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Abstract: Currently, Korea is experiencing localized extreme rainfall, which accounts for more than 80% of
flood-related disasters, and is increasing in small river basins, where more than 60% of flood-related casualties
occur. These events are caused by climate change and geological factors and their impact is becoming more
severe. As a result, an effective measurement system is required to mitigate their impact, particularly in small
stream basins that are especially vulnerable due to their steep slopes, small catchment areas, and lack of
maintenance and management capacity. In addition, a Flood Early Warning Framework (FEWF) that forecasts
discharge and depth during flood events is crucial for reducing casualties. Therefore, this research is focused
on developing the FEWF using the nomograph and rating curve methods, which are established by the robust
constrained nonlinear equation solver and are suitable for small streams. The FEWF is evaluated using real-
time data observed over 7-years period from the Closed-circuit Television-based Automatic Discharge
Measurement Technology (CADMT), and the results show that the FEWF is effective in forecasting discharge
and depth during flood events. The use of CADMT technology for real-time data can develop an accurate and
reliable FEWF, which can help mitigate the impacts of extreme rainfall events and reduce the number of flood-
related casualties in small stream basins.

Keywords: extreme rainfall event; small stream basins; flood early warning framework; the closed-

circuit television-based automatic discharge measuring technology; discharge and depth

1. Introduction

Localized extreme rainfall is one of the most severe hazards in Asia and globally, with
immeasurable impacts due to increasing intensity and frequency attributed to climate change [1,2].
Over the past 93 years, from 1927 to 2019, the frequency of extreme rainfall exceeding 100mm per
hour in Korea has steadily increased with the increase in average temperature, as shown by the blue
line in Figure 1 a. The area of occurrence is also expanding throughout Korea. Extreme rainfall that
occurred once in the 1920s increased to five times in the 1980s, then to eight times in the 2010s, and
continued to increase gradually.

Flood disasters linked to these extreme rainfall events cause the largest socioeconomic losses
over the Asian domain [3-5]. In Korea, more than 80% of flood disasters occur in river basins [6,7].
As extreme rainfall events occur suddenly and locally, such as in a flash flood, the flood damage
caused by extreme rainfall events in small streams is on the rise. Disasters in the last 10 years, from
2010 to 2019, show that about 42.3% of the total damage of $68.5 million was caused in the small
stream basins [8]. The floods bring more serious impacts on the small stream basin than the large
river basin, as the small stream has fast flow characteristics within a one-hour flow duration time
with a steep channel slope [6]. In particular, more than 60% of casualties have occurred in the small
stream because it is located near the community and is easy to access, but it is not easy to escape
when the water level suddenly rises.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. The frequency of the extreme rainfall and the distribution map of occurrence regions of
Korea over the past 93 years from 1927 to 2019.

1.1. Research necessity

Flood early warning can dramatically reduce human casualties by alerting people who live or
leisure around the small streams to escape from risk areas before floods reach them [9]. However, the
numerical model-based flood early warning system, which forecasts depth or discharge, is not
suitable for ensuring the emergency response time needed to reduce human casualties because small
streams have a short duration time due to the steep channel slope and the small basin area. Thus, a
statistical-based flood early warning system is more useful for considering small stream
characteristics. Furthermore, data analysis methods that consider the unique characteristics of small
streams, such as steep slopes and rapid response times, are necessary to ensure the accuracy and
reliability of flood early warning systems.

Additionally, accurate and real-time measurements of flow depth, velocity, and discharge in the
small streams are needed to improve the accuracy of flood early warning systems. Besides
technological advances, improved data collection and analysis for small streams is also necessary.
Therefore, cost-effective and reliable data collection methods for small streams, such as the use of
remote sensing technology, are needed. Community involvement and awareness are also essential
for the success of flood early warning systems. The availability of easily accessible communication
channels, such as mobile phone messaging and social media, can enhance the effectiveness of the
flood early warning system by reaching a broader audience. Overall, a comprehensive approach that
combines technological advances, statistical analysis, and community involvement is essential to
improve flood early warning systems for small streams.

1.2. Challenges

Accurately forecasting flow depth and discharge using the FEWF requires direct measurement
of water depth, discharge, and rainfall in the small stream basins. However, existing technologies,
such as velocimetry and water surface level gauges, face challenges in measuring fast flow velocities
due to steep channel slopes, finding safe measurement locations, risk of breakage due to suspended
solids and bed load, high cost, and image resolution issues.

Accurate and reliable data on rainfall, water depth, and discharge are essential for developing
effective flood early warning systems. However, many small streams lack adequate monitoring
equipment, and data collection can be costly and challenging. As an alternative, Surface Image
Velocimetry (SIV) has been researched in recent years for small streams [10-13]. Furthermore, the
implementation of these technologies in small streams may also face challenges related to cost-
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effectiveness, maintenance, and the need for trained personnel to operate and maintain the
technology.

Another challenge is the limited capacity of local governments to measure the large number of
small streams in Korea during the flood season. The development and evaluation of key forecasting
methods, such as rainfall-discharge nomographs and rating curves, for unmeasured small streams is
critical. Estimated data from numerical models and measured data from other small streams can be
used to develop and evaluate the FEWF for unmeasured small streams. However, similarities in
watershed characteristics and flow patterns, as well as spatial and geographic correlations between
measured and unmeasured small streams, must be demonstrated. Further research will be conducted
to address these issues.

Additionally, the accuracy and reliability of the FEWFs may be affected by uncertainties in the
rainfall forecast, especially during extreme weather events. The accuracy of the FEWFs also depends
on the quality and frequency of data collection, the calibration of the models, and the availability of
real-time data. Therefore, continuous monitoring and updating of the FEWFs based on the latest data
and technology is necessary to improve their accuracy and effectiveness. The development of a robust
data management system is also critical to the efficient and effective operation and maintenance of
the FEWE.

