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Abstract:



Imperviousness has increased due to urbanization, as has the frequency of extreme rainfall events by climate change. Various countermeasures, such as structural and nonstructural measures, are required to prepare for these effects. Flood forecasting is a representative nonstructural measure. Flood forecasting techniques have been developed for the prevention of repetitive flood damage in urban areas. It is difficult to apply some flood forecasting techniques using training processes because training needs to be applied at every usage. The other flood forecasting techniques that use rainfall data predicted by radar are not appropriate for small areas, such as single drainage basins. In this study, a new flood forecasting technique is suggested to reduce flood damage in urban areas. The flood nomograph consists of the first flooding nodes in rainfall runoff simulations with synthetic rainfall data at each duration. When selecting the first flooding node, the initial amount of synthetic rainfall is 1 mm, which increases in 1 mm increments until flooding occurs. The advantage of this flood forecasting technique is its simple application using real-time rainfall data. This technique can be used to prepare a preemptive response in the process of urban flood management.
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1. Introduction


Climate change has had various effects, including an increase in the frequency of extreme rainfall events. The area of imperviousness has also sharply increased with the increase in the ratio of urban to rural area. Therefore, urban floods have increased due to extreme rainfall events and urbanization. Various countermeasures, such as structural and nonstructural measures, have been developed to reduce urban flooding.



Flood forecasting has been studied as a nonstructural measure for preventing flood damage as follows. A flood forecasting model over a period of one year has been suggested for three catchments in the UK, and this model was based on rainfall and evaporation data [1]. Digital elevation models have been applied to a distributed model for real-time flood forecasting with a distributed basin simulator [2]. Short-term rainfall prediction models with the techniques of auto-regressive moving-average and artificial neural networks have been suggested for real-time flood forecasting [3]. Advanced flood forecasting using a grid-based hydrological catchment model with grid cells between 2 and 14 km has been proposed using a distributed hydrological model based on coupling meteorological observations [4]. Advances in real-time flood forecasting with an adaptive version of the stochastic Kalman filter algorithm have been suggested [5]. Soil moisture updating by ensemble Kalman filtering in real-time flood forecasting has been conducted for the 622 km2 Kamp catchment in Austria [6]. These methods are difficult to use with small watersheds because the time interval of rainfall data in previous studies has been long. The time interval of rainfall data in a single urban drainage area is at least an hour, and the time of concentration in a single urban drainage area is less than that.



A neural network combined with various methods has been used for flood forecasting in previous studies. A neural network using the notion of basic ingredients was applied to flash flood forecasting, including ingredients-based forecasting [7]. A river flooding forecasting technique including flash flooding forecasting technique using a neural network has been suggested with 5 h prediction. [8]. Quantitative flood forecasting via neural networks using multisensory data in the watersheds ranging from 750 to 8700 km2 has also been suggested [9]. A neural network and M5 model tree machine learning technique have been combined to perform flood forecasting with the process of training for the Huai River in China [10]. Flood forecasting has also been conducted using a neural network based on a genetic algorithm and adaptive network based fuzzy inference system in Yangtze River, China [11]. Additionally, the limitation of flash flood forecasting has been considered for the improvement of flash flood forecasting [12]. Flood forecasting techniques using a neural network require training and are time-consuming, and the application process is complex.



In these previous studies, the applied range in flood forecasting using the long interval rainfall data is not appropriate for a single urban drainage area requiring a short interval of time. Additionally, the applied flood forecasting process is complex because training and optimization techniques are required. Flood forecasting techniques in previous studies have been suggested for rivers, i.e., large, watershed applications, and the application processes of such techniques are complex. They are not suitable for small urban drainage areas, since the time of concentration is less than one hour. In this study, a new flood forecasting technique is proposed for predicting urban floods easily and quickly via a flood nomograph application. The flood nomograph was generated from the results of rainfall runoff simulations using synthetic rainfall data. A historical rainfall event was applied to the flood nomograph, and the results of this application were analyzed.




2. Methodologies


2.1. Overview


A flood nomograph means the threshold for flooding in the target watershed by rainfall events. A flood nomograph is made by applying synthetic rainfall events of various frequencies and durations. Synthetic rainfall is used as input data for rainfall runoff simulations, and it is essential for the generation of a flood nomograph. The initial amount of rainfall is 1 mm, which increases in 1 mm increments until flooding occurs. The amount and duration of each rainfall event are recorded when flooding occurs, and the first flooding rainfall amounts are converted to the first flooding rainfall intensities for each event. The first flooding rainfall intensities are checked in a graph, and a regression equation is generated. The threshold by the regression equation is the flood nomograph, which is used for flood forecasting. This study consists of several steps, from the generation of rainfall data to the discussion of flood forecasting.



