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Makassar City, a fast-growing urban center in Eastern Indonesia, is highly vulnerable to flooding due to a combination of extreme rainfall, urban expansion, sedimentation, and a limited flood management system. This study investigates the main contributors to flooding in Makassar, based on the city’s extreme flood event in January 2019 and evaluates the effectiveness of the Bili-Bili Reservoir in mitigating flood impacts through integrated hydrologic–hydrodynamic modeling. A combination of HEC-HMS and HEC-RAS 2D was used to simulate the rainfall runoff processes and model flood inundation. GSMaP satellite rainfall data, land cover, soil type, and topographic information (FABDEM + river cross-section) were integrated into the model. Additional terrain data from OSM-B highlights urban areas characterized by dense building development. The validation process was conducted by comparing the modeling output against the inundation maps provided by the local government. Scenario simulations with 20-year return period (Q20) discharges from the Tallo River, Jenelata River, and Bili-Bili Reservoir outflow were used to assess their individual and combined impacts on flooding. Findings indicate that the Tallo River is the dominant contributor to flooding, while reservoir releases and Jenelata River inflow triggered additional inundation in downstream areas. The Bili-Bili Reservoir reduced upstream flooding but was less effective under high-inflow conditions. Discrepancies between model results and reported flood extents in several districts suggest other contributing mechanisms, including urban drainage inadequacies. This study’s findings emphasize the need for more targeted flood mitigation strategies, underscoring the importance of optimizing reservoir operations, managing sedimentation, and exploring storage interventions within Makassar City’s river system to strengthen urban flood resilience.
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INTRODUCTION

Disasters, which include both natural and human-induced disasters, have affected communities worldwide, leading to significant loss of life, economic loss, and environmental damage (Birkmann et al., 2022; Cvetković et al., 2024). According to the United Nations Office for Disaster Risk Reduction (UNDRR), over the past 2 decades, disasters have resulted in approximately 1.3 million casualties and affected more than 4 billion individuals globally, with economic losses exceeding $2.97 trillion (UNDRR, 2018; UNDRR, 2022). Climate change has worsened these impacts by making hydrometeorological disasters such as floods, storms, and droughts more frequent and intense. Additionally, rapid urbanization and rising population densities in hazard-prone areas have further increased disaster potential. Among these disasters, floods resulted in the most direct economic losses, reaching $51,457 billion. Such losses primarily affect regions in South Asia, South America, and Africa (UNDRR, 2021). The socio-economic implications of floods are extensive, leading to population displacement (Manzoor et al., 2022), disruption of daily activities and transportation, destruction of infrastructure, damage to property, agricultural impact, and environmental consequences, including groundwater quality deterioration due to alluvial deposits and the effect on groundwater recharge (Vyas et al., 2024; Jodhani et al., 2025). Additionally, floods compromise clean water availability and disrupt ecosystems (Raphela and Matsididi, 2024), result in public health issues (Raza et al., 2023), threaten food security (Atanga and Tankpa, 2021), and can trigger secondary disasters such as land erosion and landslides. A World Bank report highlights this alarming trend, noting that approximately 1.47 billion people are exposed to at least moderate flood risk, with 89% residing in low- and middle-income countries (World Bank, 2020). This disproportionate burden highlights the urgent need for strategic resource allocation and knowledge sharing to strengthen global flood resilience.

Indonesia, like many other countries, is highly vulnerable to floods. As part of the Maritime Continent, Indonesia is prone to extreme rainfall events due to its tropical and monsoonal climatological conditions (Rohmat et al., 2023; Sudarman et al., 2024), often resulting in severe flooding (Paski et al., 2020; Hermawan et al., 2022; Purwaningsih et al., 2022; Senior et al., 2023). This vulnerability is intensified by high population density. Indonesia is the fourth most populous country in the world, with approximately 285 million people in 2025 (World Population Review, 2025), while also ranks fourth globally in terms of population exposure to high flood risk, following China, India, and Bangladesh (Rentschler and Salhab, 2020; Rentschler et al., 2022). This positions Indonesia as the most flood-prone country in Southeast Asia, with approximately 75.7 million people (27% of the total population) facing high flood risk. Moreover, the Indonesian National Agency for Disaster Management (Badan Nasional Penanggulangan Bencana, BNPB) reported that in 2 decades (2005–2024), floods have been the most frequent disaster in Indonesia, with approximately 16,359 recorded events, resulting in 4,316 fatalities, 923 missing persons, 185,827 injuries, and 48,301,293 individuals affected, along with 7,444,566 evacuees (BNPB, 2025). Given the extensive impacts of flooding, investing in comprehensive disaster mitigation strategies is essential to effectively minimize flood-related losses.