1.3. Opportunities

One potential opportunity is to improve the accuracy of flood forecasting and disaster risk
reduction in small streams through the use of CADMT and FEWEF. Recent advances in ICT-based
remote sensing technology, information technology, statistical analysis technology, and social media
provide opportunities for flood early warning systems to gain additional capabilities [14]. These
technologies provide an opportunity to overcome the technical limitations faced by flood early
warning systems [15,16]. Statistical analysis technology can be an alternative to classical hydrological
and hydraulic models and can be used for forecasting in small stream basins.

The National Disaster Management Institute (NDMI) in Korea developed the Closed-circuit
television-based Automatic Discharge Measurement Technology (CADMT) using SIV technology in
2016 and evaluated it through field and hydraulic experiments [6]. The CADMT allows for real-time
measurement of flow depth, velocity distribution, and discharge under extreme flow conditions
without requiring direct measurement, recording, or data collection and analysis.

Since 2016, The Ministry of Interior and Safety (MOIS) in Korea has been installing the CADMT
in small streams to collect real-time measurement data. The FEWF can be expanded to these small
streams, and MOIS plans to install the CADMT in 10% of the 22,330 small streams in Korea by 2025.
The selection of the 10% of small streams was based on flood risk assessments and local government
demand surveys, reflecting the knowledge of local communities. The development and
implementation of the CADMT is an excellent opportunity to improve flood forecasting and disaster
risk reduction in small streams.

Additionally, the installation of CADMT in small streams can provide valuable data for further
research and development of the FEWF, improving their effectiveness in the future. The approach of
using local knowledge and flood risk assessments to prioritize the installation of CADMT in small
streams also highlights the potential for community engagement and participation in flood
management and risk reduction efforts. This technology and approach can provide real-time
measurement and prediction of flow discharges and depth, allowing for early warning and effective
response to flood events in small streams.

To develop the FEWFs, the research proposes a nomograph and rating curve for small stream
flood warning. The rainfall-discharge nomograph forecasts discharge with expected rainfall data
using the McGill Algorithm for Precipitation nowcasting by Lagrangian Extrapolation (MAPLE)
developed by the Korea Meteorological Administration (KMA), and the rating curve forecasts flow
depth for flood early warning. The FEWF can be further enhanced by incorporating remote sensing
technology, such as the CADMT, which allows for real-time measurement of flow depth, velocity
distribution, and discharge under extreme flow conditions without requiring direct measurement,
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recording, or data collection and analysis. Additionally, information technologies, such as social
media, can be used to alert people in risk areas quickly and efficiently.

2. Materials and Methods

2.1. Determination of Measurement Sites

In order to develop and evaluate the FEWFs, the research selected five small streams with
CADMT installed: Jungsunpill, Sunjang, Unchon, Neungmac, and Insu streams, as test beds. The
selection of these streams took into account various factors, such as geographic location, basin
characteristics, and real-time data collected over 6-year period from 2016 to 2021, which included
measurements of rainfall, depth, velocity, and discharge Table 1 shows the characteristics of 5 small
stream watersheds, in which A4, is the basin area; W, is the mean basin width; C,, is the basin form
coefficient (= A,/L2); S, is the mean channel slope; L. is the channel length; and W, is the channel
width. The Jungsunpill and Sunjang streams are relatively steep and are located in the mountainous
areas of Ulsan and Yangsan cities, respectively, in Korea. The Unchon and Neungmac streams, on
the other hand, are relatively flat and are located in the urban areas of Yeoju and Yongin cities,
respectively. The Insu stream, located in Seoul, Korea, has the smallest channel slope among the test
beds. All five small streams have a leaf-shaped watershed.

Table 1. Comparisons of the location and characteristics of small stream basins.

Small Ab Wb L

Streams Latitude Longitude (lm) (lm) ( S, (kmc) w,
Jungsunpil 35.65.17 129.13.17 5.09 1.60 0.50 0.096 3.18 14.00
Sunjang  35.24.04 128.55.49 13.63 217 0.34 0.093 214 33.50
Unchon  37.33.15 127.70.96 6.98 2.01 0.58 0.054 2.88 21.50
Neungmac 37.24.31 127.16.81 241 0.78 0.25 0.054 3.09 9450
Insu 37.40.20 127.00.20 3.66 1.17 0.38 0.025 3.12 17.06

2.2. Selection of Rainfall Gauging Stations

To ensure that the rainfall gauging stations accurately represent the rainfall-runoff
characteristics of each small stream, the research compared the distance between the gauging station
and the stream, as well as the correlation between rainfall and runoff. This was done using measured
discharge and rainfall data from all gauging stations, as shown in Figure 2. The total annual rainfall
averages, as shown in Table 3, varied depending on local meteorological and geological conditions
such as wind, rainfall direction, and mountain effects.
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Figure 2. Location map of the small streams and the rainfall gauging stations, in which —: the small

streams and e: the rainfall gauging stations.

In order to collect both measured and estimated rainfall data per minute, we selected the nearest
rainfall gauging stations using an adaptive analysis of distance and historical rainfall-runoff
characteristics, except for the Insu stream located in Seoul. For this stream, the research selected the
Uijeongbu gauging station as its rainfall characteristics reflect the runoff processes of the Insu small
stream basin well. This is due to the high mountain (Bukhan) with a height of 727 m, which is located
between the Insu stream and the nearest gauging station (Dobong). The locations and reference
information of the selected rainfall gauging stations are summarized in Table 2.

Table 2. The reference information of selected rainfall gauging stations in each small stream basin.

