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Fig. 1. The geology map in the case study
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Table 1. Pearson correlation matrix of hydrochemical parameters of coastal aquifer of Sari Plain

[ 1 2 3 4 5 6 7 8 9 10 11 12
SO4 —

Cl 0.357 —

HCOs 0.289 0.240 —

NOs -0.055 -0.145 -0.020 —

pH 0.087 0.136 -0.032 -0.245 —

TDS 0.833 0.733 0.511 -0.123  0.087 —

SAR 0.480 0586 0.573 -0.272 0.262 0.701 —

EC 0.835 0.735 0.507 -0.125 0.084 0.999 0.699 —

K 0.499 0.648 0.517 -0.033 0.058 0.691 0.529 0.695 —

Na 0.673 0.756 0.546 -0.248 0.211 0.900 0.921 0.899 0.645 —

Mg 0.205 0.377 0.345 0.091 -0.067 0.352 -0.040 0350 0358 0139 —

Ca 0.705 0.172 0.038 0.129 -0.145 0573 0.006 0577 0258 0.274 0.018 —

b Olsml pleordsSnd sl el Lol glaadlse (Sl ly ol )b Y Jsoer
Table 2. Variomax load of principal components of physicochemical parameters of Sari

aquifer
bl PC1 PC2 PC3
Sox 0.825
cl 0.766
SAR 0.958
TDS 0.744
EC 0.742
K 0.657
Na 0.943
Mg 0.955
ca 0.963
o3g slade 4123 2.478 1.461
olyls oo 45811 27.534 16.236
S oelly oy 45.811 73.345 89.581
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Fig. 5. Schematic design of the fuzzy models designed to predict the chloride concentration of the Sari plain
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Table 3. The performance of artificial intelligence models used in chloride concentration
prediction in training and testing stages
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Abstract

Quialitative assessment of coastal waters affected by seawater salinity can be done using the
parameter of chloride in groundwater. This research proposes a supervised artificial intelligence
committee machine (SAICM) method for accurate prediction of chloride concentration in
groundwater of Sari plain. SAICM predicts chloride concentration as the output of the model by
non-linear combination of artificial intelligence models. In this research, Principal Component
Analysis (PCA) method was used to identify effective hydrochemical parameters related to
chloride concentration as input components to artificial intelligence models. Based on the results
of PCA, parameters (Na, K, EC, TDS, SAR) were selected as input components of artificial
intelligence models. Firstly, four artificial intelligence models, Sogno fuzzy logic, Mamdani
fuzzy logic, Larsen fuzzy logic and artificial neural network were designed to predict chloride
concentration. Based on the modelling results, all the models showed a good fit with the chloride
data in Sari Plain. Then, the combined SAICM model was built, which combines the prediction
results of 4 separate Al models using the nonlinear ANN combiner and determines the chloride
concentration more accurately. The results show that the proposed SAICM can estimate chloride
concentration with much higher accuracy than individual methods.

Keywords: artificial neural network, committee machine, fuzzy logic, ground water quality,
principal component analysis.

Introduction
Determining groundwater quality and controlling pollution is one of the main objectives of coastal
aquifer management. The quality monitoring and assessment of coastal aquifers is based on physical,
chemical and biological parameters. To manage the quality of coastal waters affected by seawater
salinity, the parameter EC or chloride in groundwater can be used. Chloride is an important
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constituent of drinking water. Although a certain amount of chloride is necessary in the daily
consumption of each person, its excess can be harmful to human health. According to the World
Health Organisation (WHO, 2008), the standard permissible concentration of chloride in drinking
water is 0.5 to 0.6 mg/litre. Chloride increases in water sources have two main sources (natural and
human). Natural sources of chloride increase in groundwater include infiltration of saline seawater,
evaporation, dissolution of soluble salts and water-rock exchange, while human sources include
agricultural return flows, salts used on roads for de-icing, industrial and agricultural wastewater, gas
and oil production activities (Fehdi et al., 2009; Rahman et al., 2010; Han et al., 2011; Wang and
Jiao, 2012; Hamed and Dhahri, 2013; Sun et al., 2016). The simulation of pollutant transfer is
considered an important tool in water and environmental studies, and based on this, it is necessary to
develop a powerful model that can predict the time of pollution. To model the concentration of
contaminants in aquifers, computational methods such as finite difference, finite volume, finite
element and boundary element are used to numerically solve the differential equations of the given
problem (Bear and Cheng, 2010). Due to the simplifications of the numerical methods and their
impact on the significance of the results obtained from the fate modelling, the application of these
methods is limited. In recent years, due to the complexity and uncertainty of geological processes,
black-box or data-driven models such as artificial neural networks (ANN), fuzzy systems (FL) and
adaptive neuro-fuzzy inference system (ANFIS) have replaced numerical methods (Mishra et al,
2004; Almasri and Kaluarachichi, 2005; Sahoo et al., 2006; Lin and Chen, 2005; Lin and Chen, 2006;
Samani et al., 2007; Lin et al., 2010; Chang et al., 2010; Banerjee et al., 2011; Rankovic et al., 2012;
Shekofteh et al., 2013; Kheradpisheh et al., 2015; Azari et al., 2015; Azari and Samani, 2018). A
number of studies have been carried out in the field of evaluation of artificial models in water quality
modelling and contaminant transfer in aquifers. Rogers in 1992 using a combination of genetic
algorithm and forward multilayer neural network, proposed that considering the ratio of pumped wells
to the total number of wells as an input will reduce the concentration of pollutants in the wells. Maier
and Dandy in 1996 used an artificial neural network model with 141 inputs (daily salinity values of
water levels and currents at the upstream station and previous times) to calculate river salinity in 14
days and concluded that the structure, type of neural network and speed of training have little effect
on the results. Sandhu and Finch in 1996 used the artificial neural network model to determine the
location of saltwater flow in the porous environment at the edge of the Sacramento Delta. They
considered the inflow to the Delta as the input and the concentration of dissolved solids over a 20-
year period as the output of the model. The results of this method showed that this model gives
acceptable results for predicting salinity in different parts of the Delta. In 2007, Singh and Datta
developed an artificial neural network model to identify unknown sources of groundwater pollution
using observed concentration data and achieved acceptable results.

In 2010, Asghari Moghaddam and et al used the artificial neural network model to predict the
anomalous fluoride concentration in Mako region and achieved acceptable results. Foddis et al, in
2015, developed an artificial neural network model to determine the contaminant sources of the
aquifer and achieved acceptable results. Kheradpisheh et al in 2015 proposed the estimation of water
quality parameters including chlorine, sulphate and nitrate using the artificial neural network method
in