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Abstract

The high Andean wetlands -considered as water conservation areas have suffered signifi-
cant damage due to overgrazing and systematic drainage. In this regard, the Fideicomiso
Mercantil Fondo para la Proteccién del Agua (FONAG) has developed a baseline to get
information about their state of degradation by creating 18 wells that allow measuring its
groundwater level, and hydraulic dynamics in rainy and dry seasons.

As a remedial action against the damage, artificial drains have been plugged to monitor
the vegetation recovery process, soils and water dynamics of wetlands. Nonetheless, it has
not been possible to identify whether the restoration action helps to mitigate the damage
existing in the area; and until now, there is no enough amount of data to conduct further
research. To overcome this challenge, we propose a custom time series forecasting model,
which consists of three main stages. First, we acquire a high-quality data set to use it in
our model implementation and analysis. Secondly, we select the parameters that better
fit both models, in particular the auto-regressive integrated moving average and hidden
Markov model. Finally, we present a comparative study between the aforementioned mod-
els. The proposed strategy is expected to measure the effectiveness of the chosen model,
and serve as a baseline, enabling further work with the time-series collected data in other
wells located in the wetland.

Keywords: Time series forecasting, groundwater level, wetland, ARIMA, Hid-
den Markov Model.



Resumen

Los humedales altoandinos -considerados como areas de conservacion de agua- han sufrido
danos importantes debido al pastoreo excesivo y al drenaje sistematico. Por esta razon, el
Fideicomiso Mercantil Fondo para la Proteccién del Agua (FONAG) ha desarrollado una
linea de base con el fin de obtener informacion sobre su estado de degradacion mediante
la creacién de 18 pozos que permiten medir sus niveles de agua subterranea y dinamica
hidraulica en épocas lluviosas y secas.

Como accién de restauracion contra el dano, se han taponado los drenajes artificiales
con el propédsito de monitorear el proceso de recuperacion vegetal, de los suelos, y la
dindmica del agua de los humedales. Sin embargo, no se ha podido identificar si la accién
de restauracion ayuda a mitigar el dafio existente en el area; y hasta ahora no se dispone de
la suficiente cantidad de datos para realizar una investigacién adicional. Para solucionar
este problema, proponemos un modelo personalizado de prediccion de series de tiempo,
que consta de tres etapas principales. En primer lugar, adquirimos un conjunto de datos
de alta calidad para usarse en la implementacion y analisis de los modelos. En segundo
lugar, seleccionamos los parametros que mejor se ajusten a los modelos a desarrollar, en
particular el modelo autorregresivo integrado de media mévil y el model oculto de Markov.
Finalmente, presentamos un estudio comparativo entre los modelos antes mencionados. Se
espera que la estrategia propuesta mida la efectividad de los modelos y sirva como base
para poder trabajar con datos recopilados en series de tiempo de los otros pozos ubicados
en el humedal.

Palabras Clave: Prediccion de series de tiempo, nivel de agua subterranea,
humedal, ARIMA, Modelo Oculto de Markov.
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Chapter 1

Introduction

Time series forecasting has several approaches in different areas such as: scientific, eco-
nomic, climatic, industrial, etc. Its importance lies in the fact that good forecasting can
be helpful to take preventive decisions in order to solve a problem even before it happens.
In this particular case, being the groundwater a natural resource mainly used for domestic
supply and irrigation, accurate forecasting of groundwater level will provide a measurement
of resource quantity and allowable exploitation, as well as the sustainable utilization and
the scientific management of the resource of groundwater [4].

Even though, this area has been often neglected because of the existing time component
that makes the analysis a little bit more difficult to carry out, over the years many stud-
ies have been developed; for instance, the researchers reviewed this problem in [5]. The
techniques applied to accomplish this matter range from the simplest to the more com-
plex such as neural networks. This work proposes a comparative study of two forecasting
methods utilized in groundwater level time series, namely autoregressive moving average
(ARIMA) model that has been widely employed and hidden Markov model, an approach
usually implemented for speech recognition problems, but has gained some popularity in
prediction area.

The structure of this work is divided into 6 chapters. Specifically, introduction that con-
tains the problem statement 1.1, contribution 1.2 and the objectives of the work 1.3.
Overview and background that includes a short literature review of previous related works
2.1, brief context of the work 2.2, and a background about time series analysis and pre-
diction 2.3, together with a detailed explanation of the models to be developed 2.4 and
2.5. Methodology where an outline 3.1 of the work is showed, in addition to a complete
description of the steps to realize in order to accomplish the study, and the metrics to
evaluate the performance of the models. Experimental setup that described the considered
time series 4.1, as well as the parameters of the models 4.3. The outcomes of the developed
experiments are presented in the results and discussion section by using plots and tables.
Finally, Conclusion 6.1 giving the final remarks of the study and an analysis of whether
the objectives were successfully fulfill and future works 6.2 that might be carried out after
appropriate modifications to the proposed models.
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1.1 Problem statement

Wetlands make an important contribution to the protection and enhancement of groundwa-
ter quality. Unfortunately, due to anthropogenic hazards, they have been affected leading
to harm in the water regulation of the ecosystem.