Makassar (Figure 1a) exemplifies a city prone to flooding, reflecting Indonesia’s broader vulnerability to hydrometeorological disasters. Located in South Sulawesi Province, the city has experienced recurrent flood events over the years, often with severe consequences for both its population and infrastructure. Prior studies indicate that flooding in Makassar is driven by a combination of natural and anthropogenic factors, including extreme rainfall, inadequate drainage infrastructure, poor watershed management, low community participation, and challenges in institutional coordination (Musliadi et al., 2021; Wahid et al., 2021; Indrayani et al., 2023; Mursalin and Natsir, 2024). These events are typically characterized by rapid water accumulation in low-lying urban areas, overflow from major rivers (Figure 1a), and prolonged inundation caused by limited outflow capacity, suboptimal river conveyance from sedimentation, delayed institutional responses, and land cover changes (Patanduk, 2013; Nurdin et al., 2019; Widodo et al., 2021). Upstream of Makassar City, three major river systems contribute to the city’s flood vulnerability: the Jeneberang, Jenelata, and Tallo Rivers (Figure 1c). The Jeneberang River, which flows to the south of Makassar, is regulated by the Bili-Bili Dam. The Jenelata River converges with the Jeneberang River downstream of the dam, adding additional discharge volume. In contrast, the Tallo River flows to the north of the city and is not regulated by a major upstream dam. The interaction between these rivers presents a complex hydrological setting that influences flood behavior across various zones of Makassar.
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FIGURE 1 | 

(a) Makassar City in South Sulawesi Province, Indonesia, is flowed by two main rivers: the Jeneberang River and the Tallo River. The Jenelata River is located below the Bili-Bili Reservoir and flows into the Jeneberang River. (b) Land cover map of Makassar City and the surrounding area. (c) The river system flows into Makassar City.

This study aims to address the understanding of how multiple river systems interact to cause flooding in Makassar. Specifically, it investigates the relative contributions of the Jeneberang, Jenelata, and Tallo Rivers to the January 2019 flood event in Makassar City. It also explores how these river systems interact under extreme rainfall conditions and how such interactions influence the spatial extent and depth of flooding across the city. The study develops an integrated hydrologic and hydrodynamic model of Makassar’s flood system and simulates the January 2019 flood event using the Global Satellite Mapping of Precipitation (GSMaP) satellite rainfall data, land cover data, soil type, topographic data (combined Forest and Buildings Removed Copernicus DEM (FABDEM), river cross-section, and Building-OpenStreetMap (OSM-B)), and official flood extent maps for validation, analyzing the impact of discharge from each river system. The Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS) is used to simulate rainfall-runoff processes and generate inflow hydrographs for the contributing catchments (USACE Hydrologic Engineering Center, 2024a). These are then input into the Hydrologic Engineering Center’s River Analysis System (HEC-RAS), which simulates flood propagation, inundation extent, and depth across the city (USACE Hydrologic Engineering Center, 2024b). The validated model was then used as the basis for several scenarios of Q20 discharge release among the Tallo River, Jenelata River, and the outflow of the Bili-Bili Reservoir to determine the most contributing factor to flooding in Makassar City while assessing the Bili-Bili Reservoir’s effectiveness in mitigating urban flooding. The outcomes of this research are expected to provide evidence-based insights that can inform more targeted and integrated flood risk management strategies for Makassar City.



MATERIALS AND METHODS


Study area

Makassar City, the capital of South Sulawesi Province, is the largest urban center in eastern Indonesia and ranks as the eighth-largest city in the country. Geographically, this city is situated in zone 50 S of the Universal Transverse Mercator (UTM) coordinate system, based on the World Geodetic System 1984 (WGS 84) datum, specifically located between 119°24′25.6″ E and 5°8′7.4″ S. Covering an area of 175.77 km2, the city comprises 15 sub-districts and 153 wards (Statistics Indonesia, 2024). According to data from the Pompengan-Jeneberang River Basin Agency (Balai Besar Wilayah Sungai, BBWS), Makassar is passed through by two major rivers: the Jeneberang River to the south and the Tallo River to the north (Figure 1a). Makassar’s topography ranges from flat coastal plains with slopes of 0°–2° in the western and northern parts to hilly terrain with slopes of 3°–15° in the east. Lowland areas, situated at elevations between 0 and 40 m above sea level, are densely populated and dominated by residential settlements. In contrast, the eastern and upland areas are characterized by a mix of rice fields, plantations, and agricultural land, with only a small portion of the remaining forest cover (Figure 1b) (Djamaluddin et al., 2020). The city’s location, combined with rapid urbanization and limited green space, intensifies surface runoff and reduces infiltration, increasing flood risk.

Makassar’s climate is classified as tropical monsoonal, with a pronounced wet season. Based on the past decade of meteorological records, January is the wettest month with an average monthly rainfall of 369 mm, while August is the driest (Statistics Indonesia, 2024). Flooding often occurs during the rainy season, especially when heavy rainfall coincides with high tides. Several sub-districts experience recurrent inundations due to the city’s low-lying topography and inadequate drainage infrastructure. The situation is intensified by Makassar’s population density, which reached approximately 1.46 million in 2025, with an average of 8,300 people per square kilometer, which is above the threshold for a “very dense” urban area (>1,500 people/km2) (Statistics Indonesia, 2024).

Makassar’s vulnerability is part of a broader regional trend. Sulawesi, the fourth largest and third-most-populated island in Indonesia, is home to nearly 20 million people, with approximately 9 million residing in South Sulawesi Province. In the last 10 years, 2015 to 2024, floods contributed at least 30 percent of all natural disasters in the province (BNPB, 2025). The flood event of January 2019 was particularly severe, not only affecting Makassar City but also impacting other regions across South Sulawesi, including the Makassar Peninsula (Doyle et al., 2023). This extreme event highlights the urgency of understanding the hydrological dynamics and contributing factors behind flooding in Makassar as a basis for future mitigation planning.



