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Abstract

:

Floods hit Jakarta and several areas in the Ciliwung–Cisadane Watershed. The rain that occurred on 31 December 2019 stopped briefly and continued until 1 January 2020. As a result, several areas were flooded for several days. It is said that the rain that occurred was the largest in history. At least, the rainfall station at Halim Perdanakusuma Airport recorded rainfall with an intensity of 377 mm/day. That prompts a question about how much discharge was generated by the rainfall. This study was conducted to assess the flood discharge and the inundated area caused by the rain on 2020 New Year’s Eve. The rainfall–runoff–inundation (RRI) model was utilized to simulate the flood discharge and inundation using the 1D–2D hydraulic–hydrology model. This model also calculated infiltration and subsurface flow with the Green–Ampt equation. In addition, the rainfall data used rain data recorded by the ground station, and the topography used SRTM data from the United States Geological Survey (USGS). Then, the flood discharge obtained from the model was compared with the flood return period. The return periods of the flood that were compared were at 2, 5, 10, 25, 50 and 100 years. The results showed that the flood that occurred on 1 January 2020 was larger than the flood with a return period of 100 years. This means that rainfall had the biggest effect on the flood, rather than other factors.
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1. Introduction


Flooding is a natural process of a body of water, which rises to overflow land that is not normally submerged, due to high flow of runoff or sea-surge water [1,2,3]. There are several types of floods, including fluvial floods, pluvial floods and coastal floods [4,5,6]. Pluvial floods could be caused by the rain process, which produces an amount of water flow, on the surface, called runoff. Runoff is simply determined by rainfall, area of catchment and catchment response, which is represented by a runoff coefficient [7]. Many factors can cause flooding, including meteorological, geomorphological and anthropogenic factors [8,9,10,11,12,13,14,15]. Due to meandering river shape conditions, especially if the riverbed narrows throughout, a large discharge of water can derive an overflow [16]. Some places that previously did not experience floods have become areas affected by flooding due to changes in land use in the upstream areas [17,18]. In urban areas, flooding occurs due to illegal settlement and sedimentation, which reduce the capacities of rivers and channels [19,20,21]. In cold-climate regions, early spring snowmelt combined with heavy rainfall can also cause flooding [22]. Seawater levels rising and high rainfall, which are effects of climate change, are also causes of flooding in some areas [23,24,25,26]. Social behavior that occurs in the community can also indirectly have an impact on runoff: for example, urbanization. Urbanization will affect the land use of some areas, making changes in land cover that will affect runoff [27,28].



Jakarta was hit by flooding again in early 2020, on January 1st. One hundred and three locations were submerged by the flood around the provinces of DKI Jakarta and West Java, which are located in the Ciliwung–Cisadane Watershed [29]. Flooding occurred due to high rainfall intensity on 31 December 2019, exactly 1 day before. At least two of the eight stations around the DKI Jakarta area recorded rainfall of more than 300 mm; this is the highest rainfall of the last 25 years [30].



Flooding in the Ciliwung–Cisadane Watershed is not a new issue. It has happened since the 1660s [31]. An increase in discharge in the Ciliwung river was allegedly triggered by a change in the land use in the upstream area to become a tea plantation [32]. Some countermeasures to deal with increased runoff in the Ciliwung River have been carried out since the 1970s, and some have been implemented to date [33]. However, over time, as some areas began to develop, the problem of flooding in the Ciliwung–Cisadane Watershed became increasingly complex, and flooding still occurred.



The floods, which have not yet been solved, have caused several areas in the Ciliwung–Cisadane Watershed to still suffer from flooding. This has caused material and nonmaterial losses. These losses were not only caused by the size of the affected area but also due to the unpreparedness of the area in the face of disaster. The more prepared an area is in dealing with disasters, the more it will reduce the losses suffered [34]. This preparedness is not only related to the protection of an area against flooding but all the effort in that area in dealing with the flood disaster itself. This preparedness includes structural and nonstructural efforts [35]. Integration and sustainability of preparation, protection and the ability to respond effectively are the keys to resilience to flood disaster [36].



