Canal Flood/Ciliwung and flows directly into the Java Sea. The Kemang region comprises a basin with
an elevation lower than the surface of the Krukut River, whereas Brigif Reservoir is located at higher altitudes. The
study area has a population density of approximately 18,000 individuals per square kilometer. Located in southern
Jakarta, Kemang has experienced floods in previous years. It is situated within the Krukut watershed system.
Hydrologically, the Kemang area constitutes a part of the downstream section of the Krukut watershed, which flows
directly into the western flood channel via gravity. Its catchment area encompasses approximately 35.22 km? and is
subjected to compound flooding [5], as shown in Figure 2-a and b. The downstream area of the Bendungan Hilir Village
on this river has been identified as having a high flood hazard index. The river, 32 km in length, has a watershed with a
catchment area of approximately 90 km2. The drainage capacity was inadequate, resulting in a rainfall return period of
less than two years at approximately 138 mm/d. Furthermore, the bank-full Krukut River capacity in this segment is
approximately 60 m3/s, which is below the ideal design of 135 m3/s or equivalent to twenty-five years of flood discharge
design (Q25). This area is situated in the downstream region of the Krukut Watershed, where the surface elevation is
lower than that of the river's top embankment. Consequently, a drainage pump is necessary to regulate the volume of
surface runoff over the catchment area, whereas the river surface elevation increases during heavy precipitation.
Stormwater management and infrastructure in this area comprise water gates, reservoirs, and drainage pumps situated
along the Krukut River.

Based on recorded rainfall data as shown in Figure 2-d, Jakarta experienced an extreme rainfall phenomenon in
January 2020 where the highest rainfall reached 377 mm/day in early January 2020. This event caused flooding in
several areas of DKI Jakarta, including the Kemang area in South Jakarta. This event is evidence of the impact of global
climate change on the tropics.

The Brigif Reservoir, constructed in 2022, is situated in Jagakarsa, in the southern Kemang region. This reservoir
was engineered using NBS elements such as natural reservoirs, city landscapes, water gates, and spillways as gray
infrastructures that function not only as barriers during peak flood discharge but also possess the capacity to supply raw
water, increase infiltration and groundwater budget, improve water quality, and deliver public recreation. Additionally,
it mitigates the risk of structural failure due to the lateral flow seismic velocity shear stress [12, 17]. This represents the
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inaugural NBS infrastructure models for Jakarta and Indonesia, encompassing approximately 10 ha and 17.35 km? of
the catchment area, respectively. The natural reservoir is compartmentalized into two distinct sections, the upper and
lower segments, with the water surface elevation in these parts regulated by the spillway and water gates at the outlet,
as shown in Figure 3. The inlet of the upper segment serves as the Salak drainage catchment area, whereas the lower
part of the inflow encompasses the Krukut River itself.
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Figure 2. The DEM of Krukut watershed (a), Sub-catchment of Kemang area (b), and the Kemang region in Neighborhood
Associations identifier (NA) (c), and Rainfall maximum per year and location (d)

2.2. Materials

This study utilized diverse data types from multiple sources, including hydrological, hydraulic, social, economic,
physical, and environmental. Data were obtained through direct collection and online retrieval from various
governmental agencies, including the DKI Jakarta Water Resources Agency; the Jakarta Spatial Planning Agency;
the DKI Jakarta Regional Disaster Management Agency; the Geospatial Information Agency; the Meteorology,
Climatology, and Geophysics Agency; and the DKI Jakarta Central Bureau of Statistics. Table 1 presents a
recapitulation of the data employed in analyzing the contribution of NBS as a flood risk reduction measure and its
additional benefits.

1831



Civil Engineering Journal Vol. 11, No. 05, May, 2025

Table 1. Summary of data used in the analysis of NBS for flood risk reduction

Data name Data type Data category Data sources
Daily Rainfall data series . The Agency for Meteorology, Climatology and Geophysics, Water
(2004-2021) Tabular Point data Resources Agency of Jakarta

Digital Elevation

Topographic Model (DEMNAS)

Raster (8 m x 8 m) Geo-spatial information Agency of Indonesia
Polygon and raster
Land use and building map Spatial data (Landsat OLI with
grid 30 m x 30 m)

Spatial planning and land management Agency of Jakarta and
https://earthexplorer.usgs.gov/

Polygon and raster Water resources agency of Jakarta and Global Hydrological Soil Group at

Curve number (CN) Spatial (250 m x 250 m) https://daac.ornl.gov/SOILS/guides/Global_Hydrologic_Soil_Group.html
Inundation map Spatial and point data Polygon Water resources agency of Jakarta
Drainage and river capacity and ~ Tabular and Spatial Line and polygon and enatial i .
geometry (LiDAR) data raster (0.25 m x 0.25 m) Geo-spatial information Agency and Water resources agency of Jakarta
Krukut river discharge Tabular data number Water resources agency of Jakarta

Infiltration rate, geological

formation, soil property and Tabular and spatial

Point and polygon Water resources agency of Jakarta and Ministry of Energy and Mineral

groundwater table data Resources
Inundation map Spatial and point data Polygon Water resources agency and Regional Board for Disaster Management
Total Population, Population -
density, livelihood. and sex ratio Tabular data Number and polygon  Statistics center Agency
Water quality of Inlet and Tabular data Number Direct data collection by the author

storage of Brigif reservoir

This investigation utilized hydrological data spanning 18 years (2004-2021), comprising daily rainfall records
collected from five rain gauges across Jakarta that were incorporated into Krukut's watershed. Prior to the frequency
and distribution analyses, the rainfall dataset underwent a consistency check using a double-mass curve to ensure data
quality [71]. It is essential to verify the data quality to generate a robust model. Thiessen polygons were generated based
on collected data. The National Digital Elevation Model (DEMNAS), characterized by its high resolution, served as a
foundation for generating spatial analysis tools in ArcGIS for the Krukut Watershed. Subsequently, the LiDAR data,
along with the floodplain zone and river geometry, were delineated and incorporated into the hydraulic 1D and 2D
models of the HEC-RAS.

Inundation data for 2020 were incorporated into this study and delineated based on Kemang's neighborhood
associations (NAs). These data were utilized to validate and calibrate the hydraulic model by comparing several flood
depth events in the simulated and field-observed data. The infiltration rate and geological data were in the form of maps
collected in 2019 before the Brigif Reservoir was constructed. Soil parameters were derived from drilling measurements,
and groundwater table data were gathered from monitoring wells between 2020 and 2023. These data were used to
estimate the groundwater recharge potential of Brigif Reservoir.