Rainfall Average
Small Gauging Latitude Longitude Distance Annual Elevation  Started
Streams ; (km) Rainfall (EL.m) Observation
Station
(mm)

Jungsunpil Dooseo  35.62.03 129.14.35 4.23 1,274.10 123.0 1991
Sunjang  Yangsan 35.30.74 129.02.01 9.86 1,588.20 6.290 2008
Unchon Yeoju 37.1743 127.3853 6.58 1,180.10 51.50 1962

Neungmac Yongin 37.27.01 1272218 5.83 1,293.50 83.00 2005

Insu Uijungbu 37.73.50 127.07.50 104 1,544.50 72.00 2001

2.3. Measurement of Flow Velocity and Depth

Flow velocities, which are essential elements in the discharge measurement by using the
CADMT, were measured by using the cross-correlation method applied and verified by [17] and [18].
In the CADMT, the interrogation area is determined in the first image and correlation area with large
correlation coefficient, Cy is found in second image, and the flow velocity is calculated by dividing
the moving distance between these areas by the time interval between both images. The correlation
coefficient is calculated by following equation as:

SMX MY (EqEp)
(25 o) 5 1)

CR = X
(MX ()Y, B2 X 3NY, £7))
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in which MX and NY are the pixel size of the correlation area, E, and E}, are residual values of the
correlation area and the interrogation area. The residual values are calculated by a;; —@,; and b;; —
b,, respectively in which @, and b,, are average of contrast values in a range. Finally, the surface
velocity, u; is calculated by following equation as:

1
Us =4 ?’=1 Ust ;s ()

in which ug; is the average time-velocity calculated at node i of the grid in the search area and N
is the total number of nodes in the grid. To measure the surface velocity distributions, the research
used densely designed grids spaced 20 cm apart on cross control cross-sections and captured images
at 20 frames per second from the CCTV, which has the capacity to capture images at 30 frames per
second. The surface velocity distributions were measured from each image and then averaged over
time to reduce sudden fluctuations. The flow velocity measurement interval was determined to be 2
minutes based on the verification results of the fields and the hydraulic model experiments [6]. While
using more images for averaging can significantly reduce fluctuation ranges, it may distort the
measurement results and increase the measurement interval due to the increase in calculation time.
Real-time surface elevations were also measured using the ultrasonic water level gauge installed
in the CADMT, and then converted into depth distributions on the same dense designed grid used
for velocity measurements. To ensure accurate conversion to depth, the channel bed at the cross-
section of each of the five small streams was measured before and after the flood season every year.
Figure 3 shows the comparison results of the cross-sectional changes before and after the flood season
in the year with the greatest changes among all measured data for each of 5 small streams. The
Jungsunpil stream had the largest cross-sectional change, measuring 47.5 cm on the cross-section in
2020, followed by the Sunjang stream with 41.3 ¢cm on the cross-section measured in 2020, the
Neungmac stream with 23.2 ¢m on the cross-section measured in 2018, the Unchon stream with 22.1
cm on the cross-section measured in 2018, and the Insu stream with 21.0 cm on the cross-section
measured in 2020.
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Figure 3. The comparison results in the largest cross-sectional change among the measured data in
each of 5 small streams.

2.4. Discharge Measurements

For measuring discharge, the study used the mid-section method, which is commonly employed
for calculating discharges. This method calculates the mean velocity in a subsection using the mean
velocity on the vertical. The measured discharge (Q,,) and the measured area (4,,) were calculated
using equations (3) and (4) respectively,

— (bj_1+Db;

Qm = T, 7 (P22 d, 3)
b;_q+b;

Ap = T, (F22022) 4y, (4)

in which u; is mean velocity at vertical i; b; is the distance from the initial point to vertical i; d; is
the depth of flow at vertical i. The subsection area extends laterally from half the distances from the
preceding vertical to half the distance to the next subsection. The mean velocity u,, was then
calculated by using equation (5):

Qm
U =2, )
bj_1+b;
qs; = usi( : 12 Hl) d;, (6)

in which ug; is the surface velocity at vertical i. If the cross-section of a small stream is rectangular
or close to a rectangle, and the intervals between the verticals are equal, then the area of each
subsection will be equal to the area of a subsection (a), and the discharge calculated using surface
velocity is given by equation (7):

Qm = als, @)

inwhich a is the conversion coefficient. The conversion coefficient was estimated using equation (8),
where the ratio of the mean cross-sectional velocity and mean surface velocity was straight line going
through the origin.

UmA Um
o =9n = Dnfim _ Im 8)
Qs UsAm Us

The average velocity distribution was measured by Aquatic Doppler Velocimetry (ADV) and
the surface velocity was measured by CADMT in the same cross-controlled cross-section of 5 small
streams. For compare mean velocity distribution, the research used 0.85 for the conversion coefficient

recommended by USGS for all small streams. Figure 4 show that mean velocities measured by the
CADMT were well represented the ADV data.
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Figure 4. Comparisons of the velocities measured in Jungsunpil stream, Korea.

To quantitatively assess the difference between CADMT and ADV values, the research
calculated Root Mean Square Errors (RMSE). The results indicate that the RMSE between the mean
velocities of CADMT and ADV measured at 5:00 AM and 6:30 AM were 0.101 m/s and 0.159 m/s,
respectively. Based on the error analysis, it can be inferred that the velocity data obtained by CADMT
has the potential to be used for developing the FEWEF. In order to determine the accuracy of flow
discharges measured by the CADMT, the research conducted a comparison with ADV velocities for
major floods in all small streams. The results are shown in Figure 5, which presents a comparison of
time-discharges measured on September 11, 2017, August 24, 2017, and October 6, 2017. The
comparison indicated that the discharges measured by the CADMT were well-represented by the
ADV data.
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Figure 5. Comparisons of the time-discharges measured (a) on September 11, 2017, (b) on August 24,
2017, and (c) on October 6, 2017.