Concretely, Pugllohuma wetland located in Antisana ecological reserve that is a valuable
water resource of Quito city has been marred because of the overgrazing and systematic
drainage. In this regard, FONAG since 2016 has started a restoration action and moni-
toring of the wetland dynamic. Nevertheless, they have not been able to obtain enough
amount of data to make an extensive analysis of the groundwater level before and after
the restoration, and verify if the restoration action helps to mitigate the damage in the
wetland dynamic.

1.2 Contribution

With the aim of providing a solution to tackle existing issues, this work proposes a com-
parative study of two forecasting methods. Subsequently, we performed a selection of one
of them intending to get a suitable prediction of groundwater level, in order to know in
advance the future dynamic, and strengthen the restoration action if its needed.

1.3 Objectives

1.3.1 General Objective

To develop a methodology and an experimental setup to compare representative time-
series-analysis techniques hidden Markov model and autoregressive moving average (ARIMA)
on the evaluation of groundwater level in terms of accuracy.

1.3.2 Specific Objectives

o To propose a data preparation stage through suitable time-series pre-processing ap-
proaches for accomplishing proper, clean data for subsequent analysis.

o To implement and tune selected representative time-series techniques ARIMA and
Hidden Markov model for forecasting future groundwater level values.

o To design a comparative study between ARIMA and Hidden Markov model by the
use of metrics in the predicted groundwater level values including a methodological
and experimental approach.

Mathematician 2 Graduation Project



Chapter 2

Overview and Background

2.1 Related Works

In this section, some related works about time series forecasting will be reviewed.

Patle, Singh, Sarangi, Rai, Khanna and Sahoo (2015)

The study was carried out using the data of pre and post-monsoon from 1974 to 2010
in Karnal district of Haryana-India. The goal was to identify the trends using the Mann-
Kendall test and Sen’s slope estimator, and ARIMA for time series modeling of groundwater
levels for forecasting. According to [6], the use of ARIMA model was supported by the
previous accurate forecasting studies developed in [7], with the monthly reference crop
evapotranspiration for the Jordan Valley, in [8] with streamflow for Salt River basin in
Arizona, in [9] with precipitation, monthly average temperature and relative humidity,
in [10] with monthly river flow Selangor riverand and Bernam rivers of Selangor state in
Malaysia, and in [11] using SARIMA to get a temporal behavior of groundwater tables.

The time series was divided with a 70:30 ratio for training and testing, respectively. The
train data set is from 1974 to 1999 and the test data set from 2000 to 2010. After the
selection of the model with Bayesian information criteria (BIC), its accuracy was evaluated
by comparing the test data set with the forecasted using the following metrics: root mean
square error , mean absolute percentage error, mean absolute error, MaxAPE and MaxAE.
Forecasting results indicated that pre and post-monsoon groundwater levels would decline
by 12.97 m/yr and 12.0 m/yr over the observed groundwater levels in 2010. Average rates
of decline of pre and post monsoon groundwater levels in Karnal district during 1974-2010
were 0.23 m/yr and 0.27 m/yr, respectively, which would increase to 0.32 m/yr and 0.30
m/yr for the period of 2011 to 2050.

Yan and Ma (2016)

Yan and Ma used a combined model of ARIMA and radial basis function network (RBFN)
for the prediction of monthly groundwater level fluctuations for two observation wells in
the city of Xi’an, China. The data is divided from the year 1998 to 2008 used for training,
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and the data from the year 2009 to 2010 for testing the proposed hybrid model. As is
mentioned in [4], ARIMA could have some forecasting failures when the problem to be
treated is not linear, for this reason this study use the ARIMA model to estimate the
linear part and RBFN to the nonlinear residuals of the groundwater level time series, with
the objective of getting better forecasting results.

Next, the metrics employed in this paper, in order to select the best structure and parame-
ters of ARIMA and RBFN models are root mean square error (RMSE), the mean absolute
error (MAE) and the correlation coefficient (R?). The results showed that ARIMA, RBFN,
and the hybrid model have high fitting accuracy in the training sets. However, this does
not necessarily mean a higher forecasting accuracy in the testing sets. After making the
comparison between the two pure models and the hybrid model the results show that the
last one is more competent in forecasting groundwater level.

Khadr (2015)

Khadr [12] executes several homogeneous hidden Markov models (HMMs) to forecast
droughts using the Standardized Precipitation Index in daily precipitation data set, col-
lected from January 1960 to December 2007 from 22 meteorological stations in the upper
Blue Nile basin. The measures of goodness used to evaluate the forecast performance of
HMM models include mean absolute deviations (MAD), the coefficient of determination
(R?), root mean square error (RMSE) and correlation coefficient (C,.). Moreover, to inves-
tigate whether there is a significant difference between the mean from the observed and
predicted data a Z-test for the means was employed in the analysis.

The hidden Markov model was used after the computation of the SPI index, defining seven
states: State 1 — Extremely wet, State 2 — Very wet, State 3 — Moderate wet, State 4 —
normal state, State 5 — Moderate drought, State 6 — Severely drought, State 7 — Extremely
drought. The data set from 1994 to 2007 was used to validate the forecast applying the
metrics mentioned above. The results show that hidden Markov models could be used
to forecast SPI time series of multiple timescales for more than one month ahead. Fur-
thermore, since HMM outcome is potentially skillful, it can be used as a essential tool
to improve drought management and for medium-short term planning in water resources
management.