Case study: the extreme flooding in Makassar City in January 2019

In January 2019, Makassar experienced its most severe flooding event in over 2 decades. According to a report from the Indonesian Ministry of Public Works (PU), nine out of 15 Makassar’s sub-districts were affected. These areas were identified based on local community survey reports, reporting overflows coming from the Jeneberang and Tallo Rivers. Latos et al. (2021) described the flood because of prolonged heavy rainfall from 16:00 UTC on January 20 to 08:00 UTC on January 23, primarily affecting the southern Makassar Peninsula, which discharges into the Makassar Strait. Rainfall data recorded by the PU and the Meteorology, Climatology, and Geophysics Agency (BMKG) indicated that on 22 January 2019, the daily rainfall far exceeded the historical average daily annual maximum of 150 mm/day. Lengkese, Bawakaraeng, and Limbungan rainfall gauges recorded 329, 308, and 328 mm/day, respectively. The disaster, which affected an estimated area of 3,700 km2 in the Makassar Peninsula, resulted in 53 fatalities, 47 injuries, and the displacement of over 14,000 people across South Sulawesi Province. Within Makassar City alone, there was at least 1 recorded fatality, 9,328 affected individuals, and 1,000 displaced residents (Doyle et al., 2023).

Several studies have identified contributing factors to the flood, including sedimentation in rivers and reservoirs, unregulated mining activities, unregulated land cover changes, and increased landslide risk in upstream areas (Nurdin et al., 2019). The Bili-Bili Reservoir, which receives inflow from the Jeneberang River originating from the erosion-prone Bawakaraeng mountain, had a substantial role during the event (Dhanio et al., 2008). The reservoir experienced extreme inflow, pushing its storage capacity near the operational limit. Water levels reached 101.87 m, just below the maximum allowable level of 103 m, which put the reservoir in a warning state. In response, the reservoir spillway gates needed to be fully opened to prevent overtopping. The recorded spillway discharges ranged from 1,200 m3/s to the reservoir’s maximum spillway capacity of 2,200 m3/s.

In addition to the Bili-Bili outflow, the Jenelata River contributed a peak discharge of approximately 1,200 m3/s during the event, compounding downstream flood conditions in Makassar (Kompas.id, 2019). According to BNPB reports, inundation depths ranged from 1.5 to 4 m in affected areas, causing extensive damage to infrastructure, homes, and agricultural lands. A total of 32 houses were completely swept away, 25 were severely damaged, 14 were moderately damaged, and 55 were buried by landslides. In addition, 2,694 houses and 114.33 km2 of farmland were inundated. Numerous public facilities, roads, and bridges suffered significant structural damage, further worsening the impact on affected communities.




METHODOLOGY

To model flood inundation in Makassar City during the extreme flood event of January 2019, several key steps were undertaken, as illustrated in Figure 2. These steps included data collection, flood modeling, visualization and validation, scenario-based simulations, and subsequent analysis of the modeling results. The data collection process involved obtaining topographic data, rainfall data, historical flood inundation maps, land cover maps, and soil type maps. The flood modeling comprised both hydrological and hydraulic simulations. Hydrological modeling was used to generate runoff from rainfall events, while hydraulic modeling simulated flood propagation and inundation extent across the urban landscape. The visualization and validation phase focused on calibrating the model to replicate the January 2019 flood event, ensuring that the simulation accurately reflected observed conditions. Once validated, the model was used to simulate several scenarios involving Q20 design discharge combinations from the Tallo River, the Jenelata River, and the Bili-Bili Reservoir outflow. These scenarios aimed to identify the primary contributors to flooding in Makassar City. Furthermore, the scenario results were used to evaluate the role and effectiveness of the Bili-Bili Reservoir in mitigating flood impacts during extreme rainfall events.
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FIGURE 2 | 
The general methodology for the modeling and analysis of extreme flood events in Makassar City in January 2019.


Data collection

In this study, these datasets were used to support hydrological and hydraulic modeling. Additionally, a historical flood inundation map was utilized to validate the simulation results. Hydrological data, particularly rainfall data, were also essential for driving the flood discharge scenarios. The types of data, their descriptions, specifications, and sources used in this study are summarized in Table 1. Topographic data were derived from the FABDEM, a global Digital Elevation Model (DEM) product with forest and building features removed. FABDEM has a spatial resolution of 1 arc-second (∼30 m) (Hawker et al., 2022; Uhe et al., 2022). To improve the accuracy of urban topography, the FABDEM dataset was complemented with cross-section data obtained from the PU and building footprint data from OpenStreetMap (OSM-B) (Haklay and Weber, 2008; OpenStreetMap, 2025). The integration of FABDEM and OSM-B layers allowed for a more realistic representation of Makassar’s densely built urban environment, which is crucial for simulating flood behavior in city settings.


TABLE 1 | Data type, description, specification, and source used in this study.




