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Abstract: Frequent localized torrential rains, excessive population density in urban areas, and
increased impervious areas have led to massive flood damage that has been causing overloading of
drainage systems (watersheds, reservoirs, drainage pump sites, etc.). Flood concerns are raised
around the world in the events of rain. Flood forecasting, a typical nonstructural measure, was
developed to help prevent repetitive flood damage. However, it is difficult to apply flood prediction
techniques using training processes because training needs to be applied at every usage. Other
techniques that use predicted rainfall data are also not appropriate for small watershed, such as
single drainage area. Thus, in this paper, a flood prediction method is proposed by improving four
criteria (50% water level, 70% water level, 100% water level, and first flooding of water pipes) in an
attempt to reduce flooding in urban areas. The four criteria nodes are generated using a rainfall
runoff simulation with synthetic rainfall at various durations. When applying real-time rainfall data,
these nodes have the advantage of simple application. The improved flood nomograph made in this
way is expected to help predict and prepare for rainstorms that can potentially cause flood damage.
Keywords: improved flood nomograph; flood forecasting; rainfall runoff; flood volume

1. Introduction
Recent developments in global industrialization have led to a substantial increase in carbon
emissions, which have driven global climate change. The average global temperature has been rising
since the 1980s, and this has been accompanied by rising sea levels, changing agricultural ecosystems,
and the frequent occurrence of increasingly intense natural disasters such as floods, droughts,
typhoons, and localized downpours. As a result, the hydrological aspects of urban basins have
changed, and the number of flood areas has increased due to the expansion of buildings and road
pavement, which has increased the amount of runoff that drains into rivers and streams [1]. This
phenomenon can be attributed to frequent torrential rains during monsoons and after the wet season
caused by climate change, high population density, and low-lying development and low gradients
in urban areas [2,3].
New approaches to preparing for or preventing floods have been used with various flood
forecasting models in non-structural measures. For example, one real-time flood prediction technique
was proposed to be applied to three basins in the UK [4]. In addition, a real-time flood prediction
method using digital elevation data with a distributed model was developed [5], as was a method
involving the comparison of real-time flood forecasting using short-term rainfall forecasting models
[6]. Further, Jasper et al. used surface observation data obtained from radars and predicted data from
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numerical weather prediction models [7]. Another study applied real-time flood forecasting in river
systems using a modified stochastic Kalman filter algorithm [8]. Finally, one study developed
ensemble Kalman filtering updated by soil moisture in real-time flood forecasting [9]. In these
previous studies, it was difficult to apply hydrologic data for small drainage areas in urban
watersheds because of long-term gaps in the data. Detailed analysis is ideal but difficult to apply to
real-time forecasting because the hydrologic analysis required for flood prediction using the rainfall
effluent model takes a substantial amount of time.
A variety of other approaches have also been introduced in previous studies, including
ingredients-based methodologies and machine learning, neural networks, and distributed
hydrological modeling. In one such study, flood prediction involving ingredients-based forecasting
using the basic component concept was applied with a neural network [10]. A neural network-based
flood forecasting technique was proposed using five-hour forecast data in another study [11].
Quantitative flood prediction through a neural network using multi-sensory data in a basin has also
been proposed [12]. A combined training method for the Huai River in China was developed using
a neural network and machine learning techniques [13]. A flood prediction technique using a genetic
algorithm and fuzzy inference systems along with a neural network has also been used for the
Yangtze River in China [14]. Another study considered the condition of flash flood forecasting in an
attempt to improve such forecasting [15]. Approaches involving neural networks are time-consuming
and require complex application and training to apply to flood forecasting techniques.
A number of methods have been proposed for flood prediction over the last few years. For
example, large-scale operational flood prediction systems were developed using ensemble
forecasting systems [16]. In addition, particle swarm optimization and initial state variable correction
were used to predict floods in Southern China [17]; a large amount of optimization was required due
to the complexity of the process. Further, due to the large forecast intervals and application coverage,
it is not considered to be suitable for single drainage coverage.
In one study, flood nomographs using synthetic rainfalls were analyzed with a rainfall runoff
simulation to calculate the first flooding nodes [18]. This flood forecasting technique used a
regression curve applied in urban drainage coverage. Then, another study developed a multidimensional analysis method using flood damage for flood forecasting [19]. In this method, by
calculating flood damage and volumes, the damage function was estimated from each subarea that
