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Abstract: This study develops hourly water level forecasting models with lead-times of 1 to 3 h using
an artificial neural network (ANN) for Anyangcheon stream, one of the major tributaries of the Han
River, South Korea. To consider the backwater effect from this river, an enhanced tributary water
level forecasting model is proposed by adding multiple water level data on the main river as input
variables into the conventional ANN structure which often uses rainfall and upstream water level
data. Four types of ANN models per each lead-time are built with increasing complexity of the input
vector, and their performances are compared. The results indicate that the inclusion of multiple water
level data on the main river to the network provides water level forecasts with greater accuracy at
the Ogeumgyo gauging station of interest. The final best ANN models for water level forecasts with
lead-times of 1 to 2 h show good performance with root mean square errors (RMSE) below 0.06 m and
0.12 m, respectively. However, the final best ANN model for forecasting 3 h ahead was unsatisfactory,
showing underestimation at many rising parts of the hydrograph.
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1. Introduction

Flood forecasting in rivers is an essential non-structural countermeasure against flood disasters [1].
For this purpose, flood forecasting is usually performed using process-based models, which require
basic data collection and periodic data updating. Careful model calibration is essential for simulating
actual flood events. However, as the number of parameters increases, more time is needed to ensure
sufficient accuracy in the model predictions [2–5]. To predict flood water levels in small urban
watersheds, which vary abruptly according to rainfall, careful decisions must be declared within a few
hours. Thus, more efficient methodology should be chosen to predict water levels in urban stream and
tributaries in a few hours. Accordingly, process-based methodologies such as complex physical models
have limitations regarding flood warning because the running time for such modeling is generally too
long [6].

One alternative for solving this limitation is to use an artificial neural network (ANN) model
for predicting water levels. ANN belongs to a class of data-driven models rather than process-based
conceptual or physical models [7,8] and has been widely used for flood prediction since the early
1990s [9–11], alone or coupled with a process-based model to reduce error [12–14]. Moreover,
researchers have applied various techniques of neural network models to obtain better prediction
accuracy [15]. The many types of neural network model applications include typical backpropagation
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ANN (BP-ANN) [16], feedforward neural network (FFNN) using multilayer perceptron (MLP) and
radial basis function network (RBF) [17], and recurrent neural network (RNN) [18] as dynamic models.
Theoretical improvement trials enable researchers to apply ANN models for various applications.

In recent years, the utility of ANN models in simulating complex hydrological conditions has
provided various opportunities for flood prediction by focusing on the water level in inundation
areas [19], peak flow prediction in urban areas [20], water levels in areas having insufficient data [21],
and conditions of irregular rainfall and runoff [22].

Flood prediction in large rivers has a high degree of accuracy, whereas in small tributary rivers
is limited owing to the short travel time through the basin [23]. In such small rivers, hourly data
prediction is crucial for ensuring good lead-time to the flood response. ANN has shown good accuracy
for watersheds with short concentration times [24]. For researching hourly river stage forecasts,
a wavelet bootstrap ANN model was applied with reasonable results [25]. Lizhen. [26] analyzed
various model settings in a series of artificial models including ANN for hourly water level prediction
against flash flooding. Regarding tributary rivers, MinChiang River in China is subject to flooding
because the main river has several tributaries [27]. Tributaries are influenced by the backwater effect
from a main river, which makes prediction more complex. The backwater effect is considered in
physical models [28]; therefore, these models are essential for predicting the flood level in tributary
rivers that include this effect. In this study, an enhanced water level prediction model is proposed by
adding the backwater effect from the main stream into the conventional training process of ANN model
in which rainfall and upstream water level data are used. The present study focuses on short-term
water level forecasting with lead-times of 1 to 3 h using ANN models. This study demonstrates
that forecasts can be improved if water level data in the main river is included in the ANN model
construction. To this end, ANN models for hourly water level forecasting are developed and their
performance is investigated for Anyangcheon stream, a major tributary of the Han River, South Korea.