	
Synthetic rainfall data were generated to obtain the first flooding node and amount for each duration via rainfall runoff simulations.



	
The initial rainfall runoff simulation with 1 mm of rainfall was initiated.



	
Rainfall runoff simulations were conducted continuously for 1 mm increments of rainfall until flooding occurred.



	
The first flooding rainfall amounts for various rainfall durations were checked.



	
The first flooding rainfall amounts were converted to the first flooding rainfall intensities.



	
The first flooding rainfall intensities were expressed in a graph.



	
A regression curve was generated from the regression equation of the first flooding rainfall intensities.



	
The regression curve is the threshold of the flood nomograph.



	
A historical rainfall event in the target watershed was applied to the flood nomograph.



	
The results of applied historical rainfall event in the flood nomograph were discussed.







2.2. Generation of Synthetic Rainfall Data


Synthetic rainfall data is required for obtaining flood nomographs using rainfall runoff simulations. The design of drainage facilities in Korea is based on the synthetic rainfall data per Huff distribution [13]. A Huff distribution consists of four quartiles according to the location of peak values. The third quartile of the Huff distribution is appropriate for the design of drainage facilities in Korea [14]. The regression equations for the first, second, third, and fourth quartiles of the Huff distribution are shown in Equations (1)–(4), respectively [15]:
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where Pr is the cumulative rainfall ratio, and Tr is the cumulative time ratio. The generation of synthetic rainfall data consists of three steps. First, the cumulative distribution per Huff distribution is generated according to the regression equations. Second, the cumulative distribution is converted to the dispersed distribution. Third, the amount of rainfall is applied to the dispersed distribution, and the synthetic rainfall event is obtained [16,17,18,19,20]. The type of regression equations for the Huff distribution is cumulative distribution. Figure 1 shows the generating process of synthetic rainfall data using the Huff distribution.


Figure 1. Generating process of synthetic rainfall data using the Huff distribution.
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The rainfall runoff simulations using synthetic rainfall data generated via Huff distribution are conducted for the selection of the first flooding node. The selection of synthetic rainfall distribution for the selection of the first flooding node is based on the synthetic rainfall distribution used in the design of the urban drainage system in the target watershed. If a specific rainfall distribution is used in the design of the urban drainage system in the target watershed, a specific rainfall distribution should be chosen for the selection of the first flooding node. This means that the design and flood forecasting of urban drainage systems should be conducted using the same rainfall distribution.



The total amount of synthetic rainfall data in this section is distributed from 1 mm to the first flooding amount at each duration. The third quartile of the Huff distribution is used if the design of the target watershed is based on the third quartile of the Huff distribution though the distribution of real rainfall data can be different from it of synthetic rainfall data used in this method. The rainfall used in the flood forecasting by the flood nomograph was matched to the rainfall used in the design of the drainage network because it is difficult to consider all types of rainfall data in the flood forecasting as well as in the design.




2.3. Selection of the First Flooding Node for the Flood Nomograph


Selection of the first flooding node in urban drainage systems was used to select the monitoring node for the operation of drainage facilities, such as centralized and decentralized reservoirs in previous studies [16,17,18,20]. The decentralized reservoir upstream of the drainage network reserves the inflow from the drainage network if the water level of the monitoring node is high, and discharges inflow if the water level of the monitoring node is low. In the case of the centralized reservoir downstream of the drainage network, drainage pumps in the centralized reservoir are operated early if the water level of the monitoring node is high, and are normally operated if the water level of the monitoring node is low.



The initial amount of synthetic rainfall data in rainfall runoff simulations for the search of the first flooding node is 1 mm, which increases in 1 mm increments until flooding occurs. The first flooding node is selected, and its amount is checked when flooding occurs. The node where there is flooding is called the first flooding node when the flooding firstly occurs. The rainfall amounts of many first flooding nodes selected through this process are converted to rainfall intensities. The rainfall intensities constitute the flood nomograph, which is the threshold for flood forecasting. A flow chart for making a flood nomograph with the first flooding nodes is shown in Figure 2.