	Data type
	Description
	Specification
	Source





	Makassar Terrain
	FABDEM + OSM-B
	1 arc-second (∼30 m) grid-spacing
	
Uhe et al. (2022),
OpenStreetMap (2025)




	Topographic data
	River cross-section
	Covering 30 km of the Jeneberang River and 18 km of the Tallo River
	BBWS Pompengan-Jeneberang



	Rainfall data
	Satellite data from GSMaP
	0.1 × 0.1 decimal degree (∼11 square km in the equator)
	
Kubota et al. (2020)




	Inundation map
	Historical flood inundation map
	
	BBWS Pompengan-Jeneberang



	Land cover map
	Categories: built-up land, agriculture, shrubs, forests, and water bodies
	Coverage 1:25.000 scale
	Official Land Cover Map of Indonesia in 2019 (BIG)



	Soil type map
	Harmonized world soil database v2.0
	Global coverage
	
FAO (2023)









Hydrological data in this study consisted primarily of rainfall data. Precipitation information was obtained from the GSMaP product, developed by the Japan Aerospace Exploration Agency (JAXA). This data offers consistent and high-resolution spatiotemporal coverage (Kubota et al., 2020), which is especially valuable in data-limited settings such as Makassar. Specifically, version 7 of GSMaP was used, which provides high-resolution satellite-based rainfall estimates. To capture the temporal dynamics of the January 2019 extreme flood event, hourly rainfall data for the period of 20–26 January 2019 were extracted using a custom script (Rohmat, 2024). This period was selected to represent conditions before, during, and after the peak flood event. The rainfall data were then used in HEC-HMS to simulate runoff and generate river discharge inputs for the flood modeling scenarios. The historical flood inundation map was obtained from BBWS Pompengan–Jeneberang. This map, which represents observed flood extents during the January 2019 event, was used as a benchmark to validate the model outputs. It is important to note that the information used to develop this map was gathered from eyewitness reports, based on observations of flood inundations in their respective areas.



Hydrologic and hydraulic modeling

This study employed an integrated hydrologic–hydrodynamic modeling approach to simulate the January 2019 flood event. The hydrologic simulation was carried out using HEC-HMS version 4.1.1 (USACE Hydrologic Engineering Center, 2024a). HEC-HMS is a widely used physically based model developed by the U.S. Army Corps of Engineers (USACE), it processes rainfall, evapotranspiration, and watershed characteristics such as area, slope, and land use to simulate runoff generation, infiltration (using the SCS Curve Number method), and hydrograph transformation (using the SCS Unit Hydrograph method). Flow routing is also incorporated to simulate water movement through channels and reservoirs, accounting for interflow and baseflow contributions (Table 2) (Abdelkebir et al., 2024; Belina et al., 2024; Guduru and Mohammed, 2024; Rohmat et al., 2025). HEC-HMS was used to model the hydrologic response of the Tallo, Jenelata, and Jeneberang Rivers. Special attention to the Bili-Bili Reservoir, which regulates outflows into the Jeneberang River. FABDEM terrain data were used to extract watershed parameters such as flow paths and time of concentration. GSMaP rainfall intensity, distribution, and duration were critical for simulating runoff generation. Technical information on the Bili-Bili Reservoir (Table 3) was also integrated to simulate its operation during the event. The resulting discharge hydrographs were then used as upstream inputs for hydraulic simulation using HEC-RAS.


TABLE 2 | Selected hydrological modeling set-up in HEC-HMS.




	Parameters
	Method
	Description





	Precipitation
	Hyetograph
	A graphical representation of rainfall intensity over time is used to define the temporal distribution of precipitation within the watershed



	Loss
	SCS Curve Number
	A method developed by the Soil Conservation Service (SCS) to estimate runoff based on soil type, land use, and antecedent moisture conditions. It quantifies how much rainfall is retained in the soil before generating runoff



	Transform
	SCS Unit Hydrograph
	A unit hydrograph approach that converts excess rainfall into direct runoff, assuming a standard watershed response based on empirical relationships developed by SCS



	Baseflow
	Recession
	A method for estimating the declining flow of groundwater contributions to streamflow over time. The recession constant determines how quickly the baseflow diminishes



	Routing
	Lag
	A routing technique that accounts for the time delay in water movement through a watershed or river channel, representing the travel time between inflow and outflow points









TABLE 3 | Technical data of the Bili-Bili Reservoir set-up in HEC-HMS.




	Parameter
	Value/Description





	Storage volume maximum
	375 million m3




	Water level elevation
	+99.50 m



	Peak elevation
	+106.00 m



	Spillway
	Ogee



	Spillway Capacity
	2,000 m3/s








The hydraulic modeling was conducted using HEC-RAS version 6.4.1, which supports two-dimensional unsteady flow simulation (USACE Hydrologic Engineering Center, 2024b). HEC-RAS is widely applied in flood studies for its capabilities in modeling water surface profiles, sediment transport, and hydrodynamic processes (Pinos and Timbe, 2019; Garcia et al., 2020; Rohmat et al., 2022; Peker et al., 2024; Pratiwi et al., 2024; Zainal and Talib, 2024). In this study, the terrain model was developed by integrating FABDEM elevation data with OSM-B data. Since OSM-B lacks elevation attributes, average building heights were estimated using zonal statistics derived from FABDEM. A uniform height of 4 m was added to represent typical single-story structures. The combined dataset was resampled to a 1-m resolution to improve spatial accuracy in urban areas.

This modified terrain enabled HEC-RAS to simulate more realistic flood propagation by accounting for the presence of buildings, ensuring that flow is routed around structures rather than through them. Such detail is particularly important in densely built environments like Makassar, where urban features significantly influence water movement and inundation patterns. The resulting flood model geometry included 2D flow areas, break lines, terrain elevations, and unsteady flow boundary conditions derived from HEC-HMS outputs. Figure 3 illustrates the difference between the original FABDEM and the modified version incorporating OSM-B. Figure 3b highlights elevated features corresponding to buildings, capturing Makassar’s urban complexity and allowing for improved simulation of flood extents and depths.
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FIGURE 3 | 

(a) Original FABDEM; (b) FABDEM modified with OSM-B and river cross-section.