Chen, Shin and Kim (2016)

In [13] a new probabilistic scheme to forecast droughts using a discrete-time finite state-
space hidden Markov model (HMM) aggregated with the representative concentration path-
way is proposed. The study begins citing [14] as one of the first application of HMM to
stochastic hydrology, although recently has been used as a forecasting tool in prediction
groundwater level fluctuations [15], in earthquake probability [16], and in sea surface ele-
vation [17]. A standard precipitation index (SPI) times series is employed to carry out the
training and forecasting validation, the data was obtained after calculated a continuous
record of monthly precipitation data from 5 stations located in specific regions of South
Korea. The data from 1974 to 2002 is the input for HMM as a training data set while the
data from 2003 to 2021 is assigned to testing.

Mathematician 4 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

Once the training data is modeled, the forecasted mean value are examined using point
forecast skill score (SS), in addition to a probabilistic verification using ranked probability
score (RPSS) and the relative operating characteristic (ROC), as a tool for evaluating the
quality of the probabilistic forecasts. In the first evaluation stage, is conducted a com-
parative analysis of the performance of HMM with RCP information, HMM without RCP
information, ARMA with the parameters obtained from correlation and partial correla-
tion plot, and a three-layered feed-forward artificial neural network (ANN). The results
indicated that the HMM-RCP forecast mean values displayed a significant improvement
in forecasting skill score over the other models. In the second evaluation stage, the prob-
abilistic forecast performance of the HMM-RCP and HMM without RCP is measured
by comparing the RPS and RPSS for different lead times, in this case the results show
that HMM-RCP is a useful tool to forecast drought, capturing the number and duration
of drought events occurred during the validation period. The study ends making the 3
following conclusions about HMM-RCP: is able to forecast future SPI considering uncer-
tainties, can provide an accurate long lead time probabilistic forecast, and precisely reflect
the statistical properties of future droughts (occurrence, duration, severity).

Adamowski and Chan (2011)

Adamokski and Chan proposed in [18] to make a comparative study of coupled wavelet
neural network, autoregressive moving average (ARIMA), and artificial neural networks
(ANN) models. Hidrological and meteorological data are used for ANN and WA-ANN,
specifically monthly time series of precipitation, average temperature, and average ground-
water level. The precipitation and temperature data sets were collected from the website of
Environment Canada, while the groundwater level time series were obtained from two wells
located in the cities of Mercier and St-Remi in Canada, all of them goes from November
2002 to October 2009.

While in the ARIMA model the training data set corresponds to the period from Novem-
ber 2002 to February 2009, and the testing data set from March 2009 to October 2009,
in ANN and WA-ANN data series were divided into a training set from November 2002
to June 2008, validation set from July 2008 to February 2009, and testing set from March
2009 to October 2009. The models were calibrated using the time series destined to train-
ing/validation, then the performance was evaluated using the coefficient of determination
(R?), Nash—Sutcliffe model efficiency coefficient (E), and root mean squared error (RMSE)
comparing the testing data set to the forecasted values. After the evaluations were done
this research concludes that WA-ANN demonstrated a better accuracy in the forecasting
of groundwater level time series of the two cities, and conclude that making the hypothesis
that the WA-ANN models are more accurate because wavelet transforms provide useful
decompositions of the original time series, improving the performance of ANN forecasting.
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Summary

To summarize the previously mentioned related works, Table 2.1 is presented.

Name of work Authors Year | Proposed models
) ) . Patle, Singh,
“Time series analysis of ground- _ _
o Sarangi, Rai,
water levels and projection of fu- 2015 | ARIMA
Khanna, and
ture trend”
Sahoo

“Application of integrated arima
and rbf network for groundwater | Yan, and Ma 2016 | ARIMA + RBFN

level forecasting”

"Forecasting of meteorological

Hidden Markov Model
Khadr 2015 | + Standardized Pre-

cipitation Index

drought using hidden markov
model (case study: The upper
blue Nile river basin, Ethiopia)”

“Probabilistic  forecasting  of

drought: a hidden markov model | Chen, Shin, and 2016 Hidden Markov Model
aggregated with the rcp 8.5 | Kim + RCP

precipitation projection”

“A wavelet neural network con- )
) . Adamowski, and WA-ANN, ANN and
junction model for groundwater 2011
Chan ARIMA

level forecasting”

Table 2.1: Related works summary.

2.2 Context

According to [19], the purpose of time series analysis is generally twofold: to understand
or model the stochastic mechanisms that give rise to an observed series, and to predict or
forecast the future values of a series based on the history of it. Along the years several
techniques of time series forecasting have been developed, broadly speaking it is possible
to divide the techniques into three main groups judgmental forecasted bases in subjective
judgment, and any other relevant information, univariate method where the forecast de-
pends only on the present and past data of a single time-series and multivariate methods

where forecast of a given variable depends on one or more additional time series variables
[20].

In this work, two univariate methods are addressed namely autoregressive moving average
(ARIMA) and hidden Markov model (HMM). ARIMA model has been widely used in many
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areas of time series forecasting due to its statistical properties and easy implementation.
Although it might have some difficulties when the problem to be dealt with is non-linear,
the researches where it was employed has shown an acceptable accuracy prediction. On
the other hand, hidden Markov model has several applications, such as speech recognition,
gene finding, gesture tracking, etc. However, recently has been gaining popularity thanks
to its applications in the forecasting of meteorological drought, groundwater prediction,
and market sales forecasting. Moreover, it has a strong statistical foundation, and owing
to the fact that it is an efficient learning algorithm that can take place directly from the
raw sequence data, it might be helpful when the quality of the data is not good enough.