As shown in Figure 3, Brigif Reservoir covers approximately 10 ha, with an upper area of 3.3 ha and a lower area
of approximately 6.7 ha. The inflow of the upper storage comes from the Salak Drainage set with free flow, and its
outflow to the lower Brigif is through the spillway and sluice gate. The inflow of the Lower Brigif originates from the
Krukut River and flows back to Krukut through the sluice gate. The average depth of the upper Brigif is 5 m, whereas
that of the lower Brigif is 4 m. The volumes in the upper bridge for the normal water level were estimated to be
approximately 84.678 m? and ~143.245 m?3, whereas the depths in the bank’s full capacity were 9 m and 7 m, and the
volumes were estimated to be ~209.330 m3 and 332.866 m3, respectively.

Jakarta's land use and land cover (LULC) and the watershed system were generated using a series of satellite
images from 2013 to 2023. We used satellite images because of the lack of integrated geospatial data among the
local government authorities. The Krukut watershed is classified into four classes, and it is dominated by urban
areas with a percentage of more than 70%, followed by vegetation with approximately 20%, bare land with
approximately 8%, and water bodies with approximately 1%, as shown in Figure 4-a. The Kemang catchment area
has a low spatial infiltration rate of approximately 10-50 mm/hour. These conditions are related to geological
formations that can be divided into two classes: alluvial fans and inland areas. Based on the borehole logs and
monitoring well data, the area predominantly consists of silty clay, sandy clay, siltstone, silty sand, and gravelly
sand, as illustrated in Figure 4-f. Subsequently, the depth of the groundwater table in the Brigif Reservoir area
ranged from 2 to 4 m, as illustrated in Figure 4-e. We used topography, lithology, and rainfall data because they are
the most influential factors in flood events [72].
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Figure 4. Land use of Kemang region (a), Geology formation map of Kemang region (b), infiltration rate map of Kemang
region (c), Boreholes and Cone Penetration Test site sample (d), borehole site and water table (e), and lithology map of
boreholes 2 and 3 (f).

2.3. Methods

DEMNAS data were processed using spatial hydrology tools in ArcGIS to generate the Krukut watershed boundary
and drainage network [73, 74]. The sub-catchment boundary and stream network were established using GIS features
from the Hydrologic Engineering Center Hydrologic Modeling System (HEC-HMS). The stream network extracted
from the DEM was validated using drainage network data from Google Maps and field data. The sub-catchments of the
Kemang region were then extracted using GIS features in HEC-HMS software. Landsat OLI 8 2020 and 2023 data were
extracted for the land use and land cover of the Krukut Watershed using supervised classification with maximum
likelihood approaches in ArcGIS before and after the construction of the Brigif Reservoir. It was classified into four
classes: water body, vegetation, urban area, bare land, and impervious area percentage for ten years. It has been proven
to be accurate for Land Use and Land Cover (LULC) classification [75]. These data were then combined with the bore
log and the area's global Hydrological Soil Group (HSG) data, which were gathered from online resources, as well as
bore log data to determine the Curve Number (CN) value along the Kemang catchment area. This number was used for
hydrological analysis in the HEC-HMS model. A schematic representation of the research framework used in the
analysis is shown in Figure 5.
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Figure 5. Research framework of assessment NBS for flood risk reduction of Kemang region
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The rainfall distribution and frequency analysis were calculated for a rainfall return period of 25 years and a single
event on 1 January 2020 for calibration and validation purposes. The flood discharge design for 25 years (Q25) was
determined using the SCS-CN method. HEC-HMS version 4.11, HEC-RAS 6.3.1 1D and 2D were employed to analyze
the hydrodynamics and assess the flood hazard indices in Krukut's watershed. The efficacy of HEC-HMS and HEC-
RAS in watershed rainfall-runoff analysis and the determination of flood characteristics has been consistently
demonstrated in numerous studies [34, 76-81]. HEC-HMS was used to analyze the storage capacity of the Brigif
Reservoir, surface runoff, and flood discharge in the Krukut River. The losses were computed in the HEC-HMS by
employing the Soil Conservation Service (SCS) Curve Number (CN) approach. The data were transformed using the
SCS unit hydrograph method, assuming the absence of baseflow. The Brigif Reservoir was assumed to be entirely devoid
of water at the commencement of the precipitation event. Flood discharge was used as the lateral inflow for the HEC-
RAS 1D to define the maximum flood depth and flood discharge reduction in the Kemang area. Subsequently, it will be
calibrated with real inundation depth data using the Nash-Sutcliffe Efficiency (NSE) coefficient for several events from
2020 to 2022. If the model meets the minimum error, it will continue to generate a 2D model to observe the area of
inundation and continue the hazard, vulnerability, capacity, and flood risk analysis. Flood risk was defined by the
following formula:

For the hydraulic model simulation:

Flood risk = Hazard x Vulr.lerability (1)
Capacity
Flood risk is defined as the hazard multiple of vulnerability divided by capacity. This was adopted by the National
Disaster Risk Mitigation Policy of Indonesia (BNPB) and the Ministry of Public Works (PUPR). The calculation is
based on scoring and weighted overlay. The hazard indices extracted from the hydraulic model and their criteria are

listed in Table 2.

Table 2. Hazard indices criterion, adopted from National Disaster Policy

Inundation depth

Depth (cm) Class Rate  Weight (%) Score
<76 Low 1 0.4
76-150 Moderate 2 40 0,8
>150 High 3 1.2

Duration of inundation

Duration (hour) Class Rate  Weight (%) Score
<12 Low 1 0.2
12-24 Moderate 2 20 0.4
> 24 High 3 0.6

Inundation area

Area (m?) Class Rate  Weight (%) Score
<100 Low 1 0.2
100-300 Moderate 2 20 0.4
>300 High 3 0.6

Inundation frequency

The number of events Class Rate Weight (%) Score

0-5 Low 1 0.2
6-20 Moderate 2 20 0.4
>20 High 3 0.6

Based on the Table 3, the Hazard Index (HI) is calculated as follows:

HI = 0.4 x score of flood depth + 0.2 x score of flood duration + 0.2 x score of flood frequency + 0.2 x score of
inundation area. Flood hazard was classified into three levels: high, medium, and low. ArcGIS software was employed
to process the data and extract the model outputs, and the results were then overlaid with the administrative boundaries
of the 17 NAs using ArcGIS to determine the differences in flood hazard indices along the Kemang River. A flood
vulnerability index was generated based on socioeconomic, physical, and environmental aspects. The criteria for the
social, economic, physical, and environmental aspects are shown in Tables 3 to 6.