Figure 2. Flow chart for making a flood nomograph with the first flooding nodes.
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The first thing to be assumed is that the flood nomograph should be generated by the synthetic rainfall used on the design of the drainage network. The selection of the first flooding nodes consists of several steps. One duration among various rainfall durations is chosen for the selection of the first flooding node. A synthetic rainfall distribution including the selected quartile for the Huff distribution is generated, and appropriate additional information is required if the rainfall distribution is different. The total amount of the synthetic rainfall is the initial amount of the synthetic rainfall (1 mm). The total amount of the synthetic rainfall is applied to the synthetic rainfall distribution. Flooding occurrence (whether flooding occurs or not) is examined via a rainfall runoff simulation. If flooding occurs, the first flooding node and the total amount of rainfall are checked. If flooding does not occur, the total amount of synthetic rainfall increases in 1 mm increments. This process is repeated until flooding occurs. Another duration is selected, and the same process is performed after the first flooding node and the total amount of rainfall are checked.



For making flood nomographs, the rainfall amounts of the first flooding nodes should be converted to rainfall intensities. The rainfall runoff model used for flood nomographs should be able to show the flooding volume in all nodes. The results for the first flooding nodes at various durations increase the accuracy of the flood nomograph for flood forecasting. It is appropriate to apply the quartile used in the design of drainage facilities, though various quartiles of the Huff distribution can be used for the generation of flood nomographs.




2.4. Concept of Flood Nomographs


The concept of flood nomographs is based on the flood forecasting using the same rainfall distribution used in the design of urban drainage systems including centralized and decentralized reservoirs. The target watershed is inundated if the intensity of the applied rainfall is higher than the rainfall intensity of the first flooding node. Using predicted rainfall data requires that the units of the predicted and real rainfall data should be identical. The inter-event time should be defined for the application of real rainfall events because real rainfall events continuously start and stop during rainy seasons. The inter-event time means the time interval between rainfall events. The inter-event time in a flood nomograph can be set to the time of concentration in the target watershed. For example, the latter rainfall event is newly applied to the flood nomograph if the time interval between two real rainfall events is longer than 30 min when the time of concentration in the target watershed is 30 min. In contrast, the present rainfall is continuously applied to the flood nomograph if the time interval between two real rainfall events is shorter than 30 min. Figure 3 shows a schematic of flood forecasting via flood nomographs.


Figure 3. Schematic of flood forecasting via flood nomographs.
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In Figure 3a, the rainfall amounts of the first flooding nodes are converted to rainfall intensities. Rainfall intensities are elements of the threshold in a flood nomograph. The threshold of a flood nomograph, as shown in Figure 3a, is generated from the regression curve of first flooding rainfall intensities. In Figure 3b, the rainfall intensities of the real rainfall event are lower than the threshold of the flood nomograph. This means that the real rainfall event is not extreme enough to cause floods in the target watershed. In Figure 3c, the rainfall intensities of the real rainfall event are higher than the threshold of the flood nomograph, which means that floods can be caused by the real rainfall event.





3. Applications and Results


3.1. Study Area


Korea has several metropolitan cities, such as Seoul, Busan, Incheon, Daegu, Ulsan, and Gwangju. Among these, Busan is the largest port city in Korea and has experienced several historical flood events. The Suyeong River flows through the center of Busan. This river has several tributaries, one of which is Oncheon Stream. Oncheon Stream also has tributaries, such as Geoje Stream and Sangmi Stream. Drainage areas adjacent to Geoje and Sangmi Streams were inundated in 2009. The upstream and midstream reaches of Geoje and Sangmi Streams are channels covered by roads. Downstream, the two streams join and flow into Oncheon Stream. Figure 4 presents geographical information regarding the target area.


Figure 4. Geographical information of the target area (Imagery © 2017 Centre National d’Etudes Spatiales/Airbus, DigitalGlobe, Landsat/Copernicus, NSPO 2017/Spot Image, Map data © SK telecom).
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Geoje and Sangmi Streams were located in the target watershed. The lengths of Geoje and Sangmi Streams are 4.26 and 2.87 km, respectively. The area of the target watershed is 9.65 km2. The Storm Water Management Model (SWMM) 5.0 was selected for the rainfall runoff simulations and applied to the target watershed [21]. Information on the drainage network in the target watershed is based on the geographic information system (GIS) data for Busan provided by the Busan Metropolitan Government. The drainage system in the target watershed has 195 subcatchments, 195 nodes, and 195 links. Figure 5 shows the drainage network of the target watershed.