was divided from a target drainage area. This damage function estimates the rainfall intensity upon
the initial occurrence of flood damage for each subarea and duration. A flood forecasting technique
was developed using an ensemble method and a numerical weather forecast model [20]. Another
study applied random forest and Poisson regression to urban coastal flood severity in street flooding
in Norfolk, Virginia, USA [21].
In each of these previous methods, long-term interval rainfall was used. This is not suitable for
urban areas, particularly not for a single drainage target, which instead requires one-minute scale
rainfall data. Because of the various training and optimization techniques involved, these flood
forecasting methods are complex [11–14,17]. In addition, these previous flood forecasting techniques
were proposed for rivers and large watersheds. In other words, the processes involved in using such
techniques for large-scale basins are complex. Since the time of water concentration in small urban
areas is typically under one hour, previous flood forecasting techniques are not appropriate.
Due to heavy rains in the localities, the reliability and utilization of existing alarm systems used
by local governments and agencies is reduced, so it is difficult to detect and warn immediately of
flooding in cities with current systems. A flood forecasting technique called a flood nomograph was
used to predict urban inundation [18]. A flood nomograph is generated from rainfall runoff
simulation results using synthetic rainfall data. For verification, the results of applying historical
rainfall events to the flood nomograph were analyzed. Then, four criteria were established and
applied: Warning (pipe 50% filled), alert (pipe 70% filled), danger (pipe 100% filled), and first
flooding (pipe overflow). Then, an improved flood nomograph was built to predict urban flooding.
This improved flood nomograph was designed to evaluate the applicability of the system of water
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immersion in urban areas with SWMM 5.0 (Environmental Protection Agency, Washington, D.C.,
USA) [22].
2. Methodology
2.1. Outline
The threshold for flooding is called flood nomograph [18]. A flood nomograph is generated by
applying various duration and frequencies using synthetic rainfall events [18]. The synthetic rainfall
is used as the input value for rainfall runoff simulation. This is important for creating improved flood
nomographs. Artificially generated synthetic rainfall values are used with a selected rainfall
distribution. Until flooding occurs, an initial rainfall value of 1 mm is applied with an increment of
0.1 mm. For example, simulate rainfall runoff model starting with 1 mm rainfall. If flooding does not
occur, then simulate it with 1.1 mm rainfall. Increase rainfall by 0.1 mm until flooding occurs for
various duration. Then, the duration and amount of each rainfall are recorded when four criteria
(50%, 70%, 100% filled nodes, and flooding node) nodes are satisfied. Next, the rainfall values of these
four criteria nodes are converted to rainfall intensities. The four criteria intensities of rainfall should
then be checked to generate the regression equation in a graph. The improved flood nomograph is
represented by the marginal lines in the regression equation. Four criteria are established for the
improved flood nomograph: 50%, 70%, 100%, and first flooding. The following steps are the process
used in this study.
1. Generate synthetic rainfall.
2. Set 1 mm of initial rainfall in the rainfall runoff simulation.
3. Run rainfall runoff simulation with increments of 0.1 mm rainfall.
4. Run rainfall runoff simulations until 5-1, 5-2, 5-3, and 5-4 are satisfied.
5-1 Obtain first flooding node: Check the amount for each duration.
5-2 Obtain 100% filled pipe node: Check the amount for each duration.
5-3 Obtain 70% filled pipe node: Check the amount for each duration.
5-4 Obtain 50% filled pipe node: Check the amount for each duration.
6. Check the rainfall amount for each duration for steps 5-1, 5-2, 5-3, and 5-4.
7. Repeat steps 1 to 6 for various rainfall durations.
8. Convert four criteria rainfall amounts to rainfall intensities.
9. Express four criteria rainfall intensities in a graph.
10. Generate a regression equation to a regression curve for the four criteria rainfall intensities.
11. Obtain the four regression curves from the marginal lines of the improved flood nomograph.
12. Establish the four types (50%, 70%, 100%, and first flooding) of flood nomographs.
13. Check the improved flood nomograph with historical rainfall in the target area.
14. Discuss the results of the improved flood nomograph applied with historical rainfall.
15. Check the improved flood nomograph with the pump station design frequency in the target
area.
16. Discuss the results of the improved flood nomograph applied with pump station design
frequency.
2.2. Synthetic Rainfall Data for Improved Flood Nomograph
The improved flood nomograph is obtained with synthetic rainfall data using a rainfall runoff
simulation. Most urban drainage facilities in Korea are designed with a Huff distribution [23].
Therefore, the Huff distribution is applied in this study. Rainfall scenarios were formed by applying
a Huff third quartile rainfall distribution, which has a very similar shape to the distribution of
domestic rainfall. Huff examines which section of the maximum amount of rainfall by duration
occurs with four quartiles. The Huff third quartile distribution is similar to the rainfall distribution
in Korea [24]. The Huff first, second, third, and fourth quartile distributions are respectively shown
in Equations (1)–(4) [25].
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𝑃 = 46.650𝑇 − 149.92𝑇 + 183.11𝑇 − 104.670𝑇 + 26.397𝑇 − 0.5686𝑇 − 0.0019

