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2- Nash-Sutcliffe coefficient of efficiency
3- Root mean squared error

4- Mean absolute error

5- Saturated-unsaturated transport

6- Multiple linear regression

7- Multiple linear regression

8- Principal component regression
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7- Genetic algorithm-wavelet neural network

8- Seasonal auto regressive integrated moving average
with exogenous input-artificial neural network

9- Adaptive neural-fuzzy inference system
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1- Nash-sutcliffe coefficient of efficiency
2- Feed forward neural network

3- Recurrent neural networks

4- Radial basis function neural networks
5- Levenberg-marquardt algorithm

6- Error back-propagation algorithm
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6- Nedbor-afstromnings-model
7- Universal transverse mercator
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1- Wavelet neural network

2- Sediment rating curve

3- Mother wavelet

4- Decomposition level

5- Autoregressive moving average model
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1- Multi-layer perception
2- Topology
3- Mean square error
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1- Recurrent Neural Networks

2- Time Delay Neural Networks
3- Wavelet Transform

4- Continues Wavelet Transform
5- Discrete Wavelet Transform
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2- Observed Time Series
3- Approximation

4- Detail
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1- Nonlinear auto regressive

2- Delay

3- Sigmoid function

4- Linear function

5- Supervised learning

6- Error back-propagation algorithm
7- Levenberg-marquardt function

8- Wavelet-time delay neural networks
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1. Introduction

Groundwater resources are one of the main sources of water supply. In recent years, the natural balance between
fresh and saline water due to over-exploitation has been deteriorated and groundwater levels GLs in many parts of
the country aquifers have turned negative. Evaluation and prediction of groundwater levels through specific models
helps in forecasting of groundwater resources. In recent years, artificial neural networks (ANNs) have been used for
GL prediction, aquifer parameter determination and groundwater quality monitoring. An important feature of ANN
models is their ability to detect patterns in a complex system. Yang et al. [1] evaluated the potential of a BPANN
and an Integrated Time Series (ITS) model based on the modern statistical models and techniques for the purpose of
predicting the GL in an arid and semi-arid region of China. However, ANNs and other linear and non-linear
methods frequently used have limitations with non-stationary data. ANN models cannot handle non-stationary data
without input data pre-processing. The methods for dealing with non-stationary data are not as advanced as those for
stationary data and additional research is needed to investigate methods that are better able to handle non-stationary
data effectively. An example of such a method is wavelet analysis. Wavelet analysis can be used to decompose an
observed time series (such as GL) into various components so that the new time series can be used as inputs for an
ANN model. In this research, WA-ANN models were developed and compared with ANN and MLR models for
forecasting GL at two tubes observed wells in the Sharif Abad watershed in Qom, Iran. In this paper, a new method
based on coupling discrete wavelet transforms (WA) and ANN for GL forecasting is proposed. The relative
performance of the proposed coupled wavelet-ANN models was compared to regular ANN models and Multiple
Linear Regression (MLR) models for monthly GL forecasting. The comparison of the prediction accuracies of the
WA-ANN and other models indicated that the proposed WA-ANN model could predict GL time series because of
using multi-scale time series data as the ANN input layer.

2. Methodology

2.1. Case study and data

The Sharif Abad watershed is located in the Province of Qom, between the UTM coordinates, Y: 3850000 and
X: 525000, Y: 3830000 and X: 485000, which is limited from the North and East to the Masile Plain, from the south
to the Qom Plain and from the West to the Save Plain. The variable used to develop and validate the models was
monthly groundwater level data recorded at two sites in the Sharif Abad watershed in Qom, Iran.

2.2. Multiple linear regression analysis

Multiple linear regression is a technique to model a linear relationship between a dependent variable and one or
more independent variables, which is defined as:
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2.3. Artificial neural networks

ANN is a computing tool constructed through many simple interconnected elements called neurons with unique
capability of recognizing underlying relationship with input and output events (Fig. 1). An ANN is arranged into
discrete layers, consisting of input, hidden, and output. The ANN employed in this paper, namely the multilayer
perception, usually referred to as the feed-forward neural network (FFNN) with back-propagation (BP) algorithm.
This ANN type can map input real valued vectors into an output of real valued vectors. The process of calibrating
the ANN inputs and outputs was carried out with the BP algorithm. The Levenberg-Marquardt algorithm was
employed to train the ANN models.