2. Materials and Methods

2.1. Study Area and Used Data

Anyangcheon stream is a tributary of the Han River (Figure 1). Located at the southwest part of
the Seoul metropolitan area, the study area is the Anyangcheon stream watershed (Figure 2), having an
area of 286 km2 and a main channel length of 32.5 km. Because many residential (urbanized) districts
are situated in the upstream (downstream) area, reliable flood warning is crucial to mitigate damage in
this area. Ogeumgyo Bridge, the flood prediction site located 6 km upstream of the junction of the
Han River, is significantly affected by the backwater effect from the river. Flood flow in the Han River
is largely influenced by the release from Paldang reservoir and the tidal effect from sea water at the
end of the river. Moreover, a series of tributaries such as Wangsukcheon, Tancheon, Jungnangcheon,
and Anyangcheon streams flow to the Han River.
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In this study, to predict flood water levels at the Ogeumgyo Bridge, hourly rainfall and water level
data were used. Water level data from four gauging stations at the Han River were used to consider
the backwater effect from the river, which is affected by release from Paldang reservoir and tidal
conditions. To compute average rainfall, a Thiessen polygon was constructed including nine rainfall
gauging stations. Data used for this study include hourly water level series from six gauging stations
of Ogeumgyo (OG), Chunghungyo (CH), Jeonryu (JR), Haengjudaegyo (HJ), Hangangdaegyo (HG),
and Jamsugyo (JS) and basin-averaged hourly rainfall series obtained from the Water Management
Information System (WAMIS) provided by the Ministry of Land, Infrastructure and Transport (MOLIT),
South Korea. The locations of the gauging stations are shown in Figures 2 and 3. This study focused
on water level forecasts during the rainy season. Only data recorded during the monsoon period from
21 June to 20 September for 2007–2016 were used in this study because this period is considered as
the main rainy season in South Korea. These data collected were divided into two subsets. Data from
the first six years were used for training, whereas those from the remaining four years were used for
testing the model.
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2.2. Artificial Neural Network Model

The human brain is made up of huge networks of complex neurons connected by a substance
called synapse and is able to define its own rules based on experience. Inspired by the structure of
the human brain, McCulloch and Pitts first proposed an ANN [29], and various ANN models have
since been developed. An ANN model is a data-driven mathematical model having the ability to solve
problems by learning neurons without inputting direct knowledge or physical processes. The ANN
model is capable of identifying complex nonlinear relationships between inputs and outputs without
needing to understand the nature of the phenomenon [30].

The most widely used neural network is the multilayer perceptron [30] (Figure 4), in which
neurons are organized in input, hidden, and output layers interconnected by their own connection
strengths. The network is optimized through training. Computation of the ANN outputs the weighted
sum of external stimuli entering the input layer through the activation function. ANN is considered to
be a fairly simple and cost-effective tool for obtaining solutions through the procedures of defining
distributions, training, and validation.
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where ŷk is the forecasted kth output value, f0 is the activation function for the output neuron, n is
the number of output neurons, wkj is the weight connecting the jth neuron in the hidden layer and
kth neuron in the output layer, fh is the activation function for the hidden neuron, m is the number
of hidden neurons, wji is the weight connecting the ith neuron in the input layer and jth neuron in
the hidden layer, xi is the ith input variable, wjb is the bias for the jth hidden neuron, and wkb is the
bias for the th kth output neuron [31]. Neural networks can learn their weights and biases through a
training process. In the present study, ANN weights and biases were updated by a back-propagation
algorithm which was developed originally by Rumelhart et al. (1986) [32]. The algorithm is based
on the gradient descent method with the objective of minimizing the sum of errors of the network in
Equation (2).
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where E is the error for all input patterns, Ep is the error based on the squared difference between
target outputs ypk and forecasted outputs ŷpk for pattern p [33].