The hydraulic simulation in this study was configured using HEC-RAS 2D using the Shallow Water Equations using the Explicit Leapfrog Method (SWE-ELM), which is optimized for computational speed without sacrificing solution stability or accuracy. Time steps were dynamically adjusted based on the Courant number to ensure numerical stability and convergence throughout the simulation domain. Flow resistance was represented using variable Manning’s roughness coefficients assigned according to land cover classifications, which were extracted from spatial land cover datasets. Infiltration losses were modeled using the SCS Curve Number method, consistent with the hydrologic modeling approach in HEC-HMS. The computational domain was discretized using a curvilinear mesh, which allows for better alignment with natural and urban terrain features, improving model realism in areas with complex topography. Accurate flood modeling requires comprehensive data on flood inundation parameters. The selected hydraulic model setup parameters used in HEC-RAS 2D are summarized in Table 4.


TABLE 4 | Selected hydraulic modeling setup in HEC-RAS 2D.




	Model Configuration
	Selected option
	Description





	Equation set
	Shallow Water Equation (SWE-ELM original faster)
	A set of depth-averaged equations is used to model fluid flow in shallow water conditions. The SWE-ELM (Explicit Leapfrog Method) is optimized for faster computations while maintaining accuracy



	Time step method
	Courant Number
	A numerical stability criterion ensures that the time step size maintains computational accuracy by satisfying the Courant-Friedrichs-Lewy (CFL) condition



	Manning’s n
	According to the land cover category
	A roughness coefficient that varies based on land cover type influences the flow resistance in hydraulic modeling



	Infiltration
	SCS Curve Number
	A method developed by the Soil Conservation Service (SCS) to estimate infiltration and runoff based on soil type and land cover



	Mesh type
	Curvilinear
	A type of computational grid where cells follow curved paths, improving the representation of complex topography and hydrodynamic flow patterns










Model validation and scenarios

Flood modeling in study area was conducted in two main stages: (1) simulation of the observed January 2019 flood, and (2) simulation of various discharge scenarios. The first stage simulated a 7-day period corresponding to the January 2019 flood, and the resulting inundation extents were validated using the PU flood inundation map. Validation aimed to ensure that the model represented observed flood conditions. Once the model was validated, it was used to simulate hypothetical discharge scenarios based on Q20. As outlined in Table 5, Q0 represents a condition in which no water flows in the river (dry conditions), while Q20 refers to flow conditions equivalent to a 20-year discharge event. The selection of Q20 follows PU guidelines, which suggest that rivers passing through provincial capitals should be designed for at least Q20 discharges. The rivers modeled in these scenarios include the Tallo River, the Jenelata River, and the Bili-Bili Reservoir outflow through the Jeneberang River. The purpose of these scenarios was to assess the relative contribution of each river system to urban flooding and to evaluate the effectiveness of the Bili-Bili Reservoir in mitigating flood impacts.


TABLE 5 | Scenario of the Q20 flood model in Makassar City.




	Scenarios
	Model input variation (0 = Q0, 1 = Q20)



	Tallo river
	Jenelata river
	Bili-Bili outflow





	S1
	0
	0
	0



	S2
	1
	0
	0



	S3
	0
	1
	0



	S4
	0
	0
	1



	S5
	1
	1
	0



	S6
	1
	0
	1



	S7
	0
	1
	1



	S8
	1
	1
	1











RESULTS


Hydrologic modeling in the study area

Hydrologic simulations were conducted to convert rainfall data into river discharge, providing essential input for flood modeling. The primary outputs of this stage are the discharge hydrographs for the Tallo and Jenelata Rivers, as shown in Figure 4. These hydrographs illustrate the temporal variations in flow during the flood event and highlight the differing responses of each river system to extreme rainfall. The discharge results from HEC-HMS were subsequently used as input for the hydrodynamic simulations in HEC-RAS, enabling a detailed spatial analysis of flood propagation during the January 2019 event. To ensure the reliability of the model, the simulation results were compared with existing reports. Notably, the peak discharge simulated for the Jenelata River, which was approximately 1,000 m3/s, was consistent with the report from BBWS Pompengan–Jeneberang (Kompas.id, 2019), indicating that the HEC-HMS model was suitable for further hydraulic simulation. Following the validation of the hydrologic model, additional simulations were performed using a 20-year return period discharge (Q20) under multiple scenarios to evaluate the potential impact of future flood events of greater magnitude.


[image: Graph showing river flow and rainfall data from January 20 to January 26, 20. Rainfall is depicted with vertical bars in millimeters per hour. The flow rates for Tallo River and Jenelata River are shown with pink and blue lines, respectively. Peak flow for both rivers occurs on January 23, with Jenelata River reaching higher flow rates.]


FIGURE 4 | 
Hourly discharge simulation of the Tallo and Jenelata Rivers based on GSMaP v7 rainfall data over a 7-day period during the January 2019 flood event.