2.3 Background

2.3.1 Time series

Time series is the data obtained from observations collected sequentially over time [19],
are frequently used in any domain of applied science that involves temporal measurements,
for instance: statistics, pattern recognition, econometric, mathematical finance, weather
forecasting, earthquake prediction, etc. An observed time series can be decomposed into
three components: the trend which represents the long-term direction, the systematic
calendar related movements named seasonal component and the residual part of the series
[1]. To illustrated the time series components the Fig. 2.1 of monthly retail sales in New
South Wales retail department stores is presented.
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Figure 2.1: Time series components of monthly retail sales.

Source: [1]

According to [21], time series can be classified in stationary and non-stationary. Station-
arity means that the time series if both the mean and the variance are time-invariant [22],
while non-stationary time series do not fulfill this condition. In [2], Fig. 2.2 is presented as
an example of the transformation process from a non-stationary time series to a stationary,
applied in monthly US net electricity generation data.
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Figure 2.2: Process from non stationary to stationary time series of monthly US net elec-
tricity generation.

Source: [2]

2.3.2 Time Series Forecasting

In this section, a brief description of some time series forecasting methods is given.

Simple Moving Average (SMA)

A simple moving average (SMA) is one of the easiest methods for forecasting. It is an
average of a subset of periods in a time series [23]. In order to do the forecasting, SMA
uses the total average of all past data of time series [19], applying the Eq. 2.1.

p
=1 Yt

(2.1)

Yig1 =

where Y; is the actual value at time ¢, p the number of terms in moving average and fftﬂ
the forecasted value for the next period [24]. The accuracy of this method depends on
whether the time series has a constant mean or not.

Naive Model

Naive approach is based solely on the most recent information available assuming that
recent periods are the best predictors of the future [24], as is illustrated in Eq. 2.2

Vi =Y, (2.2)
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The main problem with this model is that it discards all observations except for the most
recent one, for this reason this is not a reliable forecasting method.

Simple Exponential Smoothing (SES)

Simple Exponential Smoothing (SES) uses a weighted moving average of past data as the
basis for a forecast [25]. The Eq. 2.3 calculated the forecasted values.

Fa=ay+(1—-a)F (2.3)

where 1, is the actual values at the time t, F} is the forecast value of the variable Y at the
time t, Fy, is the forecast value at the time ¢ + 1 and « is the smoothing constant this is
a value between 0 and 1. SES uses the complete time series, incrementing exponentially
the weight when the data is more recent.

Artificial Neural Networks (ANN)

Artificial neural networks are an information processing system that roughly replicates
the behavior of a human brain by emulating the operations and connectivity of biological
neurons [26]. ANN is usually employed when the data has non linear components, due to
its accuracy in those kinds of problems. In [2], explained that a neural network can be
thought of as a network of “neurons” which are organized in layers. The predictors (or
inputs) form the bottom layer, and the forecasts (or outputs) form the top layer. There
may also be intermediate layers containing “hidden neurons” as is showed in Fig. 2.3.

Input Hidden Output
layer layer layer
Input #1 —
Input #2
'\7 - Output
Input #3 i
Input #4

Figure 2.3: Example of artificial neural network with hidden neurons.

Source: [2]

Making a summary of the ANN procedure, the output is a non-linear modification of
the previous result obtained from the weighted linear combination input in the last layer,
each layer of nodes receives as inputs the outputs of the previous layer. To get a broad
perspective a systematic review of ANN applied in time series forecasting can be seen in

[27].
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Long Short-Term Memory network (LSTM)

The long short-term memory network is a type of recurrent neural network used in deep
learning. According to [28], the input units are fully connected to a hidden layer consisting
of memory blocks with 1 cell each. The cell outputs are fully connected to the cell inputs,
to all gates, and to the output units. Moreover, the gates, the cell and the outputs are
biased. Briefly speaking LSTM is organized in cells that include several operations, has an
internal state variable, which is passed from one cell to another and modified by operation
gates [3]. Figure 2.4 is presented to illustrated the architecture of LSTM.

Yy &) ﬁf;

A

A TelAl A
3 © 0

Figure 2.4: Architecture of long short-term memory network (LSTM).

Source: [3]

Support Vector Machine (SVM)

Support vector machine (SVM) is a type of neural network. In [29], is stated that SVM uses
a linear model to implement nonlinear class boundaries through some nonlinear mapping
the input vectors into the high-dimensional feature space, building a hyperplane or sets of
hyperplanes in it. SVM has been mainly used in classification and regression problems,
but there exists literature that endorses its functionality it time series forecasting. Namely,
the following researches [30], [31], [32], [33], where a wide explanation of SVM forecasting
performance can be found.

2.4 ARIMA

Autoregressive integrated moving average (ARIMA) is popular a stochastic linear model
for time series forecasting, were originally developed by Box and Jenkins in 1970. The
model uses the variation and regression of the data to forecast future values by identifying
the trend, in that way the future estimations are supposed to be a linear combination
relying upon the past data and past errors, expressed as follows:

Y = O0p + O1Ys—1 + P2y + ... + Oplp—p + ¢ — 01641 — bagy_o — ... — 04—y, (2.4)
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where y; is the actual value, €, is the random error at time ¢, ¢; and 6; are the coefficients,
the last terms p and ¢ are the parameters referred as an autoregressive and moving average,
respectively [34].