2.3. ANN Model Development

In this study, three types of ANN models were built to forecast water levels with 1, 2, and 3 h
lead-times, respectively. The two most important steps in the ANN model development are the
selection of significant input variables and the optimization of network architecture. Usually, significant
input variables of networks can be determined through statistical analysis of data series such as the
cross-correlation function (CCF), auto-correlation function (ACF), and partial auto-correlation function
(PACF), as suggested by Sudheer and Jain [34]. In this study, correlation analyses were performed for
total period data, and Figures 5–8 illustrated the results for six events given in Table 1.

Table 1. Selected flood events for correlation analysis.

Event Number Event Period Peak Water Level (El.m)

1 19:00 07/13 to 22:00 07/16/2009 6.93
2 16:00 07/26 to 03:00 07/29/2011 8.06
3 13:00 07/05 to 19:00 07/06/2012 6.95
4 11:00 08/15 to 17:00 08/15/2012 6.71
5 20:00 07/12 to 11:00 07/13/2013 5.45
6 09:00 07/04 to 00:00 07/06/2016 5.18

The CCFs between the water level series at output station OG and the areal rainfall series for six
flood events are shown in Figure 5. The magnitudes of CCF values varied considerably with the lag
time for each event. Events 1 and 4 showed a high correlation with 2 h of lag time in the water level
data on averaged rainfall data at any time. However, event 5 showed significant correlation with 3 to
5 h of lag time. A specific dominant cross-correlation process could not be determined. Furthermore,
very low CCFs were found for events 2 and 6 even though the events showed high peaks. This might
be attributed to an effect of the boundary conditions of the water level at the confluence of the tributary
of interest and the main river.
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The CCFs between the water level at OG and the upstream water level at CH were estimated
for each event, as shown in Figure 6. The CCF for event 1 showed a significant correlation with a lag
time of up to 7 h, whereas those for events 3, 5, and 6 showed significant correlation with lag times of
up to 4 h. For event 4, which had short flood duration, the CCF rapidly declined after a lag time of



Water 2017, 9, 644 6 of 17

2 h. The low CCF for event 2 indicated that the water level could be affected by other factors such as
downstream hydrologic conditions.
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The CCF between the water level at OG and that at HJ located on the main river is shown in
Figure 7. A highly significant correlation was found for events 1, 2, and 6. The CCFs decreased
gradually with an increase in lag time, which indicates that the output water level data at OG are
strongly correlated with the water level data on the main river. The same processes were applied to
estimate the CCFs between the output and input variables of water levels at JR, HG, and JS, which also
showed various correlations for each event.
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The ACFs from 0 to 10 h lag times were estimated for the water level data at OG. A significant
correlation up to about 8 h of lag time was found for events 1 and 6 (Figure 8). However, the ACF for
event 4 decreased sharply after 1 h of lag time. As shown in Figure 8, the ACFs differed significantly
among events and decreased gradually or rapidly with an increase in lag time.
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On the basis of the statistical analysis of correlation presented above, the input and output data
nonlinearly correlated with each other. This nonlinearity means that the backwater effect is inherent
in the output data. In the case that backwater effect is apparent in target water level data, the ANN
model will be useful to deal with nonlinear features. Weak cross-correlations for some events indicated
that it might be difficult to determine the specific dominant lag time of input variables in advance in
the case of our study area where backwater effect from the main river exists. Therefore, a trial and
error procedure was used in this study to identify the optimal input vector using various lag times of
input variables.

The optimal structure was determined by considering input variables from the current time (t) to
previous hours (from t-1 to t-10). Statistical errors of the training set were calculated for the different
number of nodes in the hidden layer. Liang and Sun [35] proposed that number of hidden neurons
should be half size of the input nodes plus output nodes for better forecasting accuracy. According to
this guide, the numbers of hidden nodes within 39 were tested considering the size of input nodes
for the most complex ANN structure treated in the present study. The number of hidden nodes
was progressively increased from 1 to 39, and then the ANN model performance was evaluated by
the measure of root mean square error (RMSE). The results showed the minimum RMSE when the
numbers of hidden nodes around 20 were used. Therefore, the optimal number of hidden nodes was
determined to be between 1 and 20 in this study.