Many studies about the floods in the Ciliwung–Cisadane Watershed have been carried out, with different considerations. Climate change, land subsidence, land-use change and even social phenomena such as urbanization have been considered in several studies about flooding in the Ciliwung–Cisadane Watershed [37,38]. Future projection of flooding in the Ciliwung basin has been discussed in several studies as well. Moe et al. conducted a study related to the possibility of flooding in Jakarta, with scenarios caused by land subsidence combined with land-use changes [39,40]. Emam et al. showed how climate change and land-use change influence the flood behavior in Jakarta; it increased the peak flow of a 50-year return period in 2030 by 130% [41]. Januriyadi et al. not only conducted a study about future flooding but also analyzed the flood risk, due to climate change and urban development, for 2050 and showed that the risk has multiplied extremely [42].



Although many studies have been conducted about flooding in the Ciliwung–Cisadane Watershed, the occurrence of floods almost every year makes flooding still of interest to be investigated. To predict future changes is of great interest, but projecting current events to past predictions is also beneficial. The news related to Jakarta floods in the early 2020s, and moreover, the information that the rain that occurred was the most in history, startled Indonesia. The question is how large the flood discharge was due to that rain event, and to be more specific, which return period would have been equivalent to the coming flood on 1 January 2020. Today, it is not impossible to assess the flood after it happened. In 2018, Moe et al. conducted a rapid assessment to predict the affected area due to flooding in the Upper Citarum River Basin [43]. The aim of this study is to know the characteristics of the flood on 2020 New Year’s Eve using rapid assessment.




2. Materials and Methods


2.1. Study Area


The study area was located at the Ciliwung–Cisadane Watershed, as shown in Figure 1. The watershed consists of 15 river basins, which accumulatively have an area of 5269.84 km2. It administratively covers 3 provinces and 9 cities/municipalities, as follows: the Province of DKI Jakarta (5 cities), Bogor, Depok, Bekasi and Tangerang. The study area was located between latitude 5°59′28″ S and latitude 6°47′18″ S and between longitude 106°24′45″ E and longitude 107°12′54″ E.




2.2. Data


2.2.1. Precipitation Data


Precipitation data were collected from 24 rainfall stations in the Ciliwung–Cisadane Watershed during the flood event (Table 1). All of the rain stations are located around the study area, as shown in Figure 2a,b, which presents the rainfall distribution throughout the river area using the Inverse Distance Weighted Interpolation (IDW) method. The IDW method is the most frequently used deterministic method and can be applied for data whose distribution is characterized by a very large range [44]. From the data, the maximum rainfall during the studied event reached 376 mm. This condition is higher than the predicted rainfall for a 100-year return period in Halim Station, which was 340 mm [45].



The predicted return-period rainfall was utilized as input in a calibrated model to determine the characteristics of various return periods of flooding. The calculation for return periods of rainfall was developed by Januriyadi et al. [42]. Our forecasting used a BMKG (Meteorological and Geophysical Institution of Indonesia) rainfall dataset for the period of 1986–2010 as a reference. The data were distributed throughout the study area, as presented in Figure 3. Compared with the rainfall that occurred on 1 January, the maximum rainfall of that event exceeded the maximum data in a 100-year period, which corresponds well with the previous study.




2.2.2. Topography


The topography data was derived from the Digital Elevation Model (DEM) obtained from the Shuttle Radar Topography Mission (SRTM). The data was open-source data provided by the United States Geological Survey (USGS). For the SRTM, the vertical accuracy was 16 m for a 90% confidence level [46].



Figure 4 presents the topographical conditions of the Ciliwung–Cisadane Watershed. The resolution of the DEM that was used in this calculation was based on 1 arc second, or about 30 m. Nevertheless, the resolution was scaled up to 100 m due to computational issues. The numbers of rows and columns of pixels are 885 and 891. The upscaling of the DEM resolution increased the topography index (TI) of the DEM because of the nesting process of several grids with different TIs into one grid with one TI [47]. The consequences were areas or grids that should have been submerged becoming dry areas, and vice versa.