(1)

𝑃 = −41.103𝑇 + 127.68𝑇 − 144.14𝑇 + 67.994𝑇 − 10.324𝑇 + 0.8843𝑇 − 0.0004

(2)

𝑃 = 34.763𝑇 − 97.703𝑇 + 97.085𝑇 − 41.707𝑇 + 8.9582𝑇 − 0.3974𝑇 + 0.0008

(3)

𝑃 = −16.552𝑇 + 40.907𝑇 − 37.454𝑇 + 16.415𝑇 − 2.6978𝑇 + 0.3827𝑇 − 0.0008

(4)

(here, 𝑃 : Ratio of cumulative rainfall, and 𝑇 : Ratio of cumulative time)

Based on the regression equations shown above, each Huff distribution is first generated with a
cumulative distribution. Then, the dispersed distribution is converted from the cumulative
distribution. Finally, the synthetic rainfall event is obtained by applying the amount of rainfall to the
dispersed distribution [26–30]. The cumulative distribution is used for the Huff distribution as a type
of regression equation. The process used to generate the synthetic rainfall data is shown in Figure 1.

Figure 1. Synthetic rainfall data generation process.

The four criteria nodes are selected based on a rainfall runoff simulation using Huff distributed
synthetic rainfall data. The synthetic rainfall distribution is selected according to the specific urban
drainage design systems used in the study area. However, if the urban drainage systems are designed
using specific rainfall distribution in the target watershed, that distribution must be used. Therefore,
the improved flood nomograph should use the same rainfall distribution as well.
At each duration, the synthetic rainfall is distributed from 1 mm in increments of 0.1 mm for the
four criteria nodes. The Huff third quartile distribution, which has the same distribution as the design
of the target area, is applied. It should be noted that the distribution of actual rainfall data may differ
from the distribution of synthetic rainfall data used in this study. Because it is difficult to consider all
types of rainfall in both the flood prediction and the design, the amount of rainfall used for flood
prediction by the improved flood nomograph was consistent with the amount of rainfall used in the
drainage network design.
2.3. Selecting Criteria Nodes for Improved Flood Nomograph
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In this study, there are four criteria nodes in the improved flood nomograph. The scenarios were
prepared for urban inundation by subdividing rainfall according to the degree to which rainfall can
reach the highest level based on the rainwater manhole radius as well as the drainage pipe radius.
Figure 2 shows a schematic of the four criteria used for the improved flood nomograph.

Figure 2. Schematic of the four criteria.

The monitoring node for the operation of drainage facilities was selected as the first flooding
node in the urban drainage system [26–28,30]. If the monitoring node level is high, the decentralized
reservoir at the top of the drainage network reserves the inflow from the drainage network;
otherwise, the inflow is released. For a centralized reservoir at the downstream of the drainage
network, if the monitoring node level is high, the drainage pump is operated early; otherwise, the
drainage pump is operated normally.
When searching for the first flooding node in the rainfall runoff simulation, the initial rainfall
value is 1 mm, which then increases in units of 0.1 mm until the first flooding occurs; at this time, the
first flooding node and amount are checked. Many of the first flooding node rainfall intensities are
converted from rainfall data. These rainfall intensities are then used to construct the flood
nomograph, which is also the marginal point for flood prediction. This is the first flooding criterion
of the four criteria.
The other three criteria involve drainage pipe levels. The scenarios were prepared for urban
inundation by subdividing rainfall according to the degree to which rainfall can reach the highest
level based on the rainwater manhole radius as well as the drainage pipe radius. In general, flood
warnings are issued when the level at the point where the flood warning is issued is expected to
continue to rise and exceed the boundary flood level; at this time, the level of the flood alert is
embankment and floodgate. The level that requires a boundary for structures such as bridges is
defined as the level at which a flow rate equivalent to 50/100 of the planned flood reaches the level
when flowing, or once every two or three years [31]. In this study, 50% of the landscape was filled
with water following the onset of rainfall by applying this to rainwater management as the criterion
for a water immersion warning. Therefore, each point was obtained to calculate the rainfall that
reached up to 50% of the pipe in the aforementioned synthetic rainfall, and then the rainwater was
connected to draw up a flood nomograph. This was the warning criteria.
An alert is issued when the level at the point where the flood warning is issued is expected to
continue to rise and eventually exceed the level of a hazardous flood; hazardous flood levels are
embankment and floodgate. The level at which the risk of collapse of structures such as bridges is
expected is the level at which a flow rate equivalent to 70/100 of the planned flood reaches the level
when flowing, or once every five to 10 years [28]. In this study, 70% of the landscape after the onset
of rain was set as the basis to warn of flooding. Therefore, each point was obtained to calculate the
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rainfall that reached up to 70% of the pipe in the aforementioned synthetic rainfall, and then the
rainwater was connected to draw up a flood nomograph. This was the alert criteria.
Along with warnings and alerts, the danger level is required to secure the final preparation time
before flooding occurs. Since flooding typically occurs from backflows in the rainwater manholes at
each of the major points, the danger level was allowed to secure a sufficient amount of time for rain
to rise up to the rainwater manholes on the ground after the pipe was full. Therefore, we prepared a
nomograph for the danger stage of flooding by calculating the rainfall that does not occur during the
rainfall scenario but causes severe conditions in all areas. Figure 3 shows a flow diagram illustrating
the creation of the improved flood nomographs with the four criteria.

