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APRESENTACAO

A Engenharia de Computacdo € a area que estuda as técnicas, métodos e
ferramentas matematicas, fisicas e computacionais para o desenvolvimento de circuitos,
dispositivos e sistemas. Assim, este segundo volume busca apresentar a matematica e
a computagcéo com foco no desenvolvimento de solu¢cdes de software e na solucéo de
problemas de Engenharia.

Dentro deste contexto, esta obra apresenta diversos aspectos tecnologicos
computacionais, tais como: um software que reuna informagdes cientificas sobre vacinas e
doencas imunopreveniveis de forma ladica; um modelo preditivo com objetivo de identificar
a correlacao entre o valor predito e o prego de fechamento das acdes listadas na bolsa
de valores brasileira; ensino de programacdo para criangas; o algoritmo genético e o
método da evolugéo diferencial; uma modelagem mateméatica para o cenario de um ciclo
de desenvolvimento do Scrum; simulagbes computacionais; um sistema haptico sonoro
para auxiliar a navegacao e locomocéo de deficientes visuais em ambientes fechados;
uma solucéo 6tima de despacho de geracdo de energia elétrica para 4 usinas térmicas,
através de simulagdo no software MATLAB; uma rede neural perceptron multicamadas
para previsdo de séries temporais de nivel de agua de uma bacia hidrogréafica; uma rede
neural artificial (Multilayer Perceptron) para a classificacdo de perfis de passageiros no
setor aéreo brasileiro; um modelo de aprendizado de maquina que combina diferentes
técnicas de regressao; a complexidade na inteligéncia artificial dos mascotes virtuais.

Sendo assim, esta obra é composta por trabalhos pertinentes da area, que permitem
aos leitores, analisar e discutir assuntos importantes. Por fim, agradecemos aos autores
pelas significativas contribui¢cdes, e desejamos aos nossos leitores uma excelente leitura,
repleta de reflexdes significativas.

Ernane Rosa Martins
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ABSTRACT: This work proposes a multilayer
perceptron neural network to forecast temporal
series of water level at the outlet of a watershed
located in a mountain region in the Brazilian state
of Rio de Janeiro with up to a 2-hour antecedence,
which is the time of concentration that measures
the response of the watershed. This particular
watershed was chosen due to previous natural
disasters that affected that area, causing floods
and landslides. Input data was collected by a
set of hydrological monitoring stations in the
considered watershed and is composed by water
level and/or rainfall measures acquired with a
15-minute resolution. The neural network was
implemented using the Python language, the
Tensorflow library and the Keras API. Prediction
results were evaluated by the Nash-Sutcliffe
coefficient (NSE) and by the root mean square
error, showing a good agreement between
predicted and observed values of the water-level
temporal series, specially when combining both
water level and rainfall data. In such case, values
of NSE reached 0.994 for prediction antecedence
of 15 minutes, and 0.9016, for 120 minutes.
KEYWORDS: Watershed, Artificial Neural
Network, Water Level, Hydrological Monitoring
Station.

COMBINACAO DE DADOS DE
PRECIPITACAO E NIVEL DE AGUA PARA
PREVISAO HIDROLOGICA EMPIRICA DE

ALTA RESOLUCAO TEMPORAL

RESUMO: Este trabalho propde uma rede neural
perceptron multicamadas para previsdo de
séries temporais de nivel de agua de uma bacia
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hidrografica localizada em uma regié@o serrana do estado do Rio de Janeiro com até 2 horas
de antecedéncia, que é o tempo de concentracdo que mede a resposta da bacia hidrografica.
Essa bacia em particular foi escolhida devido a desastres naturais anteriores que afetaram
aquela éarea, causando enchentes e deslizamentos de terra. Dados de entrada foram
coletados por um conjunto de estagdes de monitoramento hidroldgico na bacia considerada
sendo composto por medidas de nivel da dgua e/ou precipitacdo adquiridas com resolugéo
de 15 minutos. A rede neural foi implementada usando linguagem Python, a biblioteca
Tensorflow e a APl Keras. Os resultados da previsao foram avaliados pelo coeficiente Nash-
Sutcliffe (NSE) e pela raiz do erro quadratico médio, mostrando uma boa concordancia entre
valores previstos e observados na série temporal do nivel da agua, especialmente quando
combinados dados de nivel de 4gua e precipitacéo. Nesse caso, os valores de NSE atingiram
0.994 para previsdo com antecedéncia de 15 minutos, e 0.9016 para 120 minutos.
PALAVRAS - CHAVE: Bacia Hidrografica, Rede Neural Artificial, Nivel de Agua, Estacédo de
Monitoramento Hidrolégico.