2.4. Wavelet transform

Wavelet transforms have recently begun to be explored as a tool for the analysis, de-noising and compression of
signals and images. Wavelets are mathematical functions that give a time-scale representation of a time series and
their relationships to analyze time series that contain non-stationary. The main advantage of wavelet transforms are
their ability to simultaneously obtain information on the time, location and frequency of a signal. The discrete
wavelet transform (DWT) was used to decompose the time series data for the WA-ANN models developed in this
study [2].

2.5. Hybrid model of wavelet-ANN (WA-ANN)

WA-ANN models are ANN models that use, as inputs, sub-series components (DWSs), which are derived from
the DWTs of the original time series data. One of the advantages of the WA-ANN method compared to the ANN
method is its ability to identify data components in a time series such as irregular components with multi-level
wavelet decomposition. The A three-layer FFNN-LM, which contains one input layer, one hidden layer with
sigmoid activation function, and one output layer linear activation function, was applied in this study.

2.6. Evaluation of model accuracy

The performance of different forecasting models can be assessed in terms of goodness of fit once each of the
model structures is calibrated using the testing data set. The Nash—Sutcliffe Coefficient Efficiency (CE) and root-
mean-squared error (RMSE) were used in this research.

2
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3. Results and discussion

The ANN models for groundwater level forecasting were developed using the MATLAB R2011b software
program. The regular ANN models with regular input data (i.e., those not using wavelet decomposed input data)
consisted of an input layer, one single hidden layer, and one output layer consisting of one node denoting the
targeted monthly groundwater level. The ANN models were trained and tested based on different numbers of
neurons in the hidden layer and Delays. The number of neurons in the hidden layer and delays were optimized using
the available data through the use of a trial-and-error procedure. For the three models, the data series were divided
into a training set, validation set, and a testing set. In this study we used of different of wavelets and decomposition
levels In order to select of the optimum WA-ANN model. In hybrid model, the original data (monthly groundwater
level) was decomposed into a series of approximation and details. In the linear model, linear regression analysis was
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computed between the values of the current month to 14 months before of the groundwater levels. Results of the
three models are presented in Tables 1 and 2.

Table 1. Evaluation of the best WA-ANN models at Peiezometer 1

Mother ANN RMSE (m) Decomposition E
wavelet structure level
type
Db2 3-3-1 0.0278 2 0.95
Db3 3-7-1 0.0364 2 0.91
Db4 3-4-1 0.0336 2 0.93
Db5 3-4-1 0.0324 2 0.93
Haar 3-3-1 0.0368 4 0.91
Meyer 5-3-1 0.0157 2 0.98

Table 2. Evaluation of the best WA-ANN models at Peiezometer 2

Mother wavelet ANN structure RMSE (m) Decomposition level E

type
Db2 4-3-1 0.0886 3 0.87
Db3 5-7-1 0.093 4 0.85
Db4 3-3-1 0.0865 2 0.87
Db5 2-4-1 0.0755 1 0.9
Haar 3-5-1 0.1272 2 0.83

Meyer 5-6-1 0.0483 4 0.94

4. Conclusions

Wavelet analysis is a very new method in the areas of hydrology and water resources research. However, over
the course of the last 5-6 years, it has begun to be investigated in a variety of hydrological applications. In this paper
we evaluated the potential of a WA-ANN, ANN and MLR models for the purpose of predicting the GL in Sharif
Abad Plain. In this research, a new method based on combining discrete wavelet transforms (WA) and ANN for GL
forecasting applications was proposed. The WA-ANN models were compared to regular ANN models and MLR
models for GL forecasting. This study found that the best WA-ANN model was substantially more accurate than the
best ANN model and the best MLR model. It is hypothesized that the WA-ANN models are more accurate because
wavelet transforms provide useful decompositions of the original time series, and the wavelet-transformed data
improves the performance of the ANN forecasting model by analyzing useful information on various decomposition
levels. The accurate forecasting results for the Sharif Abad watershed indicate that the WA-ANN model is a
potentially very useful new method for GL forecasting. Highly accurate GL forecasting models such as the WA-
ANN model that was developed in this study are a useful tool in sustainable groundwater extraction and optimized
management in a watershed. It is recommended that future studies should explore the use of the WA-ANN method
in GL forecasting for: other watersheds in different geographical regions; other lead times (such as daily, weekly, or
yearly forecasting); comparing the wave neural network model with other new methods such as Adaptive Neural-
Fuzzy Inference System.
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