The intercomparison analysis showed that the CADMT results measured at specific time
intervals in the Jungsunpil, Unchon, and Neungmac small streams matched the ADV discharges very
accurately with small errors ranging from 0.007 m3/s to 0.065 m?®/s, depending on the time and
location of the measurement, as shown in in Figure 5 a-c. The coefficient of determination, R?, was
0.90 for the Jungsunpil stream and 0.99 for the Unchon and Neungmac streams. Compared to the
ADV, measuring flow discharges using the CADMT offers several advantages, including a shorter
measurement time interval of at least 2 minutes, allowing for the measurement of peak discharges.
In contrast, the ADV requires 20 to 30 minutes to measure the entire cross-section of the Jungsunpil
stream, and its measurements may have large variations in time-discharge curves. Overall, the
CADMT has the potential to be a useful tool for developing flood early warning systems.

3. Development of the Flood Early Warning Framework

3.1. Development of a framework

The research presents a framework for the FEWF, which consists of three major steps:
development, forecasting, and evaluation, as illustrated in Figure 6. The first step, development,
involves developing the rainfall-discharge nomograph and the rating curve using existing data
collected in small stream basins. If measured rainfall, discharge, and depth data are available, the
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nomograph and rating curve are developed using this data. Otherwise, simulated data from
simulation models such as the Unit Hydrograph and the Manning formula are used to develop the
nomograph and rating curve.

In the second step, forecasting, involves using the developed rainfall-discharge and rating
curves to forecast discharge and depth, respectively. In this step, forecasted rainfall is used to forecast
discharges from the rainfall-discharge nomograph. The research utilizes MAPLE for forecasting
rainfall. The forecasted flood discharge is then used to forecast depth by using the developed rating
curve until the forecasted depth exceeds the warning criteria. If the forecasted depth exceeds the
warning criteria, a flood warning is issued to evacuate people from hazardous areas, including small
streams.

If the forecasted depth does not exceed the warning criteria, it is evaluated with newly measured
depth in the evaluation step to determine whether to enhance the rainfall-discharge nomograph and
rating curve with newly measured values of rainfall, discharge, and depth. If the residual between
the forecasted and measured values meets the convergence criteria, the forecasting is repeated to
forecast the next time discharge with forecasted rainfall and depth. If it does not meet the criteria, the
rainfall-discharge nomograph and rating curve can be updated with newly measured discharge,
rainfall, and depth data. The research utilizes the Robust Constrained Nonlinear Equation Solver
(RCNES) to improve the rainfall-discharge nomograph and rating curve by minimizing the root mean
square error (RMSE) between the forecasted and measured sets of normalized data.

.Development Step Discharge
Ml Forecasted Step

B Evaluation Step :

Nomograph

oo S o

g Rating Curve

Rainfall
Yes

No Forecasted Depth =~ No Forecasted Depth >
’7 Measured Depth Warning Criteria
Yes

! ! ]
O Em e

Figure 2. The concept diagram of the FEWF for warning of the depth, the discharge, and the

velocity.

The RCNES is a solver that minimizes a sum of less rapidly increasing functions of the residuals,
rather than minimizing a sum of squared errors [19]. To solve for the correction vector (@), the

following equation is used:
o+ P () P ()]0 =P () +2 () ©

in which I is the unit matrix; P(-) is the Jacobian matrix of the residual function; r is the residual
matrix; s is a known or previously estimated scale parameter; and u is a non-negative parameter.
The value of u is chosen such that it is large enough to eliminate the singularity of the Jacobian
matrix but not so large as to make moving away from the near singular region impossible. To solve
for @, preliminary estimates of @ are assumed and then computed by %! = @ + y@* in which
Y is the scalar step length. At this stage, absolute constraints may be imposed such that (@) > 0. The
value of ¥ is calculated by ¢ = min|a@" /0% |, where «a is determined to be 0.99 as proposed by [20].
The value of pu is calculated by u = max|P(r/s)|, in which P(r/s) = r if |r| is smaller than the
square root of the 0.975 quantile of residuals and P(r/s) = asin(r) if |r| is larger than the square
root of the 0.975 quantile of residuals [19]. The scale parameter is calculated by s=
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1.48med|r — med(r)|, in which the factor of 1.48 makes the scale parameter an approximately
unbiased estimate of scale when the residual function is Gaussian [21].

The iterative procedure is carried out until the residual between the forecasted and measured
values satisfies the convergence criteria. The identification of the solver is performed through a
procedure that involves the repeated evaluation of various statistical measures for different
parameters, ultimately selecting the best identified solvers that satisfy the criteria. The identification
statistics recommended by the research are the RMSE criterion and the coefficient of determination
criterion, given by R? = 1 — (67 /0Z) in which ¢? is the variance of the model residuals and ¢Z is
the variance of the output. If the solver explains the measured data well and is not over-
parameterized, both values of R* approach unity, and the RMSE criterion becomes the smallest
value.

3.2. Determination of a warning criteria

The small stream flood warning system in Korea includes two levels of warning criteria: the
caution level and the severe level, as illustrated in Figure 7. The caution level warning is issued when
the forecasted depth exceeds 0.5 m, as this depth is considered hazardous for people to access small
streams due to the risk of being swept away by fast-flowing water. The caution level was determined
based on stability conditions derived from experiments conducted by various researchers, which
considered the correlation between depths, velocities, and human physical strength [22-29].

4 -
—— Measured Value
3 Severe Level sl
-~ = Severe Level
£ £
£ 24 £ 24
i} &
0 0
14 14
Caution Level Caution Level
-
0 ] e R ey
0 5 10 15 20 0 5 10 15 20 25
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(a) Jungsunpil stream (b) Sunjang stream

Figure 7. The warning criteria examples of the FEWF, where the time-distributed depth of Jungsunpil
and Sunjang small streams were measured on September 28, 2019 and August 29, 2020, respectively.