11 INTRODUCTION

Occurrences of natural disasters are increasing every year, due to climatic changes
and man-induced susceptibilities and vulnerabilities. Among these disasters are the floods,
which are frequent in many countries, and have an obvious potential of causing injuries,
fatalities and damages. However, such effects can be eventually mitigated by forecasts
issued with a minimum antecedence. This work proposes the forecast of water level at the
outlet of a watershed in the city of Nova Friburgo, located in the mountain region of the state
of Rio de Janeiro in Brazil, which has been affected by floods and landslides.

A neural network is proposed to forecast temporal series of water level at the outlet
of the watershed with up to a 2-hour antecedence. Input data was collected by a set of
hydrological monitoring stations in the Grande river watershed. It is composed of temporal
series of water level and rainfall measures acquired with a 15-minute resolution. The
programming environment includes the Python language, the Tensorflow library and the
Keras API. Three different sets of predictions tests were performed, using only temporal
series of water level, rainfall and water level and rainfall. Results show that temporal series
of water level at the watershed can be predicted with acceptable accuracy for up to two
hours antecedence, using at least temporal series of water level as input for the neural
network.

A multitude of forecast schemes for variables related to floods, such as water level
or discharge/flow of rivers, have been proposed in the last decades. Mathematical models
can be applied but depend on the knowledge of physical parameters and also accurate
initial and boundary conditions. On the other hand, the so-called data-driven models are
based on algorithms that can be trained using known post-mortem data in order to “learn”
and thus make predictions or classifications from new data. These are the machine-learning
algorithms applied to hydrological forecasting and are discussed in Section 2.
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It is difficult to conclude what is the better method/approach since each prediction
depends on the implementation of the proposed method, the availability of data, and the
particular geographical and physical scenario. Therefore, a good method/approach is
possibly the one that achieves a prediction performance that is acceptable for operational
use in terms of issuing warnings of disasters for the civil defense.

The current work is a development of a former prediction approach for the water level
at the outlet of the same watershed at Lima et al. (2016), using a neural network, but not
applied to time series.

2| LITERATURE REVIEW OF HYDROLOGICAL PREDICTION

An extensive review of flood prediction using machine learning was presented in
Mosavi et al. (2018) showing multiple methods for short-term and long-term predictions. The
review started with thousands of articles, but selected almost two hundred original research
articles, which were then analyzed and compared. These methods are mostly based on
artificial neural networks (ANN), but also included neuro-fuzzy or adaptive neuro-fuzzy
inference systems (ANFIS), and support vector machine (SVM), among other methods.
Different classes of neural networks are discussed. Hybrid approaches combining different
methods and ensemble prediction systems were also presented. Most articles propose a
given method, in order to compare it to another one that appeared before in a literature
reference. According to the considered article, different variables can be predicted: there
are continuous variables like river water level (stage level), river water flow, rainfall, rainfall-
runoff, or categorical variables like flood, urban flood and flash flood. According to this review,
there is an increasing trend in the use of neural networks, in comparison to other methods
along the years, intended for an antecedence of a few hours, as in this work, but some works
consider in this class an antecedence of a few days. In tropical countries, many of these
events start and end in a short period of time, so hydrological forecast based on observed
data is hard to be done. In the case of high temporal resolution flood prediction, multilayer
perceptron (MLP) neural networks seems to be often employed, despite the difficulty of
optimizing its architecture and choosing suitable activation functions. New architectures,
like recurrent the neural networks (RNN, Elman (1990)) and one of their variants, the long
short-term memory neural networks (LSTM Hochreiter & Schmidhuber (1997); Gers et al.
(2000)), began to be more employed in recent years for the prediction of temporal series.
RNNs are neural networks where the connections between neurons/nodes form a directed
graph along a temporal sequence, making them suitable to deal with time series.

The review contains a general comparison of methods considering the complexity
of the related algorithm, easiness of use, processing time, accuracy, and input dataset.
Short-term prediction usually employs historical datasets as input, i.e. a temporal series with
resolution of minutes, hours or days for each variable. In addition, the survey compare the
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prediction performance of the different methods by means of the mean square error and the
correlation coefficient between predicted and actual values. However, it is a 2018 survey,
and new approaches have been proposed more recently, with a wide variety of approaches
as exemplified Lugt & Feelders (2020); Zhu et al. (2020); Choi et al. (2020).