1835



Civil Engineering Journal

Table 3. Social aspect criterion of vulnerability

Vol. 11, No. 05, May, 2025

Parameter Population density ~ Sex ratio  Toddler Population Ratio  Elderly population ratio
Weight (%) 60 10 10 10
Low (1) <500 people km? < 20%
Class (score)  Medium (2)  500-1000 people km? 20% - 40%
High (3) > 1000 people km? > 40 %

Table 4. Economics aspects of vulnerability

Parameter Percentage of poor people  Vulnerable sector employees
Weight (%) 60 40
Low (1) < 20%
Class (score)  \roium (2) 20 % - 40 %
High (3) > 40 %

Table 5. Physical aspects of vulnerability

Parameters Class Class index Rate Weight
Low <03 1
Building density Medium 0.3-0.6 2 60%
High >06 3
Good > 70 % 1
Road network condition Medium 30% - 70 % 2 40%
Poor <30 % 3

Table 6. Environmental aspects of vulnerability

Parameters Classes Class index Rate  Weight
Low <1000 mm 1
Rainfall intensity ~ Medium 1000 -2500 mm 2 25%
High > 2500 mm 3
Low Open space (>50%) 1
Land use Medium  Agriculture & Service (>50%) 2 25%

High Residential and industry >50% 3

Low > 300 m.a.s.l. 1

Topographic Medium 20-300 m.a.s.l. 2 20%
High <20 m.as.l. 3
Low > 1000 m 1

Distance to river ~ Medium 500 - 1000 m 2 20%
High <500 m 3
Good > 70% 1

Channel condition ~ Medium 30% - 70% 2 10%
Poor < 30% 3
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The capacity index was calculated using the drainage capacity, zoning role, disaster education, and early flood
warning system variables, as shown in Table 7.

Table 7. Capacity indices criterion

Parameters Index class Rate Weight  Score
Low 1 0.2
River capacity Medium 2 40% 08
High 3 12
Good 1 02
Zoning regulation Medium 2 20% 04
Poor 3 06
Low 1 0.2
Disaster education Medium 2 20% 04
High 3 06
Low 1 0.2
Early warning system Medium 2 20% 0.4
High 3 06

2.3.1. Hydrologic & Hydraulics Model Set-Up

Rainfall distribution across the Krukut watershed was generated using the Thiessen polygon from five rainfall
stations. The calculations of the design flood discharge for scenarios Q25 and Q50 were also compared with a Q rainfall
of 150 mm/day as the threshold between heavy and extreme rainfall levels. The basin and subbasin boundaries were
generated from a DEMNAS with an 8 m x 8 m spatial resolution using HEC-HMS version 4.11, and the ArcGIS spatial
analysis tool hydrology. The sub-basin model was established using the Soil Conservation Service (SCS) Curve Number
method, transformed with the SCS unit hydrograph, and routed using the kinematic wave method. For the RLS retarding
basin, the upper storage is set with the Broad-Crested Spillway method, elevation of +47.00, length 4.7 m, and initial
elevation of +46.88 m with no water gates. The lower storage spillway elevation was set at +45 m with a length of 1 m,
and the initial elevation was set at +45.5° with no gates.

Hydraulic analyses were performed using HEC-RAS 1D and 2D. Once the model became stable and qualified, the
analysis continued using the 2D model. The 2D model had a grid cell size of 10 x 10 m for the 2D flow area and a grid
cell size of 0.25 x 0.25 m for the river geometry, which is delivered from LiDAR data. The outlet boundary situated in
the West Flood Canal (Banjir Kanal Barat) was configured to represent free-flow conditions. The river width within the
Krukut watershed varies between 6 and 10 m from upstream to downstream. The watershed is divided into two sub-
catchments, Krukut and Mampang, with Kemang located in the Krukut sub-catchment. The hydrological model was
executed in two scenarios: without and with the Brigif Reservoir. The model was operated under unsteady flow
conditions for 72 h in January 2020. The accuracy of the model results was verified by comparing them with inundation
depth data.

2.3.2. Water Quality Analysis and the Potential of Groundwater Recharge of Brigif Reservoir Storage

Water quality analysis was conducted at three sites: the Krukut River, the upper Brigif, and the lower Brigif. The
sampling method used involved grabbing samples from a single event. The parameter sampling covered physical
(temperature, total suspended solids, and color), chemical (Acidity, Biochemical Oxygen Demand (BOD), Chemical
Oxygen Demand (COD), Dissolved Oxygen (DO), total phosphorus (P), and biological (faecal coliform and Total
Coliform) aspects, which used surface water quality standards based on national government regulation no. 22/2021, as
presented in Table 8. The potential groundwater recharge of the Brigif Reservoir was estimated using statistical analysis
based on the infiltration rate data and the area of Brigif storage.
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Table 8. Surface water quality standards

No Parameters Unit Standards
A Physics
Temperature (in-situ) °C Dev 3
Total Suspended Solid (TSS) mg/L 50
Colour Pt-Co-Unit 50
B Chemical
Acidity /Ph (In-situ) - 6-9
Biochemical Oxygen Demand (BOD) mg/L 3
Chemical Oxygen Demand (COD) mg/L 25
Dissolved Oxygen (DO) (in-situ) mg/L 4
Total Phosphate (P) mg/L 0.2
C Microbiology
Faecal coliform MPN/100 mL 1000
Total Coliform MPN/100 mL 5000

2.4. Model Calibration

In this study, the hydraulic model calibration was performed by comparing the flood depths simulated by the model
with corresponding field data from several inundation events during 2020-2022. We also interviewed residents of the
Kemang region to validate the flood depth. It is also used in the simulation scenarios because it is the threshold between
heavy and extreme rainfall events. The performance of the model was assessed using NSE. The NSE and NSE criteria
are listed in Table 9.

4 N xi-vy?
NSE =1 G )

where Xi is observed data, Yi is simulated data, Xi is average observed data, N is the number of data.