Figure 5. Drainage network of the target watershed.
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The outlet of the drainage network in the target watershed is located in the north of the target drainage area. Figure 5 includes additional information of the node elevations and link diameters. The slope in the target watershed is steep, so the time of concentration is short because the difference between the lowest and highest elevations is over 100 m. In the target watershed, the main conduits are rectangular and the branch conduits are circular. Figure 6 shows the validation of the drainage network matching the flooding area in the target watershed [22].


Figure 6. Validation of the drainage network matching the flooding area in the target watershed.
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3.2. Selection of the First Flooding Nodes


The distribution of synthetic rainfall data is based on the design of the drainage network in the target watershed. In this study, the design of the drainage network is conducted via the third quartile of the Huff distribution. The selection of the first flooding nodes are also based on rainfall runoff simulations using the third quartile of the Huff distribution as input. The rainfall data for obtaining the first flooding nodes has the same distribution and different amount in the selection of the first flooding nodes.



The generation of the flood nomograph was based on the selection of the first flooding nodes in the target watershed. Synthetic rainfall durations were distributed from 10 to 1440 min, which were applied to rainfall runoff simulations for obtaining the results of the first flooding nodes. As mentioned above, the initial amount of rainfall was 1 mm, which increased in 1 mm increments until flooding occurred. The results of the first flooding nodes, including rainfall amounts and intensities, are shown in Table 1.



Table 1. Results of the first flooding nodes.







	
Duration (Minutes)

	
10

	
30

	
60

	
120




	
Node (rainfall amount)

	
GMH103 (30 mm)

	
GMH103 (46 mm)

	
GMH103 (86 mm)

	
GMH103 (130 mm)




	
Node (rainfall intensity)

	
GMH103 (180 mm/h)

	
GMH103 (92 mm/h)

	
GMH103 (86 mm/h)

	
GMH103 (65 mm/h)




	
Duration (Minutes)

	
180

	
360

	
720

	
1440




	
Node (rainfall amount)

	
MH30 (130 mm)

	
MH30 (130 mm)

	
MH30 (130 mm)

	
MH30 (130 mm)




	
Node (rainfall intensity)

	
MH30 (43.3 mm/h)

	
MH30 (21.7 mm/h)

	
MH30 (10.8 mm/h)

	
MH30 (5.4 mm/h)










As shown in Table 1, Node GMH103 is the first flooding node until 120 min, and Node MH30 is the first flooding node after 120 min. These two nodes are located downstream of the drainage network in the target watershed. For durations shorter than 120 min, Node GMH103 was used as the threshold, and for durations longer than 120 min, Node MH30 was used as the threshold. The total rainfall amounts after 120 min remained constant. This means that the maximum allowable volume of the drainage network in the target watershed was approximately 130 mm.



In previous studies, the first flooding node for the operation of drainage facilities was selected in the main conduits [16,17,18,19,20]. All drainage conduits in Korea are classified as main or branch conduits according to the product (CA) of runoff coefficient (C) and the drainage area (A) [16]. If the value of CA is larger than 0.12 km2, a conduit is classified as a main conduit. If the value of CA is smaller than 0.12 km2, a conduit is classified as a branch conduit. In this study, the first flooding for flood forecasting was selected for all conduits, i.e., the main and branch conduits.




3.3. Generation of the Flood Nomograph


Generation of the flood nomograph required the regression curve from the first flooding rainfall intensities. The first flooding rainfall intensities were expressed in a graph, and the regression equation of the first flooding rainfall intensities was generated. The regression curve from the regression equation is the threshold for determining the flood forecast. The type of the regression equation is not limited, but the form of a power function can be recommended for easy application. Figure 7 shows the process of generating the flood nomograph.


Figure 7. Process for generating the flood nomograph.
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In Figure 7a, the first flooding intensities converted by the first flooding volumes are expressed in a graph. The regression curve from the first flooding intensities was generated (Figure 7b). As shown in Figure 7c, the threshold of the flood nomograph was produced for flood forecasting. It is possible to use a threshold connecting the first flooding intensities if it is difficult to use a regression equation.




3.4. Application of Rainfall Data to Flood Nomograph


The historical rainfall data for 7 July 2009 was selected for application of rainfall data to the flood nomograph. The Korea Meteorological Administration provides a 3 h predicted rainfall to the public [23]. It is hard to show the details of all application processes because it is too long. If the applied rainfall data are for 1 or 5 min increments, precise flood forecasting is possible, though the process becomes long. Figure 8 shows the application of the flood nomograph.