Besides machine learning approaches, there are deterministic approaches, based
on mathematical models, but they are out of the scope of this work. As an example,
besides Weather Research and Forecasting (WRF), which is a mesoscale numerical model
for weather prediction, there is the WRF-Hydro modeling system (https://ral.ucar.edu/
projects/wrf_hydro/overview), an ensemble of models that include the WRF itself, land and
hydrological models, developed by the National Center for Atmospheric Research (NCAR).
WRF-Hydro was written in Fortran-90, and it was parallelized to be executed in clusters and
supercomputers. Users can select a given area of the USA territory and ask for hydrological
predictions, like streamflow for the watersheds contained in that area (https://water.noaa.
gov/tools/nwm-image-viewer). However, it is stated as an experimental service, and it is
difficult to know if its accuracy can be assessed.

Early warning centers have been interested in empirical hydrological models as well.
Lima et al. (2016) proposed an ANN for estimating the level on the station Conselheiro
Paulino in the Mountain Region of Rio de Janeiro, Brazil and reached a NSE index of
approximately 0.98 (for prediction antecedence of 15 min) and 0.87 (for 120 min). On the
other hand, Silva et al. (2016) developed an ANN to forecast the discharge in the river “rio
Claro” in Caraguatatuba, Sao Paulo, Brazil and reached an efficiency in their alerts about
0.91 considering a critical flow threshold.

The work Zhu et al. (2020) is about forecasting streamflow (volume of water per time)
in the huge watershed of the Chinese Yangtze river using only a few hydrological monitoring
stations on this river or its tributaries. Authors propose to use a hybrid approach based
on a LTSM neural network embedding Gaussian process regression in order to perform a
probabilistic daily streamflow forecasting, which yields a varying prediction interval for the
time series. They state that the proposed approach associates the inductive biases of the
LSTM network while retaining the non-parametric, probabilistic property of the Gaussian
process. They performed predictions with other approaches such as a “pure” LSTM or an
ensemble using standard neural networks, stating that this hybrid LSTM is more suitable for
water resources management and planning.

Another recurrent neural network is proposed in Lugt & Feelders (2020) for predicting
water level temporal series at some hydrological monitoring stations using a RNN that has
a encoder/decoder with exogenous variables (precipitation and flow rates). These stations
are placed in rivers around a Dutch polder, a piece of land bellow sea level that require
water level management by pumping. This particular RNN is said to predict more accurately
captures high temporal resolution fluctuation of the water level.

In Choi et al. (2020), authors compare some implementations of machine learning
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algorithms to predict water level temporal series in a Korean wetland, with emphasis in
water level peaks. They tested algorithms like neural network, decision tree random forest
and support vector machine concluding that the random forest had the better prediction
performance. Input data was composed of upstream water level temporal series and some

meteorological variables like rainfall, temperature and wind.

31 DATA AND METHOD

The area of study of this work is the Grande River watershed, located in the
mountainous region of the state of Rio de Janeiro, in Nova Friburgo city (Figure 1). This is
an area susceptible to natural disasters like floods or landslides, with a potential of causing
serious harm to the local population (Lima et al., 2016). The Grande river watershed was
delineated using the software TerraHidro (Abreu et al., 2012) and a 30-meter resolution Digital
Elevation Model (DEM), obtained by an on-board radar of the Shuttle Radar Topography
Mission (SRTM). TerraHidro is a free software for distributed hydrological modeling written
in C++ developed by National Institute for Space Research (INPE) and written in the C++
language. TerraHidro employs INPE’s TerraView GIS for manipulating maps, which includes
the Terralib library and a spatial database.
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Figure 1- Area of study - Grande river watershed.
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The data for this study was collected from five hydrological monitoring stations of
the State Environmental Institute (INEA), as listed in Table 1. These stations are in located
in Nova Friburgo, being the Conselheiro Paulino station located in the pour point (outlet)
of the Grande river watershed. All the stations provide rainfall and water level data, with a
15-minute temporal resolution. Data was collected between December 1, 2011 and March
24, 2013, amounting to 46,080 samples for each station.

Name Longitude Latitude
Conselheiro Paulino | 42°31'12.49"W | 22°13'42.47"S
Olaria 42°32'31.96"W | 22°18'31.83"S
Suspiro 42°32'05.36"W | 22°16'46.43"S
Venda das Pedras 42°34'563.51"W | 22°16'42.47"S
Ypu 42°31'35.41"W | 22°17'45.09"S

Table 1 - Hydrological monitoring stations used in this study.