ARIMA model consists of three parts, the AR part (p) shows that the time series is
regressed on its past data, MA part (q) indicates that the forecast error is a linear combi-
nation of past respective errors and I part illustrate that the data values have been replaced
with differenced values of in order to obtain stationary data, which is the requirement of
the ARIMA model approach [35]. The p and ¢ parameters together with d, which repre-
sents the number of non-seasonal differences necessary in order to get stationarity, build
the called ARIMA(p, d, q) model.

The Box-Jenkins method of time series modeling has four steps as is mentioned in [6].

1. Model identification: the time series is analyzed to find stationarity, a required con-
dition of ARIMA. Subsequently, the autocorrelation function (ACF) and partial au-
tocorrelation (PACF) are also examined.

2. Parameter estimation: the initial values of the parameters p, ¢ are determined by the
ACF and PACF, respectively.

3. Diagnostic: Once the parameters are given ARIMA estimates the coefficients ¢ and
0 of Eq. (2.4) through the Maximum Likelihood Estimation method.

4. Forecasting: the selected model is used to fit and forecasted values.

2.5 Hidden Markov Model

A Hidden Markov model (HMM) is a statistical model that can be used to describe the
evolution of observable events that depend on internal factors, which are not directly
observable [36]. It consists of two stochastic processes, the visible process of observable
events and the invisible process that is a Markov chain going from one state to another.

HMM is characterized by the following components:
o Number of observed events or symbols.
e Number of hidden factors underlying the observation called states.

o A transition probability matrix, representing the probability of moving from one state
to another.

e An emission probability matrix, expressing the probability of an observation being
generated from a state.

e An initial probability distribution, standing for the probability of being in a certain
state at the beginning.
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All the components mentioned above joined together to build the model in the following
way: for the initial state we denote the initial probability 7 = {m;} which represents the
probability to be in state ¢ at time ¢ = 1. Then, one state transits to another at time ¢ to
time t+1 with a determined probability. These probabilities from entering the state j to the
current state ¢ forms the transition probability matrix £’ = {f;;}, which dimension depends
on the number of states S. Finally, given the sequence of observations O = {O1, Oy, ...,Ox}
the emission probability matrix £ = {e;(O;)} represents the probability of observing O,
at state j [37].

The goal of HMM is to capture the hidden information from the observable estimating the
most likely regime, including the associated time-varying means and volatilities, in order
to create a reliable predictive model. Therefore, by analyzing the pattern in the past it
can forecast the future outcomes of the time series.
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Chapter 3

Methodology

3.1 Outline

The methodology to implement and tune the forecasting methods ARIMA and hidden
Markov model are summarized in Fig. 3.1 is based in Crisp-DM methodology and consists
of the following stages: business understanding, data understanding, data preparation,
modeling, evaluation, and deployment.

Business Data

series analysis
techniques.

- Evaluate the
implemented
models in terms of
accuracy.

automatically
collected, contains
missing and sparse
values.

needed. For
instance, a data
resample from 5
minute to monthly
frequency,
interpolation and
intersection with
manually collected
data.

selected parameters.

and Mean Absolute
Error.

Understanding Understanding —>| Data Preparation |— Modeling — Evaluation —»{  Deployment
[ [ | [ | [
- Get a high quality Original data setis a To produce a high Implementation of The accuracy of the An exploratory
time series to be groundwater level quality data the use ARIMA and Hidden predicted values are analysis that can be
analyzed. time series with 5 of different Markov Model with evaluated with Root used as a baseline
- Implement time minutes frequency techniques is appropriated Mean Square error for future studies

with other time
series data sets.

Figure 3.1: Methodology for forecasting the groundwater level.

3.2 Data understanding

The data was obtained from Pugllohuma wetland located in Antisana ecological reserve,
it was provided by The Water and Paramo Scientific Station (ECAP) and FONAG.

The original data set consists of 2 time series with 5 minutes frequency, the first one is
collected using a sensor located in 1 of the 18 piezometers in the wetland that verifies the
groundwater level measured in cm below 0, which represents the water-free space in the
one meter long piezometer, and the second one is the precipitation accumulated in that
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lapse. Both of them were collected from November 2016 to September 2020.

Due to some instrumental errors, the groundwater level time series include periods of
missing data and sparse values that do not match to the groundwater level values manually
taken biweekly or monthly as is shown in Fig. 3.2

20

20

-40

® Manual

0 — Automatic

Groundwater level

-80

-100

-120
27/10/2016 15/5/2017 1/12/2017 19/6/2018 5/1/2019 24/7/2019 9/2/2020 27/8/2020

Date

Figure 3.2: Groundwater level time series without pre-processing.

Moreover, a boxplot showing the outliers, morphology and symmetry of the unprocessed
data is presented in Fig. 3.3 and a complete description in Table 3.1

Value

-100 T T T T T
20160 20170 20180 20190 20200

Year

Figure 3.3: Boxplot of groundwater level time series without pre-processing.
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Description
number of samples | 307709
mean -27.58411
std 15.86747
min -94.65000
25% -36.57000
50% -26.28000
75% -17.62000
max 14.19000

Table 3.1: Statistical description of unprocessed time series.