The severe level warning is issued when the forecasted depth reaches the design flood depth, in
order to evacuate people from the hazard area. As shown in Figure 7, the depth increased rapidly
after reaching the caution level in both small streams, and the severe level warning was issued within
2 or 3 hours. The depth increase in Jungsunpil stream was much steeper, which may be attributed to
the stream's narrower channel width and steeper channel slope compared to the Sunjang stream.

3.3. Development of a rainfall-discharge nomograph

Real-time rainfall data from the rainfall gauging station listed in Table 2 and depth and discharge
data collected using the CADMT in 5 small stream basins were utilized over a 6-year period from
2016 to 2021 to develop and evaluate the FEWFs. Specifically, rainfall, depth, and discharge data
collected from 2016 to 2020 were used for developing the FEWFs, while data from 2021 were used for
their evaluation. Table 3 summarizes the measured rainfall, depth, and discharge data from all five
small stream basins over 6 years.

Table 3. Measured data ranges from all 5 small stream basins over 6 years (2016-2021), including
rainfall, depth, and discharge. (Data from 2016 to 2020 were used to develop the FEWFs, while data
from 2021 were used to evaluate them.).
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Small Rainfalls (mm) Depths (m) Discharges (m3/s)
Streams Min. Mean Max. Min. Mean Max. Min. Mean Max.
Jungsunpil 0.00 0.16 8000 010 029 198 006 153 2878
Developmen Sunjang 0.00 019 9580 0.13 036 245 020 1.32 2103
t Unchon 0.00 014 5050 010 019 1.01 001 025 6.860
(2016~2020) Neungmac 0.00 0.17 5550 012 020 165 000 023 1413
Insu 000 020 5150 001 021 139 000 014 21.39
Jungsunpil 0.00 0.15 61.00 015 019 129 000 143 26.00
Sunjang 000 019 6580 029 044 220 000 133 1647
Unchon 000 011 3200 001 028 082 0.00 013 2690
Neungmac 0.00 0.12  40.00 000 016  1.11 0.00 007 4740
Insu 000 013 2850 016 025 060 000 004 1.202
This research utilized the well-known rainfall-discharge nomograph, which forecasts discharge
by employing a correlation equation between past rainfall and past discharge data [30-33]. To
develop the rainfall-discharge nomograph for the measured small stream, the research utilized non-
linear regression to establish an exponential function which includes optimal parameters estimated
through the use of the RCNES, as follows:

Division

Evaluation
(2021)

Qp = mye™zFe, (10)

inwhich @, isthe discharge; R, is rainfall accumulated for one hour;and m; and m, are optimum
parameters. To develop this nomograph, rainfall data measured at the rainfall gauging station listed
in Table 2 and flood discharge data measured using the CADMT over 5 years (2016-2020) and
summarized in Table 3 were used. The annual rainfalls measured in the small streams ranged from
1,180.10 mm to 1,588.2 mm, with most rainfall concentrated in the summer season from June to
September. For the un-measured small streams, the rainfall-discharge nomograph was developed
using measured rainfall data and simulated flood discharges obtained using hydrology and
hydraulics models [34-36].

To forecast discharges accurately, the research incorporated Antecedent Moisture Condition
(AMC) [37,38], which takes into account the initial water content and 5-day antecedent rainfall. AMC
leads to three classes of soil moisture (AMC I, II, and III) shown in Table 4 by dividing a year into
dormant and growing seasons. In this case, the growing season was defined as the flood season
specified in the water resources design practice [39,40], from June 21st to September 20th, when flood
damages were likely to occur in Korea.

Table 4. The definition of AMC classes according to the SCS approach.

AMC Class 5-day Antecedent Rainfefll (mm) Soil Moisture
Dormant season Growing season (%)
AMCI (dry) P5<12.70 P5 < 35.56 10
AMC II (medium) 12.70 < P5<27.94 35.56 < P5<53.34 50
AMC III (wet) P5>27.94 P5>53.34 90

In this research, the measured rainfall and discharge in 5 small stream basins were subdivided
into three subsets, each corresponding to a distinct Antecedent Moisture Condition (AMC) class, to
consider the different initial soil moisture conditions. The corresponding rainfall and discharge time
series were sorted into the relevant AMC classes based on the corresponding AMC values. Three
types of rainfall-discharge nomographs were developed using three grouped rainfall events and
discharges in each corresponding to a different AMC class. A total of 166 rainfall-discharge events
were collected over 6 years, from 2016 to 2021, with 84 events in the AMC I class, 59 events in the
AMC II class, and 23 events in the AMC III class. The largest rainfall-discharge events data were
gathered in the Neungmac stream with 49, followed by the Sunjang stream with 39, the Jungsunpil
stream with 29, the Unchon stream with 27, and the Insu stream with 22.

doi:10.20944/preprints202304.0116.v1
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To develop the rainfall-discharge nomograph, the parameters shown in Equation 10 were
estimated using the RCNES. The determined optimal values were summarized in Table 5, which
showed that the coefficients of determination ranged from 0.899 to 0.966 for AMC I, 0.756 to 0.974 for
AMC 1II, and 0.815 to 0.933 for AMC III. Table 5 also demonstrated that the coefficients of
determination ranged from 0.286 for Insu stream to 0.523 for both Sunjang and Unchon streams for
the entire data column, indicating that the whole data were utilized for developing the rainfall-
discharge nomograph.

Table 5. The determined optimum values by using the RCNES.