The related data-driven model was implemented in the Python language using
Tensorflow, an open library developed by Google using the Keras API (Chollet et al.,
2015), which is also open, modular and user-friendly. This model is based on a Multilayer
Perceptron (MLP) neural network. Such network architecture is composed of multiple
layers that allow to solve complex problems related to non-linearly separable datasets
in several areas of study as Meteorology, Medicine, Cryptography, etc. (Rumelhart et al.,
1986). The Keras APl is employed in much complex neural networks than the MLP, such as
convolutional and recurrent neural networks, typical of Deep Learning implementations, but
it was adopted in this work anticipating the use of such neural networks in the ensuing work.
On the implemented MLP network, the input layer has one neuron for each input parameter,
one hidden layer with 5 neurons and the output layer has one neuron, as shown in Figure
2. It employs the Rectified Linear Unit (ReLu) activation function for the hidden layer, and
the linear function for the output layer. The ReLu function is a non-linear activation function,
commonly used in Deep Learning. The advantage of this activation function over the other
ones is not to activate all the neurons at the same time since, when an input is negative, its
value is converted to 0, not activating the corresponding neuron. This MLP neural network
with a single hidden layer using the ReLu activation function achieved a good prediction
performance, as shown ahead, and thus a more complex multiple-hidden layer MLP neural
network was not required.
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Input layer Hidden layer Output layer

Figure 2- The architecture of the proposed MLP network.

The adopted loss function for the MLP network was the mean absolute error (MAE)
and the optimization algorithm was Adam (Adaptive Moment Estimation), used instead of
the classical stochastic gradient descent procedure to update the network weights. The
training process was limited by a total of 100 epochs. The source code and the dataset used
in this work are available for download on the git repository (https://github.com/cpfreitas/
redes_neurais).

This work employs two metrics to evaluate the prediction performance of the
proposed neural network. The first one is the Nash—Sutcliffe model efficiency coefficient
(NSE), commonly used for hydrological models, and defined as:

(05 - 04"
J— 2!
. (Q5-2,)

where @, is the mean of the actual discharges in the time interval [1,7'] that contains

NSE=1-

T discrete values, Q{, is the predicted discharge at time ¢, and Qg is the actual discharge
at time /. The NSE is equivalent to the correlation coefficient between predicted and actual
data. In this work, instead of the water discharge, the NSE was calculated in terms of the
water level. The better the prediction, the higher is the NSE above the threshold value of
0.5, but it is difficult to reach the top value of 1.0 that corresponds to a perfect prediction.
The second metric is the well known root mean square error (RMSE), which is the standard
deviation of the prediction errors. It is also calculated here for the discrete times in the
interval [1,7'], and its value should be close to zero for a good prediction. RMSE is defined
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by the following equation:

RMSE = # T:l(ng — Qé)z
T ’

where Qf, and Q} are respectively the predicted and observed discharge values at
time , as in the former equation for NSE.

41 RESULTS AND DISCUSSION

In this work, a neural network is proposed to predict a water level temporal series at
the outlet of the watershed using as input temporal series of water level and/or rainfall at
different hydrological monitoring stations. The prediction is done for antecedences ranging
from 15 to 120 minutes.

Input data was split as follows: 70% for the training, 17.5% for the validation, and
12.5% for the test of the neural network. Data in the period from December 2011 to January
2013 with randomly sorted samples was used for training and validation, while data from the
months of February and March 2013 was used for test.

Three set of tests were performed, based on different combinations of the available
input datasets. The first test employs only water level data, the second one uses only rainfall
data, while the third one inputs both water level and rainfall data. All tests were devised
for the prediction of the water level at the Conselheiro Paulino station for up to 2 hours
antecedence using as input the datasets from the five hydrological monitoring stations
described above.

Predicted and actual/observed temporal series of the water level at the Conselheiro
Paulino station with an antecedence of 15 and 120 minutes is shown in Figure 3 for a period
of nearly 5,000 time intervals, corresponding to about 52 days of the months of February
and March 2013. More detailed curves of the same predicted and actual/observed temporal
series are shown in Figure 4 for time intervals 60 to 600 and in Figure 5 for time intervals
2500 to 2800, but in this case, for all five antecedences from 15 to 120 minutes. Input data
included water level and rainfall temporal series. These figures show a good agreement
between predicted and actual values.
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Figure 3 - Observed and predicted values of water level at the outlet for 15 and 120 minutes of
antecedence considering all the 5,000 time intervals.
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Figure 4- Observed and predicted values of water level at the outlet for 15 and 120 minutes of
antecedence considering time intervals 60 to 600.
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Figure 5 - Observed and predicted values of water level at the outlet for 15, 30, 60, 90 and 120
minutes of antecedence considering time intervals 2500 to 2800.