Figure 3. Improved flood nomograph flow diagram (with four criteria).

The synthetic rainfall used in the drainage network design is applied to the improved flood
nomograph. There are a few steps involved in selecting the four criteria nodes. Among various
rainfall durations, one duration should be chosen for the selection of the four criteria nodes. Synthetic
rainfall distributions are generated by the Huff third quartile distribution. If the rainfall distributions
differ, appropriate additional information related to the drainage network is necessary. The total
initial synthetic rainfall amount is 1 mm. The synthetic rainfall distribution is distributed with this
total amount of synthetic rainfall. Regardless of whether flooding occurs, the flooding occurrence and
drainage pipe water levels are examined through rainfall runoff simulations. If there is flooding, the
first flooding node, drainage pipe water level, and total rainfall amount are checked. By contrast, if
there is no flooding, the 50%, 70%, and 100% drainage pipe water levels are checked. If the drainage
pipe water level is not 50%, 70%, or 100%, the total amount of synthetic rainfall is increased in 0.1
mm increments. This procedure is repeated until the four criteria nodes are satisfied. Then, a different
duration is selected, and the above procedure is repeated until all four of the criteria nodes are
checked along with the total rainfall amount.
The rainfall values of the four criteria nodes are converted to rainfall intensities to generate
improved flood nomographs. The rainfall runoff model should have the ability to display flood
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volume for all of the nodes used in the improved flood nomographs. Varying the durations increases
the flood accuracy for flood forecasting with the results of the four criteria nodes.
2.4. Concept of Improved Flood Nomograph
Based on flood forecasting, the improved flood nomograph concept uses the same rainfall
distribution as the urban drainage design. If the rainfall intensity applied is higher than that of the
first flood node, the target area is flooded. However, if the rainfall intensity applied is higher than
the danger criteria but lower than the first flooding criteria, the target area is only considered to have
the potential of flooding in the near future. The predicted rainfall data must have the same units as
the actual rainfall data to be used in this process. Because actual rainfall events start and stop
continuously during the wet season, the time between rainfall events should be defined when
applying actual rainfall events [18]. The time between events refers to the time interval separating
different rainfall events. The target watershed’s time of concentration can be used as the inter-event
time in a flood [18]. Figure 4 shows a schematic of the improved flood nomographs used in flood
forecasting.

Figure 4. Schematic of improved flood nomograph in flood forecasting.