Table 9. Criteria of Nash-Sutcliffe Efficiency (NSE) Value

NSE Value Interpretation

NSE > 0.75 Good
0.36 < NSE <0.75 Qualified

NSE<0.36 Not Qualified

3. Results and Discussion
3.1. Hydrological and Hydraulics Analysis Model

The hydrological analysis began with rainfall analysis from 2004 to 2021, followed by an analysis of regional
rainfall, distribution, and frequency to establish the projected rainfall and flood discharge over a 25-year return period.
These data were then merged with additional data, such as DEM, curve number (CN), and Impervious Percentage, and
utilized to develop a hydrological model for the HEC-HMS. Hydrological analysis was executed using HEC-HMS,
resulting in the generation of 26 subcatchments in the Krukut watershed. Kemang, positioned downstream of Brigif
Reservoir, comprised three sub-catchments with a total area of approximately 15.90 kmz2, while Brigif Reservoir itself
consisted of two sub-catchments, Depok and Salak, with a combined catchment area of about 17.30 km2. The overall
catchment area of Kemang was determined to be approximately 33 km?, as presented in Table 10. Thus, Kemang and
Brigif Reservoirs were approximately 19.44% and 37.07%, respectively.

Table 10. Parameters of setting up hydrologic models

No. Sub basin name Area (km?) Initial abstraction (Ia) (mm) Time lag (min)  Curve Number (CN) Impervious %

1 Sh Brigif 14.72 3.24 149.62 94 89
2 Sb Salak 2.63 2.67 145.99 95 88
3 Sh Jagakarsa 6.42 29 173.05 95 90
4 Sb Marinir 2.01 2.73 123.36 95 90
5 Sb Pondok Labu 311 2.73 129.17 95 89
6 Sb Cilandak 4.4 2.79 159.34 95 91
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The hydrologic simulation consisted of two scenarios: before and after the construction of the Brigif Reservoir.
Before the construction of the Brigif Reservoir, the condition before it was built, which means that the model recreated
it without the Brigif Reservoir, with January 2020 flooding serving as the reference point. The simulated event exhibited
a precipitation rate of 157 mm/d, assuming a uniform distribution across each sub-basin. The second simulation was
conducted after the development and incorporation of Brigif Reservoir into the HEC-HMS hydrological model. This
methodology enables the quantification of the differential in the peak flood discharge magnitude between the two events
for each subcatchment, wherein this differential also serves as the reduction value.

As shown in Figure 6, the peak discharge of subbasin Brigif reached almost 45 m3/s, whereas that of subbasin Salak
reached approximately 12 m3/s. Therefore, the total inflow from the catchment area was approximately 57 m3/s, which
passed the Brigif reservoir site during peak discharge in January 2020. The highest inflow of surface runoff from the
lower catchment region, Brigif reservoir, is divided into four sub-basins: Jagakarsa, Pondok Labu, Marinir, and
Cilandak, with each contributing to the Krukut River's peak flood discharge of approximately 29 m3/s, 17 m3/s, 11 md/s,
and 21 m3/s, respectively. The total inflow was approximately 78 m3/s, indicating that the lower catchment region of the
Brigif reservoir had a greater total inflow than the upper catchment area, as shown in Figure 6, accounting for
approximately 36.84% of the total. In fact, the catchment area is quite modest, at approximately 8.8%, indicating that
urban areas produce more surface runoff than suburban areas. Overall, the highest possible flood discharge into the
Krukut River segment in the Kemang area without the Brigif reservoir is approximately 135 m3/s.

Subbasin Brigif Subbbasin Salak
70 - ”’“ r0 70 - \l[‘|l ro
60 A L 20 60 1 F 20
50 1 0 50 Lo E
40 [ E 2 ® £
— i £ = 40 4 =
= L 60 = E r60 3
E 30 1 = o 30 =
o - 80 & (80 s
2] 20 1 100
] 10 10 _/\ 120
0 L 120 04
O 0O 0O 0O 0O 0 O 0 OO0 O o0 oo oo o o o o
SRRt EE8E88555EE8888888¢88¢8
DAY 1 DAY 2 DAY 1 DAY 2
mmm— Precip (mm) mm— |oss (mm) mmm— Precip (mm) m— 0ss (mm)
excess (mm) Q (m3/s) excess (mm) Q (m3/s)
Subbasin Jagakarsa Subbasin Pondok Labu
] - 70 q r 0
70 [| ||| 0 [| ‘ll
60 - F 20 60 1 F 20
501 Lo E 50 L B
240 - £ z g
60 — &5 404 L et
é © (=3 60 —
o 01 80 E = 30 £
20 | 5 © (80 3
L 100 & 20 1 o
10 4 b 100
L 120 10 4
0/ b 120
888838838388888882383 0-
FIMINISISS 8NN TS S8 g SN 8§8888888888888888 8
S &6 s A6 s —5 8 ™M © & SERERR] —“ S &
DAY 1 DAY 2 o N
DAY 1 DAY 2
mmm— Precip (mm) mmm— |o0ss (mm) mmm— Precip (mm) mm |0ss (mm)
excess (mm) Q (m3/s) excess (mm) e ) (M3/s)
Subbasin Marinir Subbasin Cilandak
70 - - 70 A r0
Iy 0 m
60 L 20 60 1 L 20
= 0 L4 E = 50 1 L 40 E
T 10 = g w0 <
= r 60 I £ F60 =
o 3 £ o 37 E
| = s T
20 A 8 3 20 4 @
10 -K - 100 10 -k - 100
0 - 120 0 - 120
O O O O 0O O O O O O O O O O o o o O O O O O O 0O 0O O O O O O O O o o O o
O O 0O 0O 0O 0O 0O O O o0 o o o o o o o o O O 0O 0O 0O 0O 0O 0O 0O 0O o O o o o o o o
DAY 1 DAY 2 DAY 1 DAY 2
mm— Precip (mm) m— |oss (mm) mmm— Precip (mm) 0SS (mm)
excess (mm) Q (m3/s) excess (mm) Q (m3fs)

Figure 6. Flow hydrograph of each sub catchment of Kemang region
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Hydraulic analysis was performed after acquiring peak flood discharge data from HEC-HMS, which were then
processed in HEC-RAS 1D to determine the height of inundation in the Kemang area, as shown in Figure 7. The
inundation height in the Kemang area was roughly 1.25 meters. A hydraulic study was conducted after acquiring peak
flood discharge data from HEC-HMS, which were then processed in HEC-RAS 1D to determine the height of inundation
in the Kemang area. The inundation in the Kemang area was approximately 1.25 m high. The inundation height value
was then compared to the actual inundation data, which was 1.30 m, indicating that the model was well-qualified.
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Figure 7. A long section profile of Krukut Watershed (a) and cross-section at Kemang region (b)

3.2. Model Calibration and Verification

In this study, model calibration was performed by comparing the inundation height in real occurrences with the
Krukut watershed hydraulic model at 13 sites for 2020-2022 flood events. Therefore, we achieved an NSE value of
0.94, indicating that the model functioned well, as listed in Table 11. In addition to the numerical data calibration, field
verification was conducted by interviewing local people or workers at the model calibration point.