The agreement between observed and predicted values is substantially better for 15
than for 120 minutes antecedence as show in Figure 3. The mismatch is more accentuated

when the variation of the water level is high, especially when the water level is increasing.
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As seen in Figure 5, the prediction curve is delayed in relation to the observed one, with the
delay increasing as the antecedence of prediction increases. However, the delay is rather
small, being all the observed water level peaks at the outlet reproduced by the predictions.

The performance of the three sets of predictions can be evaluated in Table 2 for
the NSE and Table 3 for the RMSE. Both tables show the values of these two metrics for
antecedences from 15 to 120 minutes and for the three different sets of input time series:
only water level, only rainfall and water level and rainfall.

According to Table 2 and 3, the test with only rainfall inputs did not succeed, showing
very low values of NSE and higher values of RMSE in comparison to other two sets of
predictions. When only water level inputs were considered, the performance was good, the
RMSE did not exceed 0.0066 and the NSE was at least 0.8858. Adding rainfall inputs besides
the water level ones, the performance slightly improves for all regarded antecedences,
raising these values to 0.0063 (RMSE) and 0.9016 (NSE). As expected, on these two sets
of tests, the quality of the prediction decreases as the antecedence increases.

Antecedence | Water level | Rainfall | Water level + Rainfall
15 min. 0.9941 0.0692 0.9944
30 min. 0.9827 0.082 0.9842
45 min. 0.9682 0.1007 0.9715
60 min. 0.9537 0.1135 0.9589
75 min. 0.9381 0.1202 0.947
90 min. 0.9182 0.1343 0.9301
105 min. 0.902 0.1377 0.9159
120 min. 0.8858 0.1406 0.9016

Table 2 - Values of NSE for the different predictions.

Antecedence | Water level | Rainfall | Water level + Rainfall
15 min. 0.0013 0.0353 0.0013
30 min. 0.0022 0.0352 0.0022
45 min. 0.0031 0.0351 0.0031
60 min. 0.0039 0.0351 0.0038
75 min. 0.0047 0.0349 0.0046
90 min. 0.0054 0.0348 0.0052
105 min. 0.006 0.0347 0.0057
120 min. 0.0066 0.0346 0.0063

Table 3 - Values of RMSE (in meters) for the different predictions.
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The scatter plot between the predicted and observed values of the water level (in
meters) at the outlet of the watershed, for 15 and 120 minutes of antecedence, is shown
in Figure 6. In general, the models for 15 and 120 minutes of antecedence have no bias to
overestimate or underestimate the prediction. The mean errors (mean difference between
observed and predicted values) of both models were close to zero, 0.0002 and 0.0044
respectively, which confirms this fact.
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Figure 6 - Scatter plot between predicted and observed values of water level at the outlet of the
watershed for 15 and 120 minutes of prediction antecedence.

51 CONCLUSIONS

This work proposed the use of a neural network to predict temporal series of water
level at the outlet of a watershed with antecedences ranging from 15 to 120 minutes using
as input data temporal series of (i) water level or (ii) rainfall or (iii) both, collected by five
hydrological monitoring stations in the watershed.

The neural network was trained and validated using temporal series of water level
and rainfall data comprising 14 months of data with a temporal resolution of 15 minutes and
tested using 2 months of data. A good agreement was found between the predicted and
actual time series for an antecedence of 15 minutes using the neural network trained with
water level and rainfall data. The quality of the predictions was assessed with the NSE and
RMSE metrics. Naturally, higher antecedences resulted in prediction with lower accuracy,
but NSE was above 0.94 for up to a 75-minute antecedence using water level and rainfall
data, or up to 60-minute antecedence using only water level data. In both cases, RMSE was
very low. On the other hand, predictions using only rainfall data did not succeed.

The proposed approach was tested for a case of study, showing the possibility of its
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use in an operational scenario. As future work, we propose to compare these results to the
results obtained by other hydrological prediction models, and to perform further prediction
tests for other Brazilian watersheds. In addition, it is intended to perform an operational test
of this forecasting tool using data from the network of hydrological monitoring stations of
the Brazilian Centre for Monitoring and Early Warnings of Natural Disasters (CEMADEN).
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