By the beginning of 2020 the data series was collected with a new sensor, in particular
INW, that aims to recollect error-free data closer to the actual values. On the other hand,
the precipitation time series does not have inconsistencies and it was previously validated
by FONAG technicians.

3.3 Data preparation

The beginning of the period from November 2016 to April 2017 is excluded from the study
due to the high amount of inconsistencies with the real groundwater level values that have
been manually taken. Thereafter, to get a high-quality data to be analyzed later, the
following steps are needed.

3.3.1 Resample

After removing the significant outliers, with the aim of reducing the dimension of the data
the time series is averaged in the case of groundwater level and added in precipitation, so
in that way, a resample is obtained changing the frequency from 5 minutes to monthly.

3.3.2 Interpolation

To the treatment of gaps with missing values, the data is interpolated in Python, using the
last value before each gap and the first one after as a reference to fill every empty period.

3.3.3 Quality Control and Data Selection

To get better approximations to the actual values of groundwater level, the precipitation
time series and emptying time constant (a previous study made by FONAG) is used.
Afterward, the values of the remaining time series are fitted taking the emptying time
constant as a baseline for the dry days and the amount of accumulated precipitation for
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the rainy days.

Making a brief data analysis the following boxplot for groundwater level processed time
series per year is presented in Fig. 3.4. The boxplot shows the absence of outliers in all
years except 2017, this atypical value belongs to a pre-intervention dry period, so the value
will be preserved.
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Figure 3.4: Processed time series boxplot.

Finally, with the purpose of produce the predictive models, the groundwater level time
series is split into two differentiated data sets with a proportion of 70% — 30% for training
and testing the models, respectively. The train data set is used to generate the models,
and the test data set to validate the accuracy of the models. In this particular case, the
train time series goes from May 2017 to August 2019, and the test time series goes from
September 2019 to September 2020, as is presented in Fig. 3.5
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Figure 3.5: Groundwater Level time series splitted in train

3.4 Modeling

3.4.1 ARIMA

and test data sets.

Following the ARIMA steps mentioned in Section 2.4 a decomposition, the autocorrelation,
and partial autocorrelation should be done to check the time series characteristics, as is

presented in Fig. 3.6 and Fig. 3.7.
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Figure 3.6: Groundwater level time series decomposition.
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Figure 3.7: Autocorrelation and partial autocorrelation of groundwater level time series.

Since the condition of stationarity fails the data is transformed by carrying out a differ-
entiation. Once a stationary time series is obtained the next step is to find the p, ¢, and
d parameters. Even though these parameters can be set from the plots in Fig. 3.7 this
method might be limiting and tricky.

Therefore, the automatic process auto_arima from Python pmdarima library is used [38].
This process gets information from the training data and picks up the parameters that
best fit the model by analyzing the Akaike information criterion (AIC) and getting the
ones that minimize the value, then the model is prepared on the training data by calling
the £fit () function, and finally the predictions are made by calling predict() function
and specifying the time to be predicted [39].

3.4.2 Hidden Markov Model

HMM attempts to perform the following steps with the components discussed in Section
2.5:

1. Compute the probability of the occurrence of the observation sequence.
2. Determinate the parameters of the model, that best explains the observations.
3. Define the most probable state sequence from a given observation sequence.

The Forward-Backward, Baum-Welch, and Viterbi are algorithms used to perform the
aforementioned steps, respectively. These algorithms are explained in more detail in [40].

Therefore, the GaussianHMM process from hmmlearn.hmm Python library is employed [41],
which executes the required algorithms to implement HMM, with the following fixed pa-
rameters: n_components being the number of hidden states, covariance_type indicating
the type of covariance matrix that the model will take, and n_iter specifying the number
of iterations to run of the Baum-Welch algorithm, and init_params that controls which
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element are initialized prior to training, is replaced among ‘s’ for startprob, ‘t’ for trans-
mat, ‘m’ for means and ‘c’ for covars. The goal is to find the better number of hidden
states, until find the better one to make the implementation. Once the training time series
is fitted then the forecasted process is carried out as is stated in Section 2.5.

3.5 Evaluation

The performance of ARIMA and hidden Markov model is measured with the following
metrics applied in the testing data set. The computational cost can be considered to
evaluate the quality of the model. Nevertheless, is this case due to the limited number of
samples this approach is discarded.

3.5.1 Root Mean Squared Error

Mean squared error (RMSE) measures the square root of the average squared difference
between the forecasted values and the actual values. Is one of the most common metric to
evaluate a regression model.

1 n
i
In Eq. 3.1 the following notation is considered:
e x; = the actual values.

e I; = the predicted values.

e 1 = is the number of elements.

3.5.2 Mean Absolute Error

Mean absolute error (MAE) is the mean of the absolute value between the predicted and
observed values.

1.
iz

In Eq. 3.2 the same notation of Eq. 3.1 is employed.

3.6 Deployment

After carrying out the models and its evaluation, an strategy to deploy the project is
needed. First of all the model with better accuracy is selected to apply to the other
piezometers located in the wetland, thereby is expected to be able to take preventive
measures if these are imperative in order to mitigate the drainage of the wetland.
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Chapter 4

Experimental Setup

4.1 Datasets

For the experiments, the considered data sets are a monthly time series split into training
data and test data as is detailed in Section 3.3.3 and showed in Fig. 3.5. However, it is
important to emphasize that ARIMA model requires an additional condition of stationarity
to be executed.