Small Streams

AMC Class Jungsunpil  Sunjang Unchon  Neungmac Insu
my 0.179 1.788 0.362 0.458 0.246

AMCI m, 0.063 0.051 0.039 0.057 0.067
R? 0.899 0.929 0.966 0.949 0.939

m, 0.394 4.983 0.713 0.987 0.632

AMCII m, 0.081 0.066 0.035 0.058 0.124
R? 0.899 0.756 0.85 0.962 0.974

my 0.756 13.838 1.262 1.723 1.471

AMCIII  m, 0.09 0.053 0.037 0.059 0.191
R? 0.933 0.929 0.865 0.894 0.815

Whole my 0.29 3.506 0.385 0.579 0.213
Data m, 0.088 0.068 0.076 0.098 0.223
R? 0.412 0.523 0.407 0.523 0.286

Table 6 summarized the event numbers and ranges of the discharge and rainfall used to develop
the rainfall-discharge nomographs for each small stream. The research used a total of 67, 43, 59, 55,
and 60 separate rainfall-discharge data sets obtained from the total 166 rainfall events for Jungsunpil,
Sunjang, Unchon, Neungmac, and Insu streams, respectively.

Table 6. The event numbers and ranges of the discharge and rainfall used to develop the rainfall-
discharge nomographs.

Small Streams

AMCCCl
ass Jungsunpil Sunjang Unchon  Neungmac Insu

Events 21 12 19 19 27
AMCI Q range 0.16-22.88 1.50-164.4  0.30-2.970  0.40-5.520  0.18-3.090
R range 0.10-80.00 0.10-95.80  0.10-50.50  0.10-55.50  0.10-51.50
Events 23 10 19 26 15
AMCII Q range 0.35-28.780 12.85-207.7 0.60-3.1400 1.00-13.590 0.50-16.000
R range 0.10-58.50 0.10-56.02  0.10-36.12  0.10-48.53  0.10-21.39
Events 23 21 21 20 18
AMCIII Q range 0.60-23.45 4.83-210.3  1.20-6.860  0.81-14.13  1.30-9.500
R range 0.10-38.61 0.10-45.80  0.10-36.00  0.10-30.11  0.20-10.04
To compare the accuracy of the rainfall-discharge nomographs, scatter plots were created using
the measured data from 5 small streams, as shown in Figure 8. In addition, design flood discharge
data was simulated using the Clark Unit Hydrograph model and measured rainfall data. This
simulated data was also plotted to evaluate the effectiveness of the developed rainfall-discharge
nomograph in unmeasured small streams. The results of the simulated design flood discharge that
caused flooding in each small stream basin were as follows: 66.1 m3/s for Jungsunpil stream, 274
m3/s for Sunjang stream, 117.0 m?3/s for Unchon stream, 78.7 m3/s for Neungmac stream, and 85.9
m3/s for Insu stream, respectively. Comparison of the forecasted discharge values using the
nomographs with both the CADMT and simulated flood discharge values showed that the
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nomographs accurately matched the measured and simulated data. These results suggest that the
rainfall-discharge nomograph can effectively forecast discharge in both measured and unmeasured
small streams.

10° ; t

Discharge (msfs)
Discharge (m*ss)
Discharge (m”/s)

" " " "
10" 10° 10' 10° 10" 10° 10° 10
Rainfall (mm/h) Rainfall (mm/h) Rainfall (mm/h)

(a) Jungsunpil (b) Sunjang (c) Unchon
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Discharge (m’ls)

10" 10° 10' 10 10" 10° 10' 108
Rainfall (mm/h) Rainfall (mm/h)

(d) Neungmac (e) Insu

Figure 8. Comparison of rainfall-discharge nomographs forecasted by using the RCNES with
measured data collected from 5 small streams.

3.4. Development of a rating curve

A rating curve using the Manning equation was developed in this research, which is commonly
used to establish the relationship between depth and discharge at a cross-section [41]. The Manning
equation reflects the relationship among the average river velocity, riverbed roughness coefficient,
and channel geometry, such as channel slope, cross-section, and sinuosity, which are collected from
rivers and streams [42-44]. To account for variations in flow velocities in a compound cross-section,
the section is generally divided into selected subsections, and the area values of the cross-section,
wetted perimeter, and hydraulic radius of each subsection are measured. The equation for calculating
the gauging section depends on the assumption that the hydraulic gradient of each subsection is the
same [43], as follows:

1 p2/3

Q=SITk, (11)
in which 4; is the area of the ith subsection; R; is the hydraulic radius of the ith subsection; and n;
is the coefficient of roughness of the ith cross-section. The rating curve is then plotted to represent
the relationship between depth and discharge at the gauging section. The Manning equation has the
advantage of being applicable even to unmeasured streams without measured hydraulic data.

The developed rating curve was plotted to compare with the measured scatter data in Figure 9.
The study used measured data collected from all five small streams listed in Table 3 to compare rating
curves developed using the Manning equation. Additionally, the design flood depth was calculated
using Equation 11 with the simulated design flood discharge as an input value for the Manning
equation and plotted in Figure 9. The results of the calculated design flood depths were 3.18 m for
Jungsunpil stream, 2.55 m for Sunjang stream, 2.86 m for Unchon stream, 2.93 m for Neungmac

stream, and 3.03 m for Insu stream, respectively.
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Figure 9. Comparison of rating curves estimated by using the Manning equation with measured data
collected from 5 small streams.

Figure 9 showed that the rating curve developed using the Manning equation accurately
represents the measured and simulated data from 5 small streams. Therefore, this rating curve can
be effectively used to forecast depth with discharge in both measured and unmeasured small streams.
The comparison results demonstrated that the depth forecasted by the rating curves closely matched
the CADMT values. The coefficient of determination values for the Jungsunpil stream, the Sunjang
stream, the Unchon stream, the Neungmac stream, and the Insu stream were 0.88, 0.83, 0.83, 0.92, and
0.95, respectively. Among the rating curves analyzed, the coefficient of determination for the Insu
stream was the highest.