For each set of hidden nodes and input variables, the network was trained to minimize the root
mean square error (RMSE) at one output layer by using a back-propagation algorithm. The learning
rate was set to 0.01, and the hyperbolic tangent sigmoid function was used as the activation function
for the hidden layer. The early stopping method has been widely used to avoid the over-fitting
problem, in which, after dividing the data in three data sets, training, cross-validation, and testing,
the output error of training and validation in each epoch is monitored and training is stopped when
the cross-validation error is minimum [25]. However, the technique was not applied in the present
study due to a large number of training cases for more than two thousands networks. A maximum
epoch of 5000 was adopted for training, which was determined from the preliminary performance
tests for the complex ANN structures.

ANN models were first trained by using the training data set, 60% of the total data, to obtain
an optimized set of connection weights. These models were then tested by using the remaining data,
40% of the total data. These models were then compared by using three statistical measures: goodness
of fit of RMSE, determination coefficient (R2), and Nash–Sutcliffe efficiency (NSE) given by

RMSE =

√
∑N

i=1 (hi − ĥi)
2

N
(3)
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R2 =
∑N

i=1(hi − ĥi)

∑N
i=1 (hi − ĥi)

2 (4)

NSE =
∑N

i=1 (hi − ĥi)
2

∑N
i=1 (hi − hi)

2 (5)

where hi is the observed water level, hi is the mean value, ĥi is the forecasted water level from the
model, and N is the number of data points.

3. Results and Discussion

3.1. ANN Models for Hourly Water Level Forecasting with Lead-Times of 1 to 3 h

The water level at OG station is not only a function of rainfall but also an indicator of upstream and
downstream hydrologic conditions. In this study, ANN models for forecasting hourly water levels with
lead-times of 1 to 3 h were developed by combining rainfall, upstream water levels, and downstream
water levels as input variables to the network.

The proposed ANN models and the associated input and output variables are given in Table 2.
In the present work, ANN models were classified into four groups of (a)–(d) according to the input
variables. In each group, three ANN models (i = 1, 2, 3) with lead-times of 1 to 3 h were developed.
In Table 2, t is the current time, τ is the previous time, T is the lead-time, R is the catchment averaged
rainfall, hOG is the water level at OG, hCH is the water level at CH, hHG is the water level at HG, hHJ is
the water level at HJ, hJS is the water level at JS, and the hJR is the water level at JR.

Table 2. Four groups of artificial neural network models with input variables (model configuration).

Models Input Variable Output Variable

ANNia R(t), R(t − 1), . . . , R(t − τ), hOG(t), hOG(t − 1), . . . , hOG(t − τ)

hOG(t + T)

ANNib
R(t), R(t − 1), . . . , R(t − τ),
hOG(t), hOG(t − 1), . . . , hOG(t − τ), hCH(t), hCH(t − 1), . . . , hCH(t − τ)

ANNic
R(t), R(t − 1), . . . , R(t − τ),
hOG(t), hOG(t − 1), · · · , hOG(t − τ), hCH(t), hCH(t − 1), . . . , hCH(t − τ),
hHG(t), hHG(t − 1), . . . , hHG(t − τ), hHJ(t), hHJ(t − 1), . . . , hHJ(t − τ)

ANNid

R(t), R(t − 1), . . . , R(t − τ),
hOG(t), hOG(t − 1), . . . , hOG(t − τ), hCH(t), hCH(t − 1), . . . , hCH(t − τ),
hHG(t), hHG(t − 1), . . . , hHG(t − τ), hHJ(t), hHJ(t − 1), . . . , hHJ(t − τ)
hJS(t), hJS(t − 1), . . . , hJS(t − τ), hJR(t), hJR(t − 1), . . . , hJR(t − τ)