Figure 4a shows that the rainfall intensities that are converted with the first flooding nodes are
the constituent of the marginal point in a flood nomograph. In addition, the rainfall intensities of the
first flooding’s regression curve generate the threshold value of the flood nomograph [18]. As shown
in Figure 4b, the intensity of an actual rainfall event is smaller than the marginal point of the flood
nomograph, meaning that there is either no flooding or not enough actual rainfall to cause flooding.
However, Figure 4c shows that the rainfall intensities exceed the marginal point of the flood
nomograph, meaning that a flood can occur. In Figure 4d, the improved flood nomograph is
converted with the four criteria nodes combined with the first flooding nodes: (1) is the first flooding
node, (2) pipe water level 100%, (3) pipe water level 70%, and (4) pipe water level 50%. The threshold
values of these four criteria are generated from the regression curve of each criteria condition. Figure
4e shows that the actual rainfall event is lower than the first flooding marginal point of the improved
flood nomograph, meaning that no flood has occurred. However, Figure 4f shows that if an actual
rainfall event occurs continuously, then a flood can subsequently occur.
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3. Applications and Results
3.1. Study Areas
Urban areas with moderate slopes and high population density were selected because of the
precedent of being used as flood examples and the existence of warning systems in such areas.
Further, areas with a history of past flood damage were selected to verify the improved flood
nomograph example and warning systems.
In 2009, 2010, 2011, and 2013, various areas were inundated due to urban flood in Shincheon
area of Songpa-gu, Seoul. On 9 July 2009, due to heavy rain, the area of Hyundai apartment in Jamsil
collapsed underground. On 21 September 2010, due to 264 mm of heavy rain in Songpa, 150 cases of
flood support were requested, and the sewage system near the residential area was blocked or
reversed, causing intensive flooding of underground. Heavy rains of 338 mm on 27 July 2011 flooded
two-way roads to Olympic road under the Han River railroad bridge, leaving hundreds of vehicles
trapped or submerged. On 22 July 2013 due to heavy Songpa rains, approximately 40 vehicles
flooded. In 2012 and 2017, drainage areas adjacent to Geoje area of Yeonje-gu, Busan, were inundated.
On 17 September 2012 and 11 September 2017, both caused Geoje area to flood in many residential
places. Therefore, in this study, the Shincheon district and Geoje district, which have various
historical flood events, were selected as the target watershed.
Most of the areas near the Sincheon pump station contain apartment complexes. The Songpa-gu
Office is located there, the Seongnaecheon Stream flows along Olympic Park on the right, and
Seokchon Lake is located in the watershed (Figure 5a,b). In addition, as shown in Figure 5b, a number
of pump stations are located facing the Seongnaecheon Stream, and the gradient is very gentle. The
total target watershed area is 3.6 km2, and the pump station consists of 11 pumps with 600
horsepower each. The pump station has a total pump capacity of 2256 m3/min, and the wellwatershed area has a total volume of 92,000 m3. Water in the area around Songpa-gu Office, where
natural drainage is difficult due to the high water level of the Han River during the wet season, is
forced into the Han River through three channels. Figure 5c shows the shape and rainwater pipe
diagram of the Sincheon pump station.

(a) Location of Shincheon area in Korea.
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(b) Geographical information (left), (c) Drainage network (right).
Figure 5. Geographical information and drainage network of Shincheon area.

Oncheon Stream is a tributary of the Suyeong River, which flows through the heart of Busan.
The tributaries of Oncheon Stream include Geoje Stream and Sangmi Stream, the channels of which
are covered mostly by roads in the upstream and midstream reaches. In the downstream, Geoje and
Sangmi Stream join and flow into Oncheon Stream. In Figure 6a,b, geographical information of Geoje
area is shown. The Geoje area is 9.65 km2, and the Geoje and Sangmi Streams are 4.26 and 2.87 km
long, respectively. Figure 6c includes additional information of the Geoje drainage network.

(a) Location of Shincheon area in Korea.
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(b) Geographical information (left), (c) Drainage network (right)
Figure 6. Geographical information and drainage network of Geoje area.

The EPA-SWMM (Storm Water Management Model) version 5.0 (Environmental Protection
Agency, Washington, D.C., USA) was used for rainfall-runoff simulation. This is a comprehensive
model that simulates the runoff volume caused by rainfall in urban basins and the discharge of
pollutants from surface and sewer pipes, traces runoff volume in sewage networks, and calculates
detention volume. The Seoul Metropolitan Government and Busan Metropolitan Government
provided information on the drainage network based on geographic information system data. The
drainage system in Shincheon area has 35 links, 35 subcatchments, and 35 nodes in total. The drainage
outlet is located north of the Shincheon target watershed near the Shincheon pump station. For the
Geoje area, the drainage system has 195 links, 195 subcatchments, and 195 nodes in total. The outlet
of the drainage network is located north of the Geoje area.
3.2. Calibration and Validation of the Rainfall Runoff Model in Study Areas
The model is manually calibrated. The calibration of the model is focused on four goals:
Comparing peak time and peak discharge total runoff volume and reducing the root mean square
error (RMSE) between the simulated and observed inflow data. The rainfall data for 9 September 2010
and 27 July 2011 in Shincheon area and 17 September 2012 and 11 September 2017 in Geoje area are
used for the rainfall runoff model calibration. In the pump station, the centralized reservoir has no
measuring device for inflow data. Therefore, the centralized reservoir level variance and pump
operation records are used to estimate inflow. The accuracy of calibration/validation and the
observed/simulated inflow hydrograph is shown in Figure 7.
The types and values of the calibrated parameter in rainfall runoff model is described in Table
1. Three parameters are used for the calibration and validation of the target basin: Width of
subcatchment, percentage of slope, and percentage of impervious area. The total number of
parameters are 105 for Shincheon area (subcatchment is 35) and 585 for Geoje area (subcatchment is
195). The roughness coefficient is assumed to be 0.015 for Shincheon area and 0.012 for Geoje area
following a technical report written after the recent maintenance and rehabilitation of pump station
and the design of detention reservoir, respectively.
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(a) 2010 and 2011 data in Shincheon area

(b) 2012 and 2017 data in Geoje area.
Figure 7. Calibration and validation data.
Table 1. Calibration parameters.