2.2.3. Land Cover


Land cover data was obtained from the Global Land Cover Characterization Version 2 (GLCC-V2). This database was developed by The U.S. Geological Survey (USGS), the University of Nebraska–Lincoln (UNL) and the European Commission’s Joint Research Centre (JRC) in 1992. The land-cover projection had 1 km nominal spatial resolution and unique geographic elements. The land classification for this model has been simplified from the GLCC-V2 for calculation purposes (Figure 5).



Each land-cover classification has different characteristics in the model, based on soil conditions, as presented in Table 2. In this model, the river was distinguished from other water bodies. The river location was autogenerated by the RRI model from the Digital Elevation Model.





2.3. Rainfall–Runoff–Inundation (RRI) Model


The rainfall–runoff–inundation (RRI) model is a two-dimensional model with a simplified equation. This model is capable of simulating rainfall–runoff and flood inundation at the same time; it was also designed to be used immediately after a disaster and it can be useful as a tool to analyze large-scale flooding as well [48]. In addition, this model assumes that the river channel location is in the same grid cells as the slope. A river channel is considered a centerline in a grid cell. It indicates an extra flow path between the grid cells and the actual river course. On the other hand, the slope cells function as the two-dimensional simulation area of the lateral flow. Hence, there are two water depths for slope grid cells in water channels, i.e., of the channel and of the slope (floodplain) itself.



The inflow–outflow interaction between the river and the slope is based on different overflowing formulae. The calculation depends on water-level and levee-height conditions. This model was generated based on mass-balance Equation (1) for governing the equation of flow rate. The momentum equation was derived from the governing equation of the model in the x direction (Equation (2)) and the y direction (Equation (3)):
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where h is the height of the water from the local surface; qx and qy are the unit width discharges in the x and y directions, respectively; u and v are the flow velocities in the x and y directions, respectively; r is rainfall intensity; H is the height of water from the datum; ρw is the density of the water, g is gravitational acceleration; and τx and τy are the shear stresses in the x and y directions, respectively.



The RRI model separates the calculations of the discharge and the hydraulic gradient relationship. Hence, simulations of surface and subsurface flow proceed in the same algorithm. In addition, kinematic-rainfall–runoff-wave and diffusive-wave approximation are also derived in this model. The kinematic wave is calculated with the assumption that the water-surface slope is the hydraulic gradient. On the other hand, diffusion-stream approximation is utilized to form the streamflow equation.



The calibration process was carried out via a simulation of the flood events on 1 January. Then, the inundation area from the simulation was compared with the inundation map obtained from remote sensing by satellites at the same time. The model would have been well-calibrated if the result showed similarities to the inundation obtained from the remote sensing.





3. Results and Discussion


3.1. Model Calibration


The model was calibrated before being used to simulate the return-period flood. It was calibrated with a flood event that occurred on 1 January 2020. The simulation calculated the distribution of flood inundation with the condition of maximum water depth and compared it to the inundated area’s satellite data at the same event (Figure 6). Figure 6 shows the comparison of the simulated flood inundation and the flood inundation from Sentinel 1A acquired on 2 January 2020. The flood inundation from Sentinel 1A was generated using an algorithm that was proposed by Chini et al. [49]. The algorithm can detect flood water not only on bare soil but also in urban regions. Even though the Sentinel 1A data was acquired a day after the flood event, some inundation still remained on the land. The results shows similar inundation in the northeast part between the simulation and satellite data, whereas in the middle part, near the ocean, the figure shows that the simulated inundation areas are larger than in the satellite data because the flood waters in the urban area of Jakarta receded on 2 January 2020.



The inundation in this model consisted of local inundation and large-scale inundation. Local inundation was defined as local water depth that was barely moving. Accordingly, this type of inundation has a limited range of area and shallow water depth. On the other hand, large-scale inundation is water depth that was growing around the river with a wide range of areas.