Hydraulic simulation: validation of inundation area of modeling results with historical flood inundation map

The hydraulic simulation was validated by comparing the modeled flood inundation extents with the official flood inundation map for the January 2019 event, provided by the PU. The historical map displays flooded areas using a red hatch (Figure 5), which serve as reference points based on eyewitness reports collected during the event. Locations without red squares were considered unaffected by flooding during that time. The simulation results from HEC-RAS are shown on the same map using shades of blue, where darker shades indicate greater flood depth (Figure 5). The validation showed a strong agreement between the simulation and reported flood extents in three sub-districts: Manggala, Tamalanrea, and Biringkanaya (labeled 1, 2, and 3), suggesting that the model accurately represented riverine flood mechanisms in these areas. However, discrepancies were observed in six other sub-districts, i.e., Panakkukang, Tallo, Rappocini, Tamalate, Mamajang, and Makassar (labeled 4–9), where the simulation did not fully match the reported inundation extents.


[image: Map of Makassar City showing flood inundation data from January 22-24, 2019. Sub-districts are marked, including Manggala, Tamalanrea, and others. Areas affected by flooding are highlighted in red and blue, indicating various inundation heights. A legend explains inundation data and impacted sub-districts.]


FIGURE 5 | 
Validation of flood modeling in Makassar City using historical flood inundation data from January 22–24, 2019. The simulation period covers January 20–26, 2019.

The differences in the result point to the possibility that flooding in these locations may not have been caused primarily by river overflow, or there are discrepancies between the report and the actual flood, which comparably reported in the similar case study region (Rohmat et al., 2022). The spatial distribution of the discrepancies suggests that the observed flood events were likely driven by urban drainage system limitations rather than fluvial processes. Localized flooding in these areas could have resulted from high-intensity rainfall exceeding the capacity of the drainage network, leading to surface water accumulation independent of river discharge levels. This interpretation is supported by the non-correlation between observed flood locations and river-based inundation patterns. To confirm this hypothesis, a separate analysis incorporating urban drainage infrastructure would be required to assess system performance during extreme rainfall conditions.

Further discrepancies were identified in rural or non-urban zones, particularly agricultural areas such as rice fields, as shown by the yellow squares in Figure 6. While the model indicated inundation in these areas, the official flood map did not report any flooding. This inconsistency is likely due to underreporting, as rural flooding often lacks direct observation or formal documentation. Additionally, rice fields are routinely inundated during the planting season (October–March) (Susilowati, 2017), making it difficult to distinguish between agricultural water management and actual flood events. This highlights a common limitation in flood reporting systems: rural and agricultural areas are frequently overlooked, as official attention is typically focused on residential and urban zones. Consequently, the absence of recorded data from these areas can lead to discrepancies during model validation. This underscores the importance of improving ground-based flood observations and validation protocols, especially in rural landscapes, to ensure that modeling results accurately reflect real-world conditions.


[image: Map showing inundation heights in a region. Different shades of blue indicate water levels ranging from zero to 1.5 meters, with yellow hatching marking rice field areas. A scale bar and compass are included. An inset shows a detailed satellite view of fields and water.]


FIGURE 6 | 
Discrepancy between flood model results and the official flood map in rice field areas, which are typically inundated during the planting season. The PU report only recorded flooding in urban areas, highlighting the need to include agricultural zones flood inundation report in observed flood data.



Identification of flooding main contributors and assessment of the Bili-Bili Reservoir effectiveness in mitigating floods in Makassar City

Following model validation, further simulations were conducted using modified discharge inputs to identify the primary contributors to flooding in Makassar City and assess the role of the Bili-Bili Reservoir in mitigating flood impacts. Eight scenarios were tested using a 20-year return period discharge (Q20), as detailed in Table 5. The simulation results are presented in Figure 7, showing a range of inundation depths from 0 to 1.5 m, with “max” areas indicating depths exceeding 1.5 m. Among the eight scenarios, four (Scenarios 2, 5, 6, and 8) resulted in substantial inundation. These scenarios all involved Q20 discharge from the Tallo River, strongly indicating that the Tallo River is the dominant contributor to flooding in Makassar City.


[image: Eight satellite images showing flood inundation in a region under different scenarios. Images labeled S1, S3, S4, and S7 show no significant flooding. Images labeled S2, S5, S6, and S8 highlight varying flood levels in blue shades, with a legend indicating inundation heights from zero to over 1.5 meters. A scale and compass indicate orientation and distance.]


FIGURE 7 | 
Flood modeling results for Makassar City under multiple Q20 discharge scenarios from the Tallo River, Jenelata River, and Bili-Bili outflow.

A comparative analysis of Scenarios 3 and 5 (no release from the Bili-Bili Reservoir) versus Scenarios 7 and 8 (with reservoir releases) highlights the reservoir’s influence on downstream flooding. While Scenarios 3 and 5 show relatively limited inundation, Scenarios 7 and 8 simulate wider flood extents, particularly in coastal and nearshore areas. These findings highlight that while the Bili-Bili Reservoir is operational, its current management may be suboptimal for effective flood control. Factors such as the timing and volume of releases or coordination with downstream channel capacity may be limiting its effectiveness.

Further insights can be drawn from scenarios where the Jenelata River was excluded (Scenarios 2, 4, and 6). Scenario 2, which excludes both the Jenelata River and Bili-Bili outflow, shows no inundation along the Jeneberang River, indicating the downstream area is primarily affected by reservoir and tributary flows. In contrast, Scenarios 4 and 6 include controlled releases from Bili-Bili and show inundation along the Jeneberang. With the addition of flow from the Jenelata River in Scenarios 7 and 8, flooding extends toward the coastal zones, confirming the cumulative effect of multiple sources on downstream flood severity.