As an example of an ANN model with a 1 h lead-time (i = 1) in Table 2, ANN1a uses data of
water levels at the output target station (OG) and the watershed average rainfall. This model was
first run without information on the upstream or downstream water levels. Then, ANN1b, ANN1c,
and ANN1d were run by increasing the complexity of input step-by-step. In the ANN1b model,
upstream water level data of CH (hCH) were added to the ANN1a model. In the ANN1c model,
downstream water level data were added from two more gauging stations, HJ and HG, located about
7–9 km from the confluence of the tributary and the main river; this location is far from the outlet of
Anyangcheon stream, about 6 km from the forecasted point. In the ANN1d model, downstream water
level data at two more gauging stations, JR and JS, located farther from the confluence, were added to
the ANN1c model.

In all models, the number of nodes in a hidden layer along with the number of previous hours was
optimized manually for each model architecture after many trials. In the trial networks, the number
of hidden nodes varied from 1 to 20, and the number of previous intervals also varied up to 10 h.
The configuration that gave the minimum RMSE was primarily selected for 12 models including
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4 models for each lead-time. For illustration, RMSEs of ANN1a and ANN3c models according to the
number of hidden nodes and the previous time period for the training data set are shown in Figure 9a,b,
respectively. As shown the figures, adopting the previous time spans of 3–5 h and 7 hidden nodes and
8 h with 17 hidden nodes produced the lowest RMSE values, respectively.
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Finally, the number of neurons in a hidden layer and the number of previous time spans were
determined after selecting an optimal configuration that produced the highest NSE and R2 among the
primary selections that produced the lowest RMSE (Table 3).

Table 3. Optimal configuration of ANN models.

Model
Leadtime (i) Previous Time (τ) Number of Hidden Nodes (h)

(h) (h) (EA)

ANNia
1 3 7
2 4 10
3 8 6

ANNib
1 3 11
2 9 16
3 10 18

ANNic
1 5 16
2 8 17
3 8 17

ANNid
1 7 12
2 10 20
3 10 19
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3.2. Performance of ANN Models for 1 h Lead-Time Forecasting

The performances of four types of ANN models for 1 h lead-time forecasting are shown in Table 4.
The statistical measurements for both training and testing sets showed that highly accurate water level
forecasts could be obtained from each model. The RMSE was found to be very small. Both NSE and R2

were closer to unity for all ANN models using training and testing data sets. Of these four network
models, ANN1d produced the best forecasting performance for both training and testing sets with
the lowest RMSE values, 0.0585m and 0.0502m; the highest NSE, 0.9935 and 0.9864; and the highest
R2, 0.9936 and 0.9868, respectively. The inclusion of upstream water level data resulted in only minor
improvement (ANN1b). Inclusion of water level data of the main river after the confluence point
(ANN1c and ANN1d) produced significantly improved forecasts.

Table 4. Statistical measurement of 1 h forecasts for the entire data set.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN1a 0.0793 0.9879 0.9881 0.0630 0.9781 0.9792
ANN1b 0.0757 0.9890 0.9892 0.0606 0.9796 0.9804
ANN1c 0.0595 0.9932 0.9933 0.0510 0.9858 0.9862
ANN1d 0.0585 0.9935 0.9936 0.0502 0.9864 0.9868

For a flood warning system, the accuracy of the model forecasts is more important for high water
levels than for medium-low water levels. To assess the performance of ANN models in forecasting
high water levels, statistical measures were calculated for the 5% highest water level values, as given
Table 5. These ANN models were found to be suitable for flood forecasting, and their performances
could be improved by increasing the complexity of the input data. ANN1c and ANN1d models,
including information of water level at the main river, showed lower RMSEs, below 0.09 m.