4.2 Experiment description

The mechanism of the proposed approach is explained in Section 3.4. Additionally, using
the parameters defined in Table 4.3 and Table 4.4 the following experiments are set in
motion.

o Experiment 1: It is done fixing the parameters from the beginning.

o Experiment 2: It is done replacing the values of the parameters until finding the
better ones.

4.3 Parameter settings and methods

4.3.1 Experiment 1 parameters

The parameters to implement ARIMA using p and q obtained from ACF and PACF plots,
see Fig. 3.7, are stated in Table 4.1
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ARIMA
Parameter | Value
p 1
d 0
q 14
freq ‘M’

Table 4.1: ARIMA parameters for experiment 1.

For HMM the parameters are detailed in Table 4.2

HMM
Parameter Value
n_components 2

covariance_type | “full”
n_iter 100

init_params ‘stmc’

Table 4.2: Hidden Markov model parameters for experiment 1.

The last parameter ‘stmc’ is a default setting, meaning that all the components explained
in Section 3.4.2 are initialized prior to training.

4.3.2 Experiment 2 parameters

The parameters to carry out ARIMA are indicated in Table 4.3.

ARIMA
Parameter | Value
start_p 1
start_q 1
max_p 10
max_q 10

m 12
d None

Table 4.3: ARIMA parameters for experiment 2.
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Where start_p, start_q, max_p and max_q correspond the the initial and final values of
the parameters mentioned in Section 2.4. Moreover, d = None will automatically take the
value, and m = 12 indicates that the data is monthly seasonal differentiated.

Likewise, the parameters for hidden Markov model are showed in Table 4.4.

HMM
Parameter Value
n_components 2
covariance_type | “full”
n_iter 100
init_params ‘m’

Table 4.4: Hidden Markov model parameters for experiment 2.

4.4 Performance measure

To evaluate the performance of experiment 1 and experiment 2 the metrics stated in Section

3.5 are used.
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Chapter 5

Results and Discussion

The results of each experiment mentioned in Section 4.2 are presented in figures and tables
in order to get better visualization.

5.1 Experiments

The study consists of two experiments discussed in the following subsections.

5.1.1 Experiment 1

The experiment is developed with determined parameters from the begging of the imple-
mentation in the case of ARIMA model the parameters are chosen according to the Figure
3.7. On the other hand, for HMM the parameter init_params is set to default, with 2
hidden states.

Groundwater level

-40

Date

Figure 5.1: Plot of ARIMA(1,0,14) test vs. forecast data sets.
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Figure 5.2: Plot of HMM with default settings test vs. forecast data sets.

The results in the selected metrics are detailed in Table 5.1.

Model

U ARIMA | HMM
Errors
MAE 13.072672 | 45.539267
RMSE 15.868396 | 49,160797

Table 5.1: MAE and RMSE results of experiment 1.

As is observed in the metrics results in Table 5.1, the forecasted accuracy is unsatisfactory
this might happen because of the parameters enunciated in Table 4.1 and Table 4.2 are
not appropriate to produce good results with the type of time series to be forecasted, for
this reason the AIC evaluation is required to fine-tune the models until finding the best
value parameters.

In ARIMA model predictions, see Fig. 5.1, the peaks in October 2019, March, and July
2020 are not well approximated. Moreover, the forecasted time series presents a short
groundwater level recession from October 2019 to January 2020 which clearly differs from
the recession period from December 2019 to March 2020 of the observed time series. There-
fore, the model with these parameters can be discarded for future applications because of
the inconsistencies when predicting the groundwater level recession.

On the other hand, HMM is able to predict the months when the peaks occur, but not
entirely accurate. As shown in Fig. 5.2 the minimum and maximum values of these pikes
do not coincide. However, besides these failures the recession forecasted period concurs
with the observed except the lapse from March to April 2020, in which the real values keep
decreasing but in the predicted increase.
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5.1.2 Experiment 2

The experiment is developed following the methodology explained in Section 3.4, and

setting the parameters specified in Table 4.3 and Table 4.4.

Groundwater level
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Forecast

Jan Feb Mar Apr May Jun Jul Aug Sep
2020
Date

Figure 5.3: Plot of ARIMA(1,0,2) test vs forecast data sets.
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Figure 5.4: Plot of HMM test vs forecast data sets.

The results in the selected metrics are detailed in Table 5.2.

Model

odel | pivA | HMM
Errors

MAE 15.926025 | 6.310349
RMSE 19.406509 | 11.133436

Table 5.2: MAE and RMSE results of experiment 2.
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An evident difference between the error results in the execution of both models is seen in
Table 5.2. Meanwhile, in ARIMA model the errors between the observed and forecasted
time series remain high, in HMM are reduced significantly. This outcome was obtained
by letting HMM initialize its development with the mean parameter prior to training,
and with 2 hidden states representing whether in that month, a considerable amount of
precipitation is detected or not.