The patterns observed in Scenarios 7 and 8 emphasize that although the Bili-Bili Reservoir plays a key regulatory role, it alone is insufficient under extreme conditions. This calls for reevaluation of reservoir operations and consideration of complementary measures such as upstream retention basins or diversion channels. Furthermore, the Jenelata River should be included in future flood mitigation planning due to its significant contribution during high rainfall events. Assessing the Jeneberang River’s capacity to accommodate combined flows is also critical, particularly for protecting low-lying coastal areas vulnerable to sedimentation, subsidence, and tidal influences (Isma et al., 2024; Nugroho et al., 2024).

Scenario 8 produced the most severe flooding, resulting from the combined effects of Tallo River discharge, Jenelata River flow, and Bili-Bili reservoir releases. This confirms the Tallo River as the most influential flood source in the city. Therefore, mitigation efforts should prioritize both the Tallo and Jenelata Rivers. Additionally, further research into urban drainage capacity is necessary to identify other flood mechanisms, particularly pluvial flooding caused by insufficient stormwater infrastructure (Liu et al., 2022; Zhang et al., 2024).




DISCUSSION

Flooding in urban areas is often driven by a combination of interrelated factors, including intense rainfall (Rohmat et al., 2022), land cover change (Farid et al., 2022), sedimentation that reduces river capacity (Pirsouw et al., 2023), land subsidence (Putri et al., 2024), and the failure of flood control infrastructure (Yakti et al., 2018). Flood vulnerability can worsen due to flood vulnerability indicators such as variability in land use and land cover, distance to health facilities, and population density. Makassar City is particularly vulnerable due to the compounding effects of extreme rainfall, rapid urbanization, unplanned land use changes, inadequate drainage systems, and ineffective water management practices (Ismayanti and Aljurida, 2023). Among these, high-intensity rainfall frequently acts as the primary trigger, whether occurring directly over the city or in its upstream catchments (Rana and Routray, 2018). Hydraulic modeling results indicate that Manggala, Tamalanrea, and Biringkanaya sub-districts were the worst affected, with flooding primarily sourced from the Tallo River. This river has likely experienced a significant loss in capacity due to sediment accumulation. In addition, prior research (Rimba et al., 2023) highlights the role of an uncoordinated urban drainage system in worsening flooding in these areas (Hendra et al., 2024).

Meteorologically, daily rainfall exceeding 100 mm occurs more than once annually (Rahim et al., 2019). This extreme precipitation is often influenced by equatorial atmospheric phenomena, particularly Kelvin and Westward-moving Mixed Rossby–Gravity (WMRG) waves (Ferrett et al., 2019). A study by Latos et al. (2021) identified these waves as major contributors to the January 2019 flood event. The interaction of these equatorial waves with the topography of southwestern Sulawesi intensifies the rainfall, particularly in the Tallo River basin (Musliadi et al., 2021). The study found that 92% of floods and 76% of extreme rainfall events during the December–February period were preceded by positive low-level westerly wind anomalies linked to these atmospheric disturbances. In terms of resilience, Thoban and Hizbaron (2020) classified Makassar as having a moderate level of urban resilience, with significant variation across districts. Physical resilience is affected by factors such as building density and the availability of green spaces. Areas with high-density development and limited open space tend to exhibit lower resilience. Combined with outdated drainage systems, blocked drains, and land subsidence, these factors intensify flood risks in the city (Hassan et al., 2022; Rohmat et al., 2022).

Sedimentation is also a key concern, as it reduces the storage capacity and operational effectiveness of rivers and reservoirs (Perera et al., 2022; Hamidifar et al., 2024; Nugroho et al., 2025; Pratama et al., 2025). The Bili-Bili Reservoir, constructed in 1999 to control flooding from the Jeneberang River, has a design capacity of 375 million m3 and an effective capacity of 346 million m3. It receives inflows from a 384.40 km2 catchment area. However, extensive erosion in the upstream reaches of the Jeneberang River has led to severe sedimentation, with an estimated sedimentation rate of 813.1 tons/ha/year, which far exceeds the tolerable threshold of 22.9 tons/ha/year (Lukman et al., 2020; Aisyah et al., 2022). By 2011, approximately 84.81 million m3 of sediment had accumulated in the reservoir, significantly reducing its effective capacity (Achsan et al., 2015). During the January 2019 flood, the Bili-Bili Reservoir reached a water level of 101.87 m, just below its design maximum of 103 m. To prevent overtopping and potential dam failure, the reservoir gates were opened, releasing large volumes of water downstream. While necessary, this release contributed to flooding in downstream areas, particularly in Makassar City. The situation was further worsened by high inflows from the Jenelata River (reaching 1,200 m3/s), which joins the Jeneberang River downstream of the dam.