Table 5. Statistical measurement of 1 h forecasts for 5% highest water level data.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN1a 0.1166 0.9936 0.9937 0.1113 0.9511 0.9500
ANN1b 0.1064 0.9947 0.9948 0.1078 0.9553 0.9541
ANN1c 0.0865 0.9965 0.9965 0.0876 0.9705 0.9700
ANN1d 0.0869 0.9964 0.9965 0.0819 0.9737 0.9735

The observed and forecasted hourly water level series during training and testing periods from
the best ANN model, ANN1d, were compared, as shown in Figure 10a,b focuses on of the flood period
in test years and the forecasted water levels with 1 h of lead-time, which matched with observations.

A scatter plot of observed and forecasted water levels from ANN1d during the training period
is shown in Figure 11a. For comparative purpose, the results from ANN1a, in which upstream and
downstream data were not included in the input vector, are shown in Figure 11b. Overall, it was
evident that for 1 h lead-time of forecasting, ANN1d provided more accurate forecasting results
than ANN1a.
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3.3. Performance of ANN Models for 2 h Lead-Time Forecasting

The statistical measurements of four ANN models for 2 h lead-time forecasting are given in Table 6.
These four models showed fairly good forecasting performance with NSE above 0.920, R2 above 0.920,
and RMSE below 0.152 m using all water level data from both training and testing data sets. The best
ANN model for 2 h lead-time forecasting using training (testing) data sets was ANN2d, which had the
lowest RMSE value, at 0.1132 m (0.0936 m); the highest NSE, at 0.9754 (0.9533); and the highest R2,
at 0.9758 (0.9542). Consistent good model performance was found for all water level data sets (Table 6).

Table 6. Statistical measurement of 2 h forecasts for the entire data set.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN2a 0.1519 0.9543 0.9563 0.1161 0.9222 0.9292
ANN2b 0.1458 0.9583 0.9598 0.1124 0.9267 0.9327
ANN2c 0.1156 0.9740 0.9747 0.0955 0.9494 0.9517
ANN2d 0.1132 0.9754 0.9758 0.0936 0.9533 0.9542

As given in Table 7, when only the 5% highest water level data were used, the models also
showed satisfactory performance. However, linear correlation was reduced for the testing data set.
When ANN2a and ANN2b models were compared, the inclusion of upstream water level data as
an input vector did not yield an appreciable effect on the performance of 2 h lead-time forecasting,
which is consistent with results for 1 h lead-time forecasting.

Table 7. Statistical measures of 2 h forecasts for 5% highest water level data.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN2a 0.2654 0.9650 0.9686 0.2100 0.8429 0.8334
ANN2b 0.2554 0.9680 0.9706 0.2065 0.8500 0.8401
ANN2c 0.2103 0.9786 0.9798 0.1680 0.8998 0.8947
ANN2d 0.2070 0.9796 0.9804 0.1660 0.9030 0.9000

Figure 12 shows a comparison of observed and forecasted water level data using the best ANN
model, ANN2d, with a 2 h lead-time. It is obvious that the forecasted water levels are acceptable for
2 h of lead-time.

Scatter plots of observed and forecasted output water levels from ANN2d and ANN2a models
are shown in Figure 13a,b, respectively. When forecasting 2 h ahead in time, the output data of
ANN2d were less scattered compared with those of ANN2a. This result indicates that the use of
additional water level data from multiple stations to networks clearly reduced error to a greater
degree than that when only water level data was used from the station of interest. A comparison of
Figures 11 and 13 revealed that although the dispersion of points increased from 1 h ahead forecasting
to 2 h ahead forecasting, it remained satisfactory. Interestingly, the underestimated points increased
for the case of 2 h forecasting, which might have been caused by a lack of rainfall information. That is,
ANN models for the study area based on current and previous rainfall data only, without considering
future anticipated rainfall data, could not sufficiently represent the abruptly rising phenomena in
stream flow hydrographs with a time of concentration of 1 to 2 h for the study catchment.
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3.4. Performance of ANN Models for 3 h Lead-Time Forecasting

The performances of the four ANN models for 3 h ahead water level forecasting are given in
Table 8. As expected, when the lead-time was increased from 1 to 3 h, the performances of all models
decreased, and less accurate forecast values were obtained. ANN3c and ANN3d models provided
more accurate forecasts than the other two models. The best model was ANN3c, which had an RMSE
of 0.1716 (0.1421), NSE of 0.9403 (0.8844), and R2 of 0.9443 (0.8941) for the training (testing) data set.