ARIMA attempts to predict the behavior of the real time series values, but failed principally
due to the characteristics and the quality of the data. For this reason, the recession period
according to the predicted values starts one month later in comparison with the actual
decline of groundwater level and does not reach the minimum value that the series met,
see Fig. 5.3. On the opposite, HMM get the result illustrated in Fig. 5.4 since it is
insensitive with raw data. Therefore, there is no doubt that this model fits better to the
type of this time series in specific, and can be used to successfully forecast future values
that will serve as a baseline for future analysis.
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Chapter 6

Conclusions and future work

6.1 Conclusion

Time-series forecasting of groundwater level can be used as a practical tool to enhance the
management of water resources, in which groundwater plays a fundamental role. In this
work, after a deep prior analysis of related works, we present two time series forecasting
methods with the aim to conduct a comparative study between them, namely ARIMA,
and hidden Markov model.

The raw data obtained from FONAG was previously treated before the implementation of
both models, in that way a closer approximation of the series through the monitoring time
in Pugllohuma wetland was acquired. After that, a selection of the best model parameters
was done to develop the models to carry out the comparative study using evaluation met-
rics, particularly mean absolute error and root mean squared error.

Owing to the poor quality of the initial data set, and taking into account the instrumen-
tal errors in the device that capture the groundwater level information through time, the
results in ARIMA model were severely affected, leading to substandard forecasting. In-
versely, since HMM is insensitive to the raw data characteristics, the performance was not
really affected when the appropriate parameters were selected. Finally, after analyzing
all the results hidden Markov model is selected as the more suitable for this kind of time
series.

Nevertheless, two other forecasting techniques were evaluated as alternative methods to
accomplish the proposed goal. As shown in A.1 and A.2, better forecasting was obtained
without the need for resampling the daily time-series into monthly. Therefore it will inter-
esting to discover if, with this kind of time series, long-short term memory and artificial
neural network models improve the performance of the system when predicting future val-
ues. On the other hand, it is expected that with a better data quality more enhanced
results are obtained, as is shown in A.3 and A.4 where the experiments were carried out
with the air quality London monthly average of Mean Roadside: Nitrogen Dioxide data
which was acquired from [42], and more accurate forecast were achieved especially with
HMM with default settings.
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6.2

Future work

The application area of time series forecasting is extensive, and as has been demonstrated
there exist a lot of methods that can also be used in the hydrology field. Hereunder, some
different approaches that have not been explored in this study are stated.

Tackle the weaknesses of ARIMA model presented in this study, and get better results
with a combination of another model that can cope with these issues, making in that
way a new proposed hybrid model for time series forecasting

Generalize the study with different kinds of time series, luckily a time series with a
more appropriate initial quality.

Apply the improved generalized model to the data of other piezometers located in
Pugllohuma wetland.

Implement multivariate time series analysis and forecasting, to understand and eval-
uate the complete dynamic of the wetland, taking into account all the variables
influencing it.
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Appendix A

Alternative methods

Al LSTM

A.1.1 Architecture of the proposed ANN

LSTM Summary

Layer Input Output
Input (None, None) (None, None)
Lambda (None, None) (None, None, 1)
Bidirectional(LSTM) (None, None, 1) | (None, None, 64)
Bidirectional 1 (LSTM) | (None, None, 64) (None, 64)
Dense (None, 64) (None, 1)
Lambda_1 (None, 1) (None, 1)

Table A.1: Architecture of the alternative method LSTM.
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A.1.2 Results
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Figure A.1: Plot of LSTM test vs forecast data sets.
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Figure A.2: Mean absolute error vs loss in LSTM method.
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A.2 ANN

Model
4 LsT™
Errors
MAE 3.750401
RMSE 5.048310

Table A.2: MAE and RMSE results of LSTM.

A.2.1 Architecture of the proposed ANN

Table A.3:

ANN Summary
Layer Input Output
Input | (None, 30) | (None, 30)
Dense_3 | (None, 30) | (None, 10)
Dense 4 | (None, 10) | (None, 10)
Dense_5 | (None, 10) | (None, 1)

Architecture of the alternative method ANN.
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A.2.2 Results
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Figure A.3: Plot of ANN test vs forecast data sets.
MAE and Loss MAE and Loss
400 — MAE 1 — MAE
350
10
300
9
250
8
7 2
Em g
§ i’
150
6
100
5
50
k 4
0
D 100 20 0 100 500 et 100 0 0 0 50
Epachs Epochs
(a) Plot MAE vs Loss (b) Zoomed plot MAE vs Loss
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Table A.4: MAE and RMSE results of ANN.

Model
ANN
Errors
MAE 3.855601
RMSE 5.377836

A.3 Experiment 1 with London average air quality

levels data
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Figure A.5: Plot of ARIMA(0,0,0) test vs. forecast data sets.
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Figure A.6: Plot of HMM with default settings test vs. forecast data sets.
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Model

9 ARIMA | HMM
Errors
MAE 8.011653 | 0.259872
RMSE 9.238388 | 0.639629

Table A.5: MAE and RMSE results of experiment 1 with London average air quality levels

data.

A.4 Experiment 2 with London average air quality

levels data
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Figure A.7: Plot of AUTOARIMA test vs. forecast data sets.
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Figure A.8: Plot of HMM test vs. forecast data sets.
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Model

9 ARIMA | HMM
Errors
MAE 8.020230 | 2.685155
RMSE 9.238034 | 3.433010

Table A.6: MAE and RMSE results of experiment 2 with London average air quality levels

data.
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