Table 11. Hydraulics model calibration results

Date of event  Longitude Latitude  Flood depth observed [To]  Flood depth simulated [Tm]  [Tm-To]?> [To-To avg]?

1/1/2020 106.808336  -6.28044 0.30 0.23 0.00 0.17

1/1/2020 106.816692  -6.225354 0.30 0.25 0.00 0.17

1/1/2020 106.825028  -6.256479 0.60 0.66 0.00 0.01

1/1/2020 106.821734  -6.241222 0.15 0.50 0.12 0.31

2/20/2021 106.807676  -6.29032 0.80 0.87 0.00 0.01
2/20/2021 106.809733  -6.281907 0.40 0.43 0.00 0.10
2/20/2021 106.813682  -6.276275 0.8 0.82 0.00 0.01
2/20/2021 106.818089  -6.235252 0.71 0.64 0.00 0.00
2/20/2021 106.824404  -6.253981 0.50 0.40 0.01 0.04
2/20/2021 106.820128  -6.238473 1.50 1.42 0.01 0.63
2/20/2021 106.819795  -6.235439 1.00 0.91 0.01 0.08
10/6/2022 106.811665 -6.279282 0.35 0.32 0.00 0.13
10/6/2022 106.809839  -6.25941 1.80 1.87 0.00 119
Average 0.71 Total 0.17 2.84

NSE 0.94
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Based on the analysis results. The difference in the peak flood discharge before and after the Brigif Reservoir
construction was obvious. This study included two observation segments: the first in the Krukut River portion of the
Jagakrasa sub-basin and the second in the segment following the Cilandak sub-basin, also known as the Kemang Area.

Based on Figure 8, in the first segment, the peak flood discharge was 61.70 m®/s before the Brigif Reservoir was
built; after its construction, it dropped to 26.30 m?s, a reduction of approximately 57.37%. In the second segment, the
peak flood discharge fell from 134.30 to 79.80 m?/s, a decrease of about 40.58%; this decrease in reduction value was
caused by increased surface runoff from various subbasins, including Pondok Labu and Cilandak Marinir.
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Figure 8. Comparison of Peak flood discharge reduction before and after Brigif Reservoir constructed at Jagakarsa sub
basin segment (a) and at Kemang region segment (b)

The findings of the peak flood flow reduction analysis on HEC-RAS 1D 2D revealed that the flood discharge
reduction value before and after the construction of the Brigif Reservoir in the Kemang region was 77.93 m%/s to 62.87
md/s, respectively, or approximately 19% as shown in Figure 9 c-d. Then, the maximum flood depth was decreased

about 0.55 m after Brigif was constructed.
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Figure 9. Captured images of Inundation in HEC-RAS 2D model, before Brigif reservoir (a) and after Brigif reservoir
constructed (b) and flow hydrograph in Kemang region upper segment (c) and lower segment of Kemang region (d)
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According to the simulation results, the Brigif Reservoir storage capacity was 80,000 m3 for the upper Brigif and
170,000 m? for the lower Brigif, resulting in a total potential Brigif Reservoir storage of approximately 250,000 m3, as
presented in Figure 10. The South Jakarta Municipal Administration can use its complete storage capacity to deliver raw
water to city parks. According to the results of water quality checks in a certified environmental laboratory, both the
lower and upper storage met the criteria for surface water quality standards, which refer to National Government
Regulation No. 22 of 2021.
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Figure 10. Storage capacity of Brigif reservoir’s upper area (a) and lower area (b)

As shown in Figure 11, we analysed two types of surface water quality samples under two different conditions: dry
and wet. There are four sample points: Inlet Salak drainage, Upper Brigif, Inlet Krukut River, and Lower Brigif. The
first sample was taken in dry conditions, and the second sample was taken in wet conditions or one day after rainfall.
The investigation of the surface water quality of the river and Brigif Reservoir comprised physical, chemical, and
microbiological parameters in accordance with government regulation No. 22 of 2021 on environmental administration
and management. In terms of physical parameters, the TSS meets the standards under both dry and wet conditions. For
chemical criteria such as BOD and COD, the concentration in the storage of the Brigif Reservoir, which covers the upper
and lower areas, meets the standard under condition 1, whereas it does not meet in condition 2. Then, for microbiological
parameters such as total coliforms, condition 1 meets the criteria for all stations while it did meet the criteria. This
indicates that the retarding basin Brigif Reservoir, as a green-blue infrastructure, improved water quality, and storage
under normal conditions met the national standard for surface water quality which might be due to the natural processing
of the retention pond itself [82, 83]. Therefore, it can be used to water city parks or fire brigade reservoirs across South
Jakarta.
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Figure 11. Water quality parameter analysis results of Brigif Reservoir storage and inlet of Salak and Brigif sub basin of Total
Suspended Solid (TSS) (a), Biochemical Oxygen Demand (BOD) (b), Chemical Oxygen Demand (COD) (c) and Total Coliform (d)
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3.3. Potential Infiltration of Brigif Reservoir for Groundwater Recharge

The potential infiltration of the Brigif Reservoir, calculated based on the maximum infiltration rate, was
approximately 25 mm/h in both the upper and lower Brigif areas. According to the as-built drawing of the Brigif
Reservoir, the delivered volumes were approximately 165 m® and 335 m?® for the upper and lower parts of the Brigif,
respectively. Consequently, the total potential infiltration was estimated to be approximately 250 m3 for one hour, 6000
m3 for one day, and 22000 m® for one week, potentially accumulating to 180,000 m? in one month. Therefore, there is
significant potential for additional recharge in the Jagakarsa subbasin, which supports groundwater sustainability. The
results of this estimation have been compared with groundwater level data in the vicinity of the site, utilizing real-time
data from groundwater depth monitoring wells provided by the Ministry of Energy and Mineral Resources and monthly
monitoring data for 2024 from the DKI Jakarta Provincial Water Resources Office. Analysis indicates that the
groundwater depth in the surrounding area ranges from 22 m to 25 m, suggesting that the region possesses significant
potential for groundwater recharge.

3.4. Flood Hazard Index

The flood hazard index was derived from the HEC-RAS 2D unsteady flow analysis model operating under a rainfall
event scenario in January 2020. The analysis of flood hazards was conducted in two scenarios: before and after the
construction of the Brigif Reservoir and its impact on the Kemang Region flood. Model results were extracted using
ArcGIS to transform the spatial analysis into an Excel file.