Type
Parameters

Subcatchments
Width: 0–60 (m)
Percentage of slope: 0–100 (%)
Percentage of impervious area: 0–100 (%)

3.3. The Four Criteria Nodes
The synthetic rainfall distribution depends on the drainage network design in the study area
[18]. The drainage network design in the study area is conducted with the Huff third quartile
distribution. The four criteria nodes are selected based on the rainfall runoff. The rainfall data for
each criteria node has the same distribution but different amounts in the selection of each criteria
node according to various durations.
Four criteria nodes were distributed from 10 to 720 min for synthetic rainfall durations. The
initial rainfall amount was 1 mm, and this was increased by 0.1 mm until each criterion was satisfied.
For the first flooding criterion, rainfall was increased until first flooding occurred. For the other three
criteria, rainfall was increased until the pipe water levels reached 50%, 70%, and 100%. Table 2 shows
a summary of the four criteria nodes in study areas.
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Table 2. Summary of four criteria nodes.
(a) First flooding nodes.

Shincheon Area

Geoje Area

Duration (min)

Node
(rainfall amount)

Node
(rainfall intensity)

Node
(rainfall amount)

Node
(rainfall intensity)

10

208 (22.5 mm)

208 (135 mm/h)

GMH103 (30 mm)

GMH103 (180 mm/h)

30

208 (25 mm)

208 (50 mm/h)

GMH103 (46 mm)

GMH103 (92 mm/h)

60

208 (31 mm)

208 (31 mm/h)

GMH103 (86 mm)

GMH103 (86 mm/h)

120

208 (46 mm)

208 (23 mm/h)

GMH103 (130 mm)

GMH103 (65 mm/h)

180
360
720

208 (62.1 mm)
208 (114 mm)
208 (222 mm)

208 (20.7 mm/h)
208 (19 mm/h)
208 (18.5 mm/h)

MH30 (130 mm)
MH30 (130 mm)
MH30 (130 mm)

MH30 (43.3 mm/h)
MH30 (21.7 mm/h)
MH30 (10.8 mm/h)

(b) Pipe water level 100% filled nodes

Shincheon Area

Geoje Area

Duration (min)

Node
(rainfall amount)

Node
(rainfall intensity)

Node
(rainfall amount)

Node
(rainfall intensity)

10

208 (21.7 mm)

208 (130.4 mm/h)

GMH103 (27.2 mm)

GMH103 (163 mm/h)

30

208 (23.4 mm)

208 (46.8 mm/h)

GMH103 (37.7 mm)

GMH103 (75.3 mm/h)

60

208 (29.6 mm)

208 (29.6 mm/h)

GMH103 (71.3 mm)

GMH103 (71.3 mm/h)

120

208 (43.2 mm)

208 (21.6 mm/h)

GMH103 (102 mm)

GMH103 (51 mm/h)

180
360
720

208 (58.5 mm)
208 (110 mm)
208 (215.6 mm)

208 (19.5 mm/h)
208 (18.3 mm/h)
208 (18 mm/h)

MH30 (116.1 mm)
MH30 (119.9 mm)
MH30 (120.1 mm)

MH30 (38.7 mm/h)
MH30 (20 mm/h)
MH30 (10 mm/h)
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(c) Pipe water level 70% filled nodes

Shincheon Area

Geoje Area

Duration (min)

Node
(rainfall amount)

Node
(rainfall intensity)

Node
(rainfall amount)

Node
(rainfall intensity)

10

208 (19.8 mm)

208 (119 mm/h)

GMH103 (21.2 mm)

GMH103 (119 mm/h)

30

208 (21.2 mm)

208 (42.3 mm/h)

GMH103 (33.3 mm)

GMH103 (66.5 mm/h)

60

208 (25.1 mm)

208 (25.1 mm/h)

GMH103 (58.3 mm)

GMH103 (58.3 mm/h)

120

208 (35.8 mm)

208 (17.9 mm/h)

GMH103 (86.3 mm)

GMH103 (43.1 mm/h)

180

208 (47.6 mm)

208 (15.9 mm/h)

GMH103 (98 mm)

GMH103 (32.7 mm/h)

360
720

208 (87 mm)
208 (168.4 mm)

208 (14.5 mm/h)
208 (14 mm/h)

MH30 (102.4 mm)
MH30 (111.9 mm)

MH30 (17.1 mm/h)
MH30 (9.3 mm/h)

(d) Pipe water level 50% filled nodes

Shincheon Area

Geoje Area

Duration (min)