Figure 8. Application of rainfall to the flood nomograph.
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In Figure 8a, the predicted rainfall (3 h duration) is applied to the flood nomograph, and it shows the initial status of the application of the flood nomograph for flood forecasting. The predicted rainfall intensity shown in Figure 8a is lower than the threshold of the flood nomograph. In Figure 8b, the real rainfall (3 h duration) and predicted rainfall (3 h duration) are applied to the flood nomograph. The real and predicted rainfall intensities shown in Figure 8b are lower than the threshold of the flood nomograph. In Figure 8c, the real rainfall (6 h duration) and predicted rainfall (3 h duration) are applied to the flood nomograph. The real and predicted rainfall intensities shown in Figure 8c are higher than the threshold of the flood nomograph. This means that flooding is occurring and is predicted to continue. The results shown in Figure 8d are similar to the results shown in Figure 8c because the real (9 h duration) and predicted rainfall (3 h duration) intensities are higher than the threshold of the flood nomograph.




3.5. Comparison of Flood Forecasting Techniques


Flood forecasting in Korea is based on water level of rivers/streams and Korea Government announces the locations for flood forecasting. The process of flood forecasting in Korea consists of four steps such as collecting hydrological data, flood/water level analysis, flood/water level control, and flood forecasting. Hydrological data includes rainfall data and water level data of rivers/streams. There are runoff and water level analysis in flood/water level analysis. Flood/water level control means the determination of anticipative discharging storage in dams. In the last step, flood forecasting is announced in all adjacent areas.



Flood forecasting in urban areas has several requirements compared with other flood forecasting because there are concentrations of population, increases in pavement area, small drainage areas, and short times of concentration in urban areas. Table 2 displays the requirements of the flood nomograph and other flood forecasting techniques.



Table 2. Requirements of the flood nomograph and other flood forecasting techniques.







	
Classification

	
Other Flood Forecasting Techniques

	
Flood Nomograph






	
Target watershed

	
Large drainage area

	
Small drainage area




	
Small impervious area

	
Large impervious area




	
Long time of concentration

	
Short time of concentration




	
Rainfall data

	
Gauged by radar or telemeter

	
Measured by simple rainfall gauge




	
Gauged time interval over 1 h

	
Gauged time interval from 1 min




	
Drainage system

	
Flood forecasting by hydrological flood routing

	
Flood forecasting combined with urban drainage system




	
System built around stream and river

	
Reflection of operation in pump stations and reservoirs












4. Conclusions


Flood forecasting is a non-structural measure because it requires no time or cost. In previous studies, various flood forecasting techniques have been developed and suggested. This simple new flood forecasting technique was needed because training time is essential for applying current flood forecasting techniques. The purpose of flood forecasting is to prevent damage to life and property. The new flood forecasting technique proposed in this study is based on the selection of the first flooding node in the drainage network of a target watershed. The first flooding nodes in each duration are obtained from rainfall runoff simulations using the synthetic rainfall data per Huff distribution. A Huff distribution consists of four quartiles according to the location of peak values. The design of drainage facilities in Korea is generally based on the third quartile of the Huff distribution. The initial rainfall amount as input data for rainfall runoff simulations is 1 mm, which increases in 1 mm increments until flooding occurs. If flooding occurs, the flooding node and the rainfall amount are checked. The results of the first flooding nodes are converted to the first flooding rainfall intensities, and the threshold per the regression equation based on the results of the first flooding rainfall intensities is the flood nomograph. The characteristics of flood nomograph is the following strong and weak points.



	
The rainfall data is only required in the application of a flood nomograph.



	
The flood nomograph can be applied to a single drainage area with a small watershed.



	
Rainfall data with various time intervals are applicable to the flood nomograph.



	
A new flood nomograph should be created when the target watershed is changed.



	
Many flood nomographs are required when the flood nomograph is applied to a large watershed.






The results of the flood nomograph can be different from the results of flood damage because the flood nomograph is based on flood volume. The drainage area including Geoje and Sangmi Streams in Busan was selected as the target watershed for our flood nomograph application. The historical rainfall data for 7 July 2009 and predicted rainfall data from the Korea Meteorological Administration were applied to the flood nomograph in the target watershed. The interval of the applied rainfall data, including the historical and predicted rainfall data, was 10 min. If the intervals of the applied rainfall data are small, flood forecasting is more precise. The flood forecasting technique via flood nomograph can be easily applied to all drainage areas because it only requires rainfall data. Additionally, the flood nomograph in this study can be improved considering the status of the drainage network. In future studies, flood damage instead of flood volume will be used to generate the flood nomograph. The operation of drainage facilities in urban areas can be combined with flood forecasting using the flood nomograph.
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