The findings emphasize the need for further investigation into the capacity of the rivers and their ability to accommodate extreme discharge events. This includes evaluating cross-sectional profiles, sedimentation levels, and flow conveyance efficiency, as well as assessing the effectiveness of existing flood control structures along these rivers. With climate variability expected to increase the frequency and intensity of extreme rainfall, such assessments are critical to ensuring that the river networks remain resilient and capable of mitigating flood risks in densely populated urban areas like Makassar City. Makassar’s flood resilience ultimately depends on the combined strength of its physical, institutional, social, and environmental systems. Institutional resilience, in particular, centers on the availability of flood hazard maps and functional Early Warning Systems (EWS), which are critical for enhancing community preparedness and minimizing disaster impacts (Asri et al., 2023). Expanding and improving Flood Early Warning Systems (FEWS) across the region should be a top priority to ensure timely evacuation and effective response, especially for vulnerable populations.

The limitation of this research lies in its focus solely on riverine-based flooding, which does not sufficiently capture the complexity of the urban drainage system that contributes to flooding. Future research should focus on additional sources of flooding that were not included in the current study, such as pluvial flooding due to urban drainage failure and contributions from other unmodeled rivers. This modeling can be achieved by integrating stormwater drainage models such as Storm Water Management Model (SWMM), which allows a detailed representation of rainfall events and their impact on the drainage systems (Yang et al., 2022; Zhang et al., 2024; USEPA, 2025). This approach can provide a comprehensive assessment of the pluvial flooding contribution. Combining this with the HEC-RAS domain can yield a more holistic understanding of both fluvial and pluvial flood dynamics.

The modeling results reveal discrepancies between the modeling results and the flood maps in certain areas. The modeling validation process based on the initial quantitative metrics of suitability evaluation should have been taken into account, rather than just from a visual point of view. However, due to the limited data, such as inundation depth data, not being available, the application of metrics such as Root Mean Square Error (RMSE) was not feasible.

Moreover, while FABDEM and OSM-B provide valuable terrain and building data, their current resolution may not capture micro-drainage features such as small roadside gutters or underground culverts. Future work could benefit from integrating Light Detection and Ranging (LiDAR) or higher-resolution Unmanned Aerial Vehicles (UAV)-based DEMs to delineate finer drainage pathways that influence surface runoff patterns (Esin et al., 2021; Li et al., 2021). It is also essential to assess the feasibility of constructing additional upstream reservoirs in the Tallo and Jenelata River catchments to improve water retention during extreme rainfall events. A deeper understanding of watershed-scale hydrological processes will be crucial for designing effective, long-term flood mitigation strategies in Makassar. In conclusion, a comprehensive approach that combines infrastructure improvements, urban planning, hydrological modeling, and atmospheric analysis is needed to build long-term flood resilience. Integrating physical infrastructure with an improved understanding of local hydrological and climatic conditions will be vital to protecting Makassar City from future flood disasters and advancing sustainable urban development in the region (Kardhana et al., 2024).



CONCLUSION

This study investigated the primary contributors to the extreme flood event in Makassar City in January 2019 and assessed the effectiveness of the Bili-Bili Reservoir in mitigating flood impacts through an integrated hydrologic–hydrodynamic modeling approach. Hydrological simulations were conducted using HEC-HMS, with outputs used as inputs for hydraulic modeling in HEC-RAS 2D. The model was first validated using historical flood inundation maps provided by the Ministry of Public Works. Once validated, the model was applied to simulate eight flood scenarios using a 20-year return period (Q20) discharge for the Tallo River, Jenelata River, and Bili-Bili outflow.

The simulation results showed strong agreement with observed flood extents in three sub-districts, i.e., Manggala, Tamalanrea, and Biringkanaya. In contrast, discrepancies in six other sub-districts, i.e., Panakkukang, Tallo, Rappocini, Tamalate, Mamajang, and Makassar, suggest that flooding in these areas may have been driven by other mechanisms, such as pluvial flooding due to inadequate drainage. In agricultural areas, such as rice fields, the absence of recorded inundations in official maps is likely due to the seasonal nature of agricultural flooding, which is often unreported unless it causes damage. These findings highlight challenges in flood data collection and the need for improved ground-based observation, especially in non-urban zones.

Across all scenarios, modeled flood depths ranged from 0 to 1.5 m, with some areas exceeding 1.5 m. The most severe inundation was observed in locations influenced by discharge from the Tallo River, reinforcing its role as a major contributor to flooding in Makassar City. The Bili-Bili Reservoir demonstrated effectiveness in reducing flooding along the Jeneberang River under normal operations. However, when combined with additional inflow from the Jenelata River, downstream flooding intensified, particularly in low-lying coastal areas, suggesting that current reservoir operations may require further optimization to address compound flood risks.

The results underscore the complex and interconnected nature of flood dynamics in Makassar City. Future flood mitigation strategies should prioritize the Tallo and Jenelata Rivers, while also investigating other potential flood sources, including urban drainage performance and unmodeled tributaries. Further studies should explore sedimentation processes that reduce the conveyance and storage capacity of rivers and reservoirs and assess the feasibility of constructing additional upstream reservoirs in the Tallo and Jenelata catchments to support the Bili-Bili Reservoir in attenuating peak flows. Furthermore, prediction-based models will provide better guidance for the future by integrating climate projections or a real-time forecasting framework (e.g., data from the European Centre for Medium-Range Weather Forecasts (ECMWF). This comprehensive understanding of flood causation and mitigation in Makassar City provides a foundation for more targeted, data-driven decision-making among policymakers, urban planners, and disaster risk management authorities. Strengthening these efforts will be crucial for enhancing flood resilience and ensuring sustainable urban development in the years to come.
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