To quantitatively evaluate the differences between the measured and forecasted values, the
research used the discrepancy ratio, D, = In(H,/H,,) as defined by [45]in which H, is the predicted
values of depth and H,, is the measured values of depth. A discrepancy ratio of zero indicates that
the forecasted values were identical to the measured values. A positive discrepancy ratio indicates
that the forecasted values overestimate the measured values, while a negative ratio indicates that the
forecasted values underestimate them. Additionally, the research utilized the accuracy, defined as
the proportion for which the discrepancy ratio fell between -0.2 and 0.2, to the total amount of data.
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Figure 10. The histogram of discrepancy ratios of each small stream.
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The Neungmac, Sunjang, Unchon, Insu, and Jungsunpil small streams were evaluated using
rating curves to estimate their measured values. The rating curve for Jungsunpil overestimated the
measured values while the rating curves for Neungmac, Sunjang, Unchon, and Insu underestimated
the measured values. The distribution of discrepancy ratio for Jungsunpil showed that the majority
of the values were distributed between -0.1 and 0.3. The discrepancy ratio distribution for Unchon
had a bell-shaped curve, indicating that the majority of the values were distributed in the range
between -0.2 and 0.2. The accuracy of the rating curves for Jungsunpil, Sunjang, Unchon, Neungmac,
and Insu were found to be 90.29%, 84.29%, 92.98%, 76.24%, and 85.35%, respectively. Among the
rating curves examined, the curve developed for the Unchon small stream showed the highest
accuracy, while the curve for the Sunjang small stream showed the lowest accuracy.

4. Evaluation of the Flood Early Warning Framework

To evaluate the FEWF, the time-discharge and time-depth distributions predicted by the rainfall-
discharge nomographs and rating curves were compared, respectively, with measured discharge and
depth data in 2021 for 5 small streams that were not used in the development of the nomographs and
rating curves.

Figure 11 showed the event verifications for each AMC class of the forecasted time-discharge
and depth distributions compared to the measured data. Most of the rainfall events used for the
evaluations occurred during the flood season from June 21st to September 20th. However, in the case
of the Neungmac and Unchon streams, rainfall events occurred in February for the AMC I class and
in May for the AMC III class. The rising curve to the peak of the time-discharge and depth
distributions was considered for verification because the rising parts, especially the peaks, are
relevant for issuing flood early warnings.
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Figure 11. The event verifications as rainfall-discharge nomographs and depth for forecasting time-
discharge (a, b, c) and depth distributions (d, e, f), respectively (The measurement date of rainfall
events was indicated on the upper of each figure).

A quantitative evaluation of the forecasted peak discharge and depth values from the FEWF by
comparing to the measured data, was conducted as shown in Figure 12. The results showed that the
peak discharge and depth forecasted using the proposed rainfall-discharge nomograph and rating
curve accurately represented the observed values for 5 small streams. However, the forecasted depth
values matched the measured values better than the forecasted discharge values. The high accuracy
of the depth forecasting increased the reliability of the FEWF because flood early warning is issued
based on forecasting depth values.
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Figure 12. Comparison of peak discharge and depth forecasted by rainfall-discharge nomographs and
rating curves with measured data in 5 small streams.

The coefficient of determination, R? was utilized to further evaluate the results, as shown in
Table 7. The forecasted discharge results revealed that the Jungsunpill, Neungmac, and Unchon
streams had the highest R? in the AMC I, AMC II, and AMC III classes, respectively. On the other
hand, the depth forecasting results showed that the Jungsunpil and Unchon streams had the highest
R? in the AMC I class, the Neungmac small stream had the highest R* in the AMC II class, and the
Sunjang and Insu small streams had the highest R? in the AMC III class, respectively. The inter-
comparison results indicated that the depth results predicted by the rating curves more accurately
matched than the discharge results predicted by the rainfall-discharge nomograph.

Table 7. The determination of coefficient results for the discharges and depths predicted by using the
rainfall-discharge nomographs and rating curves respectively in all five small streams.

Discharges by the rainfall-discharge

Small Depths by the rating curve
Streams nomograph
AMCI AMCII  AMCIII AMCI AMCII  AMCII
Jungsunpil 0.969 0.856 0.910 0.954 0.928 0.822
Sunjang 0.928 0.932 0.966 0.974 0.822 0.978
Unchon 0.964 0.706 0.969 0.977 0.958 0.928
Neungmac 0.896 0.918 0.778 0.890 0.973 0.802
Insu 0.521 0.859 0.967 0.517 0.889 0.991

To quantitatively evaluate the difference between measured and forecasted discharge and depth
values, we used the discrepancy ratio. Figure 13 shows the discrepancy ratio histograms of discharges
forecasted by using the rainfall-discharge nomograph for each small stream. For the AMC I class, the
rainfall-discharge nomograph of the Jungsunpil, Neungmac, Sunjang, and Unchon streams
underestimated the measured values, while it overestimated the measured values of the Insu stream.
For the AMC II class, the rainfall-discharge nomograph of the Jungsunpil, Neungmac, and Unchon
streams overestimated the measured values, while it underestimated the measured values of the
Sunjang and Insu streams. For the AMC III class, the rainfall-discharge nomograph of the Neungmac,
Sunjang, and Insu streams overestimated the measured values, while it underestimated the measured
values of the Jungsunpil and Unchon streams.
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Figure 14 showed that the discrepancy ratio histograms of depth forecasts generated by the
rating curves for each of 5 small streams. In the case of the AMC I class, the rating curves of
Jungsunpil, Neungmac, Sunjang, and Insu streams underestimated the measured values, while that
of the Unchon stream overestimated them. Conversely, for the AMC II class, the rainfall-discharge
nomograph of the Jungsunpil, Neungmac, Unchon, and Insu streams overestimated the measured
values, while that of the Sunjang stream underestimated them. Finally, for the AMC III class, the
rainfall-discharge nomographs of the Neungmac, Sunjang, and Insu streams overestimated the
measured values, while those of the Jungsunpil and Unchon streams underestimated them.
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Figure 14. Comparison of discrepancy ratio to evaluate difference between measured and forecasted
values of the rating curves for 5 small streams.