Based on Tables 12 and 13 and spatially illustrated in Figure 12, the flood hazard analysis of the January 2020 flood
events in the Kemang area revealed that among the 17 Neighborhood Areas (NAs), 13 locations (76.47%) were
categorized as high flood hazards, three locations (17.65%) as medium flood hazards, and the remaining one location
(5.88%) as low flood hazards. Following the addition of Brigif Reservoir, the area's flood hazard index decreased, with
11 areas falling into the high hazard category (64.70%), five locations in the medium hazard category (29.41%), and
one location remaining in the low hazard category (5.68%). The addition of the Brigif Reservoir reduced the high flood
hazard index to moderate during the January 2020 flood incident in the Kemang area by 11.77%, resulting in two NA
locations. For the low-category flood hazard index, the return fell between the two scenarios. The Brigif Reservoir has
a modest influence on the area because the landscape is low and concave, allowing water to flow slowly into the river.
The second issue is the inadequate flow capacity of the Krukut River, which causes overflows to the left and right sides
of the floodplain.

Table 12. Flood hazard before Brigif reservoir constructed

No NA CA Inundation depth Inundation duration Inundation Inundatign area Total Hazard
(cm) (hour) frequency (m?) score Index
1 14 1 12 0.6 0.4 0.6 2.80
2 12 2 12 0.6 0.4 0.6 2.80
3 13 2 12 0.6 0.4 0.6 2.80
4 9 2 12 0.6 0.4 0.6 2.80
5 7 2 12 0.6 0.4 0.6 2.80
6 12 5 1.2 0.2 0.4 0.6 2.40 Medium
7 12 1 1.2 0.6 0.4 0.6 2.80
8 10 2 1.2 0.6 0.4 0.6 2.80
9 3 2 1.2 0.6 0.4 0.6 2.80
10 13 1 0.8 0.6 0.4 0.6 2.40 Medium
11 11 1 0.8 0.6 0.4 0.6 2.40 Medium
12 11 5 1.2 0.6 0.4 0.6 2.80
13 13 5 1.2 0.6 0.4 0.6 2.80
14 14 5 1.2 0.6 0.4 0.6 2.80
15 8 2 0.8 0.6 0.2 0.6 2.20
16 4 2 1.2 0.6 0.4 0.6 2.80
17 11 2 1.2 0.6 0.4 0.6 2.80
© High >2.60
Medium 2.40- 2.60
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Table 13. Flood hazard after Brigif reservoir constructed

No NA CA Inundation depth Inundation duration Inundation Inundati?n area Total Hazard
(cm) (hour) frequency (m?) score Index

1 14 1 0.8 0.6 0.4 0.6 2.40 Medium
2 12 2 12 0.6 0.4 0.6 2.80
3 13 2 0.8 0.6 0.4 0.6 2.40 Medium
4 9 2 12 0.6 0.4 0.6 2.80
5 7 2 12 0.6 0.4 0.6 2.80
6 12 5 12 0.2 0.4 0.6 2.40 Medium
7 12 1 1.2 0.6 0.4 0.6 2.80
8 10 2 1.2 0.6 0.4 0.6 2.80
9 3 2 12 0.6 0.4 0.6 2.80

10 13 1 0.8 0.6 0.4 0.6 2.40 Medium
11 11 1 0.8 0.6 0.4 0.6 2.40 Medium
12 11 5 1.2 0.6 0.4 0.6 2.80

13 13 5 12 0.6 0.4 0.6 2.80

14 14 5 1.2 0.6 0.4 0.6 2.80

15 8 2 0.4 0.6 0.2 0.6 1.80

16 4 2 1.2 0.6 0.4 0.6 2.80

17 11 2 1.2 0.6 0.4 0.6 2.80

© High >2.47
Medium 2.13-2.47

- <2.13
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Figure 12. Flood hazard index map with scenario; before Brigif Reservoir’s construction (a) and after Brigif reservoir
constructed (b)
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3.5. Flood Vulnerability Index

The flood vulnerability index generated socioeconomic, physical, and environmental data based on 17 NAs in
the Kemang region of southern Jakarta. The vulnerability index was divided into three classes: high, medium, and
low. We found that the value of social and economic aspects tended to be typical, whereas physical-like road
conditions and environmental aspects, such as topography, distance to river, and channel conditions, tended to be
more dynamic over NAs. After analyzing the data, we obtained the highest value (9.10) and the lowest value (8.30)
and classified them into three categories. Finally, we found that this area was positioned at levels of 53% (9 NAS),
35% (6 NAS), and 12% (2 NAS), as shown in Table 14. Therefore, the Kemang region had a high flood
vulnerability index.

Table 14. Flood vulnerability index of Kemang region

No NA CA Social Economics Physical Environment Total score Index Class
1 14 1 2.40 1.80 2.00 2.9 9.10

2 12 2 2.40 1.80 2.00 2.9 9.10

3 13 2 2.40 1.80 2.00 2.7 8.90

4 9 2 2.40 1.80 2.00 2.7 8.90

5 7 2 2.40 1.80 2.00 2.7 8.90

6 12 5 2.40 1.80 2.00 2.9 9.10

7 12 1 2.40 1.80 1.60 2.9 8.70 Medium

8 10 2 2.40 1.80 2.00 25 8.70 Medium

9 3 2 2.40 1.80 2.00 25 8.70 Medium
10 13 1 2.40 1.80 1.60 2.9 8.70 Medium
11 11 1 2.40 1.80 1.60 2.7 8.50

12 11 5 2.40 1.80 1.60 25 8.30

13 13 5 2.40 1.80 2.00 2.7 8.90

14 14 5 2.40 1.80 2.00 2.7 8.90

15 8 2 2.40 1.80 1.60 25 8.30 Medium
16 4 2 2.40 1.80 1.60 25 8.30 Medium
17 11 2 2.40 1.80 2.00 2.7 8.90 -
Index class value

Medium 8.57-8.83

3.6. Flood Capacity Index

The flood capacity index was calculated based on four parameters: river and drainage capacities, zoning regulations,
disaster education, and an early warning system. The values of river and drainage capacity and the early warning system
provided more dynamics than zoning regulation and disaster education parameters. After conducting the assessment,
the highest value was 2.20 and lowest values were 1.6 respectively.