Circle A, B, C, D and E represent large-scale inundation during the simulation period. The locations of the circles are in the Cimanceuri, Cisadane, Angke, Ciliwung and Bekasi River Basins, respectively. Table 3 shows the approximation of the total affected area due to river inundation. The total area of river inundation was approximately 106.54 km2. Hence, the percentage of river inundation area during this event was 56.51% of the total inundation area.




3.2. Model Application


The model that was calibrated was used to perform the return-period analysis of the flood. The flood return periods were simulated in mostly the same conditions as the main simulation. Nevertheless, the precipitation used as input in these simulations was modified for rainfall return periods that were forecast from historical rainfall data. The periods of rainfall that were used in this calculation were 2 years, 5 years, 10 years, 25 years, 50 years and 100 years. The results of these simulations are shown in Figure 7. Most of the large-scale inundation in each return period was found in the same locations, i.e., the Cimanceuri, Cisadane, Angke, Ciliwung and Bekasi River Basins. Therefore, the location of the large-scale inundation was the same as in the main simulation.



The area and volume of the inundation were calculated in the flood return period simulation. Then, the area and volume of the inundation were compared with the inundation characteristics of the flood that occurred on 1 January 2020. Table 4 shows that the closest return-period flood area to the flood on 1 January was the period with 100 yearly floods. The inundated areas of both flood maps were quite similar (Figure 8). This strengthens the evidence that the flood that occurred on 1 January was a flood with a return period of 100 years, whereas the rainfall on that day was greater than the rainfall for a return period of 100 years. The flood may not have been as large as the rainfall due to the spatial distribution of rainfall. The variability of rainfall spatial distribution could have affected the amount of flood discharge, which generates different flooding [50,51].



The flood discharge was calculated for the main model and the flood return period. It was measured with RRI hydro calculation at Water Gate Manggarai on the Ciliwung River (106°12′27.48″ S and 106°50′54.55″ E). The maximum discharge of each model is presented in Table 4. The discharge of the main model was compared with floods with 2-, 5-, 10-, 25-, 50- and 100-year return periods (Figure 9). The maximum discharge of the main model exceeded the 100-year return period. Therefore, the main model corresponded better with the rain-gauge data, which was more than the 100-year return-period rain data.





4. Conclusions


This study attempted to conduct a rapid assessment of the flood on 1 January 2020 in Jakarta and several areas of the Ciliwung–Cisadane Watershed. This study was conducted to determine the return period of the flood that occurred. The rainfall–runoff–inundation (RRI) model is a distributed model that is able to simulate rainfall–runoff and flooding simultaneously. The model based on the inundation map from remote-sensing satellites was calibrated with ground-station rainfall data. The resolution of the Digital Elevation Model (DEM), which was too high, hindered the simulation process; it made it necessary for the resolution of the DEM to be decreased. The DEM was upscaled; then, the grid size was changed from 30 m to 100 m. After the model was calibrated, a return-period flood model was performed with a return-period rainfall input. There were six return periods of rainfall being simulated: 2, 5, 10, 25, 50 and 100 years.



The discharge and inundation areas of all return periods were compared with the simulation of the flood on 1 January. The comparison showed that the discharge extent on 1 January exceeded the discharge for a return period of 100 years. This result corresponds with the rain recorded at several rainfall stations, which surpassed the 100-year rainfall return period. Thus, there are several conclusions. First, the flood that occurred on 1 January 2020 was superior to a 100-year return period of flooding. Second, the rainfall, which was the most in history, was the main effect of this flood because it exceeded the 100-year return period of rainfall.