Node
(rainfall amount)

Node
(rainfall intensity)

Node
(rainfall amount)

Node
(rainfall intensity)

10

208 (14.6 mm)

208 (87.6 mm/h)

GMH103 (18.8 mm)

GMH103 (113 mm/h)

30

208 (15.4 mm)

208 (30.7 mm/h)

GMH103 (25.6 mm)

GMH103 (51.2 mm/h)

60

208 (17.3 mm)

208 (17.3 mm/h)

GMH103 (36.3 mm)

GMH103 (36.3 mm/h)

120

208 (23.9 mm)

208 (11.9 mm/h)

GMH103 (57.2 mm)

GMH103 (28.6 mm/h)

180

208 (31 mm)

208 (10.3 mm/h)

GMH103 (70.8 mm)

GMH103 (23.6 mm/h)

360
720

208 (55.4 mm)
208 (98.3 mm)

208 (9.2 mm/h)
208 (8.2 mm/h)

MH30 (85.2 mm)
MH30 (97.2 mm)

MH30 (14.2 mm/h)
MH30 (8.1 mm/h)

As shown in Table 2, Shincheon area in Node 208 is the only node for each criteria case. Node
208 is located downstream of the Shincheon drainage network. For all durations, Node 208 was used
as the threshold of improved flood nomograph.
In Geoje area, Node GMH103 is the first flooding and 100% filled node until 120 min, and Node
MH30 after 120 min. For other criteria case, Node GMH103 is the 70% and 50% filled node until 180
min, and Node MH30 after 180 min. The Node GMH103 and MH30 are located downstream of the
Geoje drainage network. In case of the first flooding and 100% filled node, Node GMH130 was used
as the threshold for durations shorter than 120 min, and Node MH30 was used as the threshold for
durations longer than 120 min. In case of the 70% and 50% filled node, Node GMH130 was used as
the threshold for durations shorter than 180 min, and Node MH30 was used as the threshold for
durations longer than 180 min. The total rainfall amount after 120 min remained constant in the first
flooding node. This indicates that the maximum allowable volume of the Geoje drainage network
was approximately 130 mm [18].
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In previous references, the operation of main conduits was based on the first flooding node [26–
30]. In Korea, most drainage conduits are classified as branch or main conduits depending on the
drainage basin and the product of the runoff coefficient [26]. Specifically, a conduit is classified as a
branch conduit if the data of the product is smaller than 0.12 km2; otherwise it is classified as a main
conduit. For the improved flood nomograph, the four criteria nodes were selected for both branch
and main conduits.
3.4. Improved Flood Nomograph
To generate an improved flood nomograph, regression curves of the four criteria rainfall
intensities are required. Once the regression curves have been acquired, the regression equation for
each criteria rainfall intensity can be generated. This regression equation is the marginal line for
determining the warning, alert, danger, and inundation levels. The type of regression equation may
recommend the form of a power function to facilitate application, but it is not limited. Figure 8 shows
the generation process of the improved flood nomograph.

(a) Generation of regression curves
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(b) Improved flood nomograph (Shincheon area)

(c) Improved flood nomograph (Geoje area)
Figure 8. The generation process of improved flood nomograph.

The four criteria rainfall intensities are converted to flooding volumes. The regression curves
were drawn from the four criteria rainfall intensities. In Figure 8a, the marginal point of the improved
flood nomograph was created. If the regression equation is uncertain, the threshold of the four criteria
intensities can be connected [18]. The improved flood nomograph shown in Figure 8b and Figure 6c
was generated by overlapping four criteria regression curves.
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3.5. Application of Improved Flood Nomograph with Rainfall Data
Historical rainfall data for 27 July 2011 (Shincheon area) and 11 September 2017 (Geoje area) was
chosen as the rainfall data to apply to the improved flood nomograph. A 3-hour rainfall forecast was
provided to the public by the Korea Meteorological Administration (KMA) [32]. The accurate flood
forecasting is possible if the time interval of the applied rainfall data is in 1 or 5 min increments.
However, this also makes the application process substantially longer. The application of the
improved flood nomograph is shown in Figures 9 and 10.

(a) 0-hour real rainfall; 3-hour rainfall forecast

(b) 3-hour real rainfall; 3-hour rainfall forecast

(c) 6-hour real rainfall; 3-hour rainfall forecast
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(d) 9-hour real rainfall; 3-hour rainfall forecast
Figure 9. Application of the improved flood nomograph with historical rainfall data (Shincheon
area).

(a) 0-hour real rainfall; 3-hour rainfall forecast

(b) 3-hour real rainfall; 3-hour rainfall forecast

(c) 6-hour real rainfall; 3-hour rainfall forecast
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(d) 9-hour real rainfall; 3-hour rainfall forecast.
Figure 10. Application of the improved flood nomograph with historical rainfall data (Geoje area).