As a result, we found that the Kemang region is included in the low-capacity index, with a composition consisting
of 70% at the low level, 24% at the medium level, and the remaining 6% at the high level, as shown in table 15 and 16.
We found that river and drainage capacity and the early warning system contributed more to the level of the index,
whereas zoning regulation and disaster education were relatively constant.
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Table 15. Capacity index of Kemang region with Brigif Reservoir

No NA CA draiﬁ;\;irczrg;city rezgﬂ?;?i%n eng:;ttii;n Earls);:::r;ning :—c(g?e: Index Class
1 14 1 0.40 0.80 0.20 04 1.80 Medium
2 12 2 0.40 0.80 0.20 0.2 1.60

3 13 2 0.40 0.80 0.20 0.2 1.60

4 9 2 0.40 0.80 0.20 0.2 1.60

5 7 2 0.80 0.80 0.20 0.2 2.00 Medium
6 12 5 0.40 0.80 0.20 0.2 1.60

7 12 1 0.40 0.80 0.20 0.2 1.60

8 10 2 0.80 0.80 0.20 0.2 2.00 Medium
9 3 2 0.80 0.80 0.20 0.2 2.00 Medium
10 13 1 0.80 0.80 0.20 04 2.20

11 11 1 0.40 0.80 0.20 0.2 1.60

12 11 5 0.40 0.80 0.20 0.2 1.60

13 13 5 0.40 0.80 0.20 0.2 1.60

14 14 5 0.40 0.80 0.20 0.2 1.60

15 8 2 0.40 0.80 0.20 0.2 1.60

16 4 2 0.40 0.80 0.20 0.2 1.60

17 11 2 0.40 0.80 0.20 0.2 1.60

Medium 1.80-2.00

3.7. Flood Risk Analysis

A flood risk analysis of the Kemang region was conducted according to Equation 5 for rain occurrences in January
2020 in two scenarios: with and without the Brigif Reservoir. Based on the calculation findings, we divided the risk of
flooding into three categories: high, medium, and low, with a maximum score of 15.93 and a minimum score of 9.49
The high class has a higher score 13.73 the medium class falls in between 11.53 to 13.73, and the low class has a lower
score than 11.53 respectively. The tabular analysis results were mapped using ArcGIS and QGIS for the 3D flood risk
model. We found that the Kemang area had a high (59%) or 10 NAs, medium (29%) or 5 NAs, and low (12%) or 2 NAs
risk of flooding in response to rainfall in January 2020. Therefore, this area, which covers 17 NAs, is categorised as a
high flood risk area that requires immediate flood mitigation measures. The results of this analysis are presented in
Figures 13-a and b.

In the scenario with intervention of the Brigif reservoir in the upstream area, the Kemang area had a high risk of
flooding at 47% or 8 NAs, medium with 41% (7 NAs), and low with 12% (2 NAs). Therefore, the Brigif reservoir
contributes to reducing high risk to medium risk with two NAs (12%), while the low-risk level remains the same as
without its intervention, as shown in Figure 14-a and b. The flood hazard index contributed the most to risk reduction,
followed by the capacity index, whereas the vulnerability index remained essentially constant. Previous research has
suggested that Jakarta is highly vulnerable to flooding and that it requires collaboration between the government and the
community [84]. Therefore, it could be stated that the Brigif reservoir intervention is not sufficient to decrease the high
fluvial flood risk levels to a low level in the Kemang region. An evaluation of the new NBS performance during peak
flood discharge reduction in retention ponds revealed an effectiveness of approximately 19%, which was slightly lower
than the 23% reported in global NBS effectiveness studies [21]. This may also be related to the terrain and soil lithology
conditions in the Kemang Catchment area [7, 72]. Although this discrepancy may be attributed to variations in the
infrastructure design and operational protocols, the overall results were relatively comparable.

To achieve a significant reduction in flood risk, the vulnerability index must be decreased with non-structural and
other structural interventions that are directly related to socioeconomic, physical, and environmental factors, along with
parameters in other capacity indices, such as flood disaster education, floodplain zoning regulations, and the
development of the Krukut watershed flood early warning system, which can help in the operation of the inlet and
outflow of the Brigif Reservoir, leading to improved performance of the NBS. The Brigif Reservoir is connected to the
Krukut River, which enhances its storage capacity and future flood resilience [85]. This research can be extended through
quantitative analyses of environmental life cycle, social life cycle, and cost-benefit to assess the efficacy of NBS from
environmental, social community, and economic perspectives [86]. The development of an early flood warning system
(FEWS) is possible because there is already a basic hydrological and hydraulic model for the Krukut watershed. This
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intervention could mitigate flood-related losses in both commercial and residential sectors [87]. In addition, there is still
a gap between the government and the community in terms of knowledge and awareness and participation and
collaboration with the private sector related to the concept, design, implementation, operation, and maintenance of NBS
in flood-prone areas of Jakarta; this could be addressed by socialization and workshops.

106°48'40"E 106°49'0"E 106°48'40"E 106°49'0"E
——g i TS . - Y € 53

3

6°15'20"S
6°15'20"S

] 4
£ g
H by
i Zf

6°15'40"S

Legend ‘
Krukut_river

6°16'20"S
6°16'20"S

106°49'0"E 106°48'40"E 106°49'0"E

Flood risk_Kemang

@ High :>13.73
Medium :11.53-13.73

B Low ¥<:11.63

Flood risk_Kemang

@ High :>13.73
Medium :11.53-13.73

B Low 1<11.53

Figure 13. Flood risk map of Kemang region without Brigif reservoir intervention; (a) with intervention (b) and overlayed
with impacted building in 3d image without intervention (c) and with intervention (d)
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3.8. A Conceptual Framework for Flood Risk Reduction Strategies in the Kemang Area

Based on the results of the flood risk reduction analysis presented above, mitigating the flood risk in the Kemang
area solely through the implementation of the Brigif Reservoir is insufficient. Additional interventions at the building
scale are necessary to manage the high surface runoff in each Krukut sub-watershed. This approach aligns with the
concept of a sponge city because studies have indicated that such facilities can more effectively control stormwater [88].
The integration of bioretention and sunken green spaces has been demonstrated to be an effective and efficient method
for reducing annual runoff by 75% in urban areas while simultaneously offering socioeconomic benefits to the
community [89].