In this study, the DEM implemented in this model had a low resolution because of the limitation of data sources. In addition, the model needed to be compared with the existing discharge during the flood. These conditions need to be considered in future research.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Rainfall datasets in the study area. (a) Rainfall station locations. (b) Rainfall distribution on 1 January 2020. 
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Figure 3. Rainfall return-period datasets. (a) Rainfall return-period of 2 years. (b) Rainfall return-period of 5 years. (c) Rainfall return-period of 10 years. (d) Rainfall return-period of 25 years. (e) Rainfall return-period of 50 years. (f) Rainfall return-period of 100 years. 
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Figure 4. Digital Elevation Model (DEM) of the Ciliwung–Cisadane Watershed. 
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Figure 5. Land cover of the Ciliwung–Cisadane Watershed. 
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Figure 6. Rapid assessment of Jakarta flood inundation: (a) simulated 1 January flood inundation and (b) flood inundation data from Sentinel 1A acquired on 2 January 2020. 
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Figure 7. The inundation of flood return periods. (a) Flood return period of 2 years. (b) Flood return period of 5 years. (c) Flood return period of 10 years. (d) Flood return period of 25 years. (e) Flood return period of 50 years. (f) Flood return period of 100 years. 
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Figure 8. The comparison between (a) the 100-year flood return period and (b) the flood on 1 January 2020. 
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Figure 9. Discharge at Water Gate Manggarai. 






Figure 9. Discharge at Water Gate Manggarai.



[image: Environsciproc 25 00100 g009]







[image: Table] 





Table 1. List of rainfall stations.






Table 1. List of rainfall stations.





	No.
	Rainfall Station
	No.
	Rainfall Station





	1
	Stasiun Klimatologi Tanggerang Selatan
	13
	AWS Puspitek



	2
	Stasiun Meteorologi Curug
	14
	ARG Sepatan



	3
	Stasiun Meteorologi Cengkareng
	15
	ARG Jatiasih



	4
	Stasiun Meteorologi Kemayoran
	16
	ARG Teluk Pucung



	5
	Stasiun Maritim Tanjung Priok
	17
	ARG Muara



	6
	Pos Hujan Bd Ciputat
	18
	ARG Jagorawi



	7
	Pos Hujan Teluk Naga
	19
	AWS UI



	8
	ARG Tomang
	20
	ARG Katulampa



	9
	ARG Manggarai
	21
	AWS IPB



	10
	AWW TMII
	22
	Pos Hujan Ragunan



	11
	ARG Ciganjur
	23
	Pos Hujan Rorotan



	12
	ARG Sukapura
	24
	TNI AU Halim
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Table 2. The characteristics of the land cover.






Table 2. The characteristics of the land cover.





	
Parameter

	
Land Cover




	
Clay

	
Loam

	
Sandy Clay Loam






	
Soil Depth (m)

	
1

	
1

	
1




	
Porosity (-)

	
0.475

	
0.463

	
0.398




	
kv (m/s)

	
0–8.33 × 10−8

	
0–9.44 × 10−7

	
0–4.17 × 10−7




	
Sf

	
0.361

	
0.089

	
0.219




	
ka (m/s)

	
0–0.3

	
0–0.3

	
0–0.3




	
Unsat. Porosity (-)

	
0

	
0

	
0




	
Beta

	
8

	
8

	
8
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Table 3. Large-scale inundation area.
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	Location
	River Basin
	Inundation Area (km2)
	Affected City(ies)





	A
	Cimanceuri
	6.3
	Tanggerang



	B
	Cisadane
	51.05
	Tanggerang



	C
	Angke
	11.9
	West Jakarta



	D
	Ciliwung
	5.03
	East Jakarta, South Jakarta, Central Jakarta



	E
	Bekasi
	32.26
	Bekasi
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Table 4. The characteristics of flood return periods.






Table 4. The characteristics of flood return periods.





	Flood Simulation
	Volume (1000 m3)
	Max. Discharge (m3/s)





	Return Period of 2 Years
	16,475
	199.75



	Return Period of 5 Years
	22,059
	260.88



	Return Period of 10 Years
	25,797
	297.85



	Return Period of 25 Years
	30,397
	340.95



	Return Period of 50 Years
	33,450
	365.67



	Return Period of 100 Years
	36,355
	389.97



	Jakarta Flood
	40,204
	420.76
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