Table 8. Statistical measurement of 3 h forecasts for the entire data set.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN3a 0.2108 0.9091 0.9159 0.1611 0.8472 0.8635
ANN3b 0.2046 0.9149 0.9208 0.1528 0.8582 0.8745
ANN3c 0.1716 0.9403 0.9443 0.1421 0.8844 0.8941
ANN3d 0.1723 0.9398 0.9438 0.1462 0.8792 0.8952

Statistical measures for the 5% highest water level forecasts with a lead-time of 3 h are given
in Table 9. Similarly, ANN3c and ANN3d presented significantly better results than the other two
models. It is clear that the inclusion of water level data at the main river to the network improved
the model performance for forecasting with a lead-time of 3 h. However, these models appeared to
produce considerable error for high flow prediction. In particular, the reduced NSE and R2 values
for the testing data set revealed that considerable differences can occur between the forecasted and
observed water levels. To increase the accuracy for longer lead-times, other input variables that could
affect stream-flow, such as forecasted rainfall data, need to be included in the network model.

Table 9. Statistical measurement of 3 h forecasts for top 5% high water level data.

Model
Training Testing

RMSE NSE R2 RMSE NSE R2

ANN3a 0.4028 0.9124 0.9301 0.2943 0.7105 0.6881
ANN3b 0.3995 0.914 0.9313 0.2989 0.7142 0.6870
ANN3c 0.3359 0.9422 0.9503 0.2663 0.7768 0.7561
ANN3d 0.3366 0.9425 0.9501 0.2637 0.7747 0.7586

A comparison of hydrographs between observed and forecasted water levels with a 3 h lead-time
from the best model, ANN3c, is shown in Figure 14. Overall, under- and over estimations were
observed. As shown in the figure, the trend of forecasted water levels might be acceptable; however,
the forecasting results contained many errors. Moreover, time shifts were found for some peaks and
rising parts between observations and forecasts, as shown in Figure 14b.

Figure 15a presents a plot between observed and forecasted water levels with a lead-time of 3 h
using ANN3c, the best model; Figure 15b shows the results from ANN3a. ANN3c was insufficient for
predicting the water level with a lead-time of 3 h even though the use of multiple water level data
clearly improved the model performance. Moreover, the forecasted values from the ANN3c model
were underestimated at many points, which is similar to the results for forecasting with a lead-time of
2 h. As described above, the rainfall data used for ANN models in this study were not sufficient for
forecasting the water level with a lead-time of 3 h for a study area with a short time of concentration.
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4. Conclusions

Since urban floods frequently occur in tributaries of the Han River, South Korea, in which flood
water level rises due to the backwater effect, accurate and efficient methodology to predict water levels
is very important in producing countermeasures against flood disasters. For this purpose, artificial
neural network models were developed in this study to forecast hourly water levels on a tributary
where the influence of hydrologic boundary conditions at a downstream confluence was apparent.
The main points of this research are given below.

(1) ANN models were constructed for forecasting water levels with lead-times of 1–3h by using
the input data, areal average rainfall, water level data at the station of interest, water level data at an
upstream gauging station, and water level data at multiple stations located near the confluence of the
tributary, Anyangcheon stream, and the main river, the Han River.

(2) The proposed ANN models were capable of forecasting water levels with high accuracy up to
a 2 h lead-time based on the statistical measures of RSME, R2, and NSE. However, the models showed
unsatisfactory performance in forecasting with a 3 h lead-time.

(3) The proposed ANN models improved the accuracy of forecasting water levels by including
the water level of the main river gauging station as input data. Therefore, the ANN models can
simulate accurate water level forecasts considering the backwater effect without the use of complex
physical models.
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