To reduce the high flood risk to a low level, the city can develop integrated NBS and hard structures as a set of
sustainable infrastructures, such as rooftop storage, underground storage, and permeable storage as green, blue, and gray
infrastructures, as shown in Figure 15 in building scale. Rainwater harvesting can reduce urban flood areas 100% for
small rainfall events and 50% for rainfall depths up to 50 mm [90]. RWH tanks could reduce annual damage by more
than 30% [91], and average peak flow runoff reduction was 2.4 to 14.3% in the sub-basin [92]. Rainfall is retained in
rooftop storage and then overflows into underground storage (RWH), overflows again into permeable storage, and
excessive rainwater overflows into the city drainage system. Based on these reference data, we decided to use efficiency
values of 10% for rooftop storage, underground storage, and permeable storage and add 19% (Brigif reservoir) for Brigif
and Salak sub-basins of the peak surface runoff in each sub-basin within the catchment area of the Kemang region.
Consequently, the discharge flowing into the Kemang area decreased to approximately 56 m3/s from 135 m3/s,
representing a reduction in peak runoff of approximately 79 m3/s (58%) of the total inflow in the Kemang area. This
level falls below the bank full capacity of approximately 60 m3/s. Under these conditions, it can be inferred that the
flood hazard index in the Kemang area may potentially decrease from high to low levels, which could lead to decreasing
the risk level to a low level as well.
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Figure 14. Proposed NBS model for flood risk reduction; rooftop storage (a), underground storage (RWH) (b) and
underground retention (c) in Kemang region and captured image after it applied in each sub basin in Kemang region (d)

Nature-based solutions (NBS) represent a complex infrastructure that presents significant challenges to
policymakers, the private sector, and communities in terms of conceptual knowledge, implementation, and operation
and maintenance. As an initial step, the incorporation of NBS into spatial planning design within local and national
policies is essential for success and long-term sustainability [93]. The discourse surrounding the planning, design,
implementation, monitoring, and evaluation of NBS necessitates the involvement of relevant stakeholders from
governmental bodies, the private sector, and community organizations. The implementation of NBS in flood risk
management can yield beneficial implications for the environment (reducing flood peak discharge, flood height, and
flood extent), the economy (mitigating economic losses due to flooding and promoting effective and efficient
government budget allocation in disaster management), and society (reducing disaster risk and supporting public health
through the provision of public spaces and recreational areas) [94].

For the infiltration rate and groundwater recharge, we estimated groundwater recharge using a simplified calculation
based on the minimum infiltration rate data and the Brigif Reservoir storage pond area. Subsequently, we compared this
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estimation with the actual groundwater level data obtained from real-time groundwater level monitoring wells in the
vicinity of the reservoir. The groundwater table depth data from the monitoring wells indicated a depth of approximately
22-25 meters. When compared to the reservoir depth of approximately 5 meters, this observation suggests that the area
surrounding Brigif demonstrates considerable potential for sustained groundwater recharge. A previous study reported
that the recharge rate of the Jakarta groundwater basin ranges from 4-20%, with an average groundwater recharge rate
of 15% of annual rainfall [95]. Therefore, we calculated using Jakarta's annual average rainfall data of 2500 mm/year
that the estimated groundwater flux in a year is 375 mm/year, or equal to 100 mm/day. When multiplied by the wet area
of Brigif Reservoir, the estimated groundwater recharge potential is 100,000 m3/day. This result is greater compared to
the calculation using the infiltration rate, which is 12500 m3/day. This discrepancy may occur because the calculation
does not consider the actual measurement data of infiltration rate and soil type. For future research, a water balance
analysis utilizing a numerical model at the scale of the Krukut watershed could be conducted.

4. Conclusion

The analysis revealed that the reduction in peak flood discharge before and after the Brigif RLS in the Kemang area
represented a 19% decrease in the January 2020 flooding event, which led to flood hazard reduction of approximately
12% (two NAs) from a high to moderate flood hazard index. The vulnerability and capacity indices remained constant
with and without the Brigif Reservoir because there was no intervention in the study area. Subsequently, the flood risk
decreased by approximately 12% in the scenarios before and after the Brigf Reservoir intervention. In addition to peak
flood reduction, the Brigif Reservoir, as an NBS infrastructure, provides additional benefits such as raw water potential,
which can be utilized by local households and the government for garden irrigation and raw water consumption, as it
meets the standard criteria of National Government Regulation No. 22 of 2021. It also has the potential for storage that
infiltrates the soil and aquifer, leading to groundwater recharge. This study found that this reservoir could improve water
quality in both the upper and lower storage areas of the Brigif Reservoir.

These results demonstrate that the structures (e.g., retarding basins) of nature-based infrastructure solutions and non-
structural approaches, such as floodplain zoning, can be employed to reduce the flood hazard index in Kemang. The
combined implementation of the Brigif Reservoir, rooftop storage, underground storage, and underground retention
systems could potentially reduce the peak flow runoff in the Kemang catchment area by approximately 58% (from 135
m3/s to 56 m?/s). This reduction may lead to a decrease in flood hazards to a low level, which could subsequently result
in a decrease in the overall risk. Surface runoff captured in a reservoir constitutes a viable alternative for meeting a
building's daily domestic water requirements, whereas subterranean retention systems contribute to the augmentation of
groundwater reserves within the catchment area. This phenomenon has the potential to reduce the rate of land
subsidence, which is one of Jakarta's primary challenges. The integrated approach, incorporating the Brigif Reservoir,
rooftop storage facilities, underground storage systems, and subterranean retention mechanisms, not only mitigates flood
risks in Kemang but also enhances the long-term resilience and sustainability of urban water resources.

4.1. Recommendation

This study recommends that local and central government authorities apply a set of sustainable infrastructures, such
as rooftop storage, underground storage, and underground retention, at the building scale in each sub-catchment to
reduce the flood risk level in the Kemang region. Furthermore, the results indicate the feasibility of establishing an early
flood warning system with machine learning to enhance the river capacity index and policy in the water sector and to
implement a mitigation and adaptation strategy program in response to the effects of climate change.

4.2. Limitations and Future Work

Nature-based solution (NBS) infrastructure offers numerous benefits, including climate change mitigation and
adaptation, water management, coastal resilience, socioeconomic improvements, biodiversity enhancement, and built
environment optimization [96]. However, there is currently no established system or government policy regarding the
implementation of NBS in urban areas, including their types and functions. Consequently, it is essential to evaluate the
effectiveness of existing structures, such as the Brigif Reservoir. This study focused on three functional aspects: flood
risk reduction, potential for alternative raw water supply storage, and groundwater recharge. Subsequently, solutions for
flood mitigation in the Kemang region are proposed. The developed model can provide insights into the potential
development and implementation of the NBS infrastructure for stormwater management in urban areas. The
implementation of effective NBS necessitates policy formulation, community engagement, and incentivization strategies
[15].

NBS infrastructure related to climate change and adaptation Future studies could assess the NBS Brigif reservoir
related to the water balance and threshold of the groundwater budget model to support the development and
implementation of NBS infrastructure at urban areas and catchment scales.
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