The initial conditions of the improved flood nomograph and 3-hour rainfall forecast are applied
to the improved flood nomograph (Figure 9a). The threshold is located higher than the rainfall
forecast intensity (Figures 9a and 10a). The 3-hour forecast and real rainfall are also applied (Figures
9b and 10b), and it can be seen that the 50% pipe water level threshold is located lower than the
forecast and real rainfall intensities. This indicates that some of the pipes in the downstream of the
drainage network are over 50% filled with water. The 6-hour rainfall forecast and 3-hour real rainfall
are applied (Figures 9c and 10c). Pipe water levels of 50%, 70%, and 100% and the first flooding flood
nomograph threshold are located below the forecast and real rainfall intensities (Figures 9c, 9d, and
10d). This indicates that flooding is currently occurring and is expected to continue. The reason that
flooding is still occurring for the 9-hour rainfall forecast and 3-hour real rainfall is that the threshold
is lower than the intensities in the improved flood nomograph (Figures 9d and 10d).
3.6. Flooding Stages of Improved Flood Nomograph
In Figure 11, the yellow line is the result of simulating a 3-hour continuous rainfall with 50-year
frequency. This is the design frequency of the Sincheon pump station, representing a total of 177.1
mm of rainfall. In the beginning, the pump station design rainfall reaches the warning zone, then
takes about 15 min before reaching the alert zone, so it can be considered that the pump station has
time to prepare. Then, seven minutes are secured from alert to the danger zone. It can also be seen
that three minutes are secured before flooding occurs in the danger zone. From warning to flooding,
about 25 min are secured from flooding that occurs in the target watershed.
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Figure 11. Flooding stages of improved flood nomograph (Shincheon area).

Based on the comparison of the design standard rainfall for the Shincheon pump station, it is
estimated that disaster management at a pre-preparatory level is feasible, considering that it takes
about 25 min from the issuance of a warning to the occurrence of flooding. It is also believed that the
improved flood nomograph can minimize damage by securing time before flooding.
4. Conclusions
Previous studies proposed new approaches to prepare for or prevent floods with various flood
forecasting models in a non-structural measure. Research into these kinds of flood forecasting
methods was necessitated by the increasing occurrence of floods in cities that has led to substantial
damages to both humans and property. In this study, an improved flood forecasting technique was
proposed based on the selection of four criteria (pipe water levels of 50%, 70%, and 100%, and first
flooding node) on Sincheon and Geoje area. The four criteria nodes for each duration were obtained
using synthetic rainfall, which was distributed along the Huff third quartile distribution. The Huff
third quartile distribution is the distribution most commonly applied to urban drainage facilities
design in Korea. In each duration, the total synthetic rainfall amount is distributed from 1 mm with
increments of 0.1 mm for the four criteria nodes. If there is flooding, the first flooding node, drainage
pipe water level, and total rainfall amount are checked. By contrast, if there is no flooding, the 50%,
70%, and 100% drainage pipe water levels are checked. The rainfall amounts of the four criteria nodes
are converted to rainfall intensities to generate improved flood nomographs. The strengths and
weaknesses of the improved flood nomograph are as follows:
•
When a target watershed is changed, a different improved flood nomograph must be
created.
•
For large watersheds, more than one improved flood nomograph is required.
•
The results of the improved flood nomograph can differ depending on the flood damage.
•
Rainfall data are only required when applying improved flood nomograph.
•
The improved flood nomograph is applicable to single drainage basins in small area.
•
Various time intervals of rainfall data can be applied to the improved flood nomograph.
•
The four criteria in the improved flood nomograph can secure sufficient time to prepare for
flooding.
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•
The selection of the rainfall distribution is important for generating improved flood
nomograph.
The Shincheon and Geoje area are the target watershed for the improved flood nomograph. The
data that were applied consisted of the predicted rainfall data from the KMA and the real rainfall
data for 27 July 2011 (Shincheon area) and 11 September 2017 (Geoje area). A 10 min time interval for
rainfall data was applied. Flood forecasting can be more accurate with smaller time intervals for
rainfall data. Because only rainfall data are needed, an improved flood nomograph can easily be
applied to any drainage network. An improved flood nomograph that is applicable to large
watersheds instead of small watersheds should be investigated in future research. The selection of
the rainfall distribution is important because it changes the shape of the regression curve in an
improved flood nomograph. In future studies, various rainfall distribution will be used to generate
the improved flood nomograph. This study is expected to serve as a resource to help predict and
prepare for extreme rainfall that can potentially cause flood damage.
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