The accuracy of the rainfall-discharge nomographs and rating curves for each small stream,
based on the forecasted discharge and depth as shown in Table 8. For the AMC I class, the accuracy
of the rainfall-discharge nomographs was 93.92%, 28.09%, 93.26%, 44.66%, and 33.56% for the
Jungsunpil, Sunjang, Unchon, Neungmac, and Insu streams, respectively. The accuracy of the rating
curves for the same streams was 100.0%, 94.38%, 100.0%, 100.0%, and 100.0%, respectively. For the
AMC II and AMC III classes, both methods had 100.0% accuracy for all streams. Notably, the rating
curves developed for the Sunjang stream had the lowest accuracy. These results indicate that the
rating curves were more accurate in forecasting depth compared to the rainfall-discharge nomograph
in forecasting discharge.

Table 8. Accuracy of forecasted discharge and depth by using the rainfall-discharge nomographs and
rating curves respectively in 5 small streams.

Discharges by the rainfall-discharge

Small Depths by the rating curve
Streams nomograph
AMCI AMCII  AMCIII AMCI AMCII  AMCII
Jungsunpil 90.32 59.33 27.09 100.0 100.0 100.0
Sunjang 28.09 66.17 50.00 94.38 100.0 100.0
Unchon 93.26 63.55 44.79 100.0 100.0 100.0
Neungmac 44.66 69.23 54.74 100.0 100.0 100.0
Insu 33.56 78.61 21.05 100.0 100.0 100.0

The development of the FEWF used measured and predicted data from rainfall events that did
not exceed the design flood depth. However, if future rainfall intensities increase due to climate
change, the accuracy of the forecast may decrease. It is therefore crucial to secure long-term and high-
quality measurement data to make more accurate predictions. In addition, the incorporation of
planned flood simulation results could improve the accuracy of the FEWF to compensate for any
deficiencies in the measured data. The FEWF can also be used to develop a forecast for unmeasured
small streams.

5. Conclusions
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Small streams are often exposed to flood risks, resulting in casualties and property damage to
network services and public facilities. Responding to these risks is challenging due to the deficient
flood arrival time and insufficient management capacity of local governments. More than 60% of
casualties have occurred in small streams, making it crucial to establish an appropriate FEWF suitable
for small streams to minimize flood-related damages.

In this research, the FEWF was developed as an early warning system for forecasting discharge
and depth before reaching flood in both measured and unmeasured small streams. The FEWF uses
the rainfall-discharge nomograph to forecast discharge with the forecasted rainfall as input values.
These forecasted flood discharges are then used to forecast depths by using the rating curve to issue
flood warnings. The flood warning is issued when the depth reaches the warning criteria. If the
forecasted depth does not exceed the warning criteria, it is evaluated with new measured depth in
the evaluation step to ensure that the residual meets the convergence criteria. If the forecasted depth
does not meet the convergence criteria, the RCNES can be used to update the rainfall-discharge
nomograph and the rating curve with newly measured discharge, rainfall, and depth data.

To develop the rainfall-discharge nomographs and rating curves, optimization techniques and
the Manning equation with measured data were used to collect data for 5 years from 2016 to 2020 in
5 small streams as test beds. The intercomparison results showed that both developed nomographs
and rating curves represented the measured values well. The forecasted values were evaluated using
the developed nomographs and rating curves with discharge and depth values measured in 2021 in
five small streams. The evaluation results showed that the rainfall-discharge nomographs and rating
curves proposed herein forecasted the rising curve to the peak of the time-discharge and depth
distributions quite well, respectively.

The research used the determinant coefficient, the discrepancy ratio, and accuracy to evaluate
the difference between measured and forecasted discharge and depth values more quantitatively.
Overall, the forecasted depth values matched the measured values better than the forecasted
discharge values. It was found that the high accuracy of the depth forecasting increased the reliability
of the FEWF because the flood early warning would be issued with forecasted depth values. The
Jungsunpil stream had the highest accuracy for the AMC I class, and the Unchon stream had the
highest accuracy for the AMC II and III classes, respectively. The accuracy of the rating curves for the
Jungsunpil, Unchon, Neungmac, and Insu streams were 100.0% for the AMC I class, and for the AMC
II and III classes, the accuracy was 100.0% in the 5 small streams.

The methods and procedures used to develop and evaluate the rainfall-discharge nomograph
and rating curve are suitable for forecasting discharges and depths with forecasted rainfall data for
small stream flood warning. Moreover, these methods could potentially help develop treatment
methods or technology to solve problems related to the establishment of the flood early warning
system. Nonetheless, continuous application and evaluation research is necessary to increase the
forecasting accuracy of the FEWF using measured data collected from various characterized small
streams. Both the measured data method and the estimated data method have unique benefits and
drawbacks when developing a flood early warning framework for small streams. The measured data
method is more precise as it uses real-time data and considers the current state of the stream.
However, implementing this method requires a specific level of monitoring infrastructure, which
may not be feasible in certain small stream basins. On the other hand, the estimated data method can
be used in cases where no monitoring infrastructure is available. Nevertheless, this method is less
accurate than measured data as it relies on assumptions and model inputs that may not accurately
represent the true conditions of the stream. Combining both methods can enhance the accuracy of
the FEWF, and it should be noted that both methods have their unique applications in the
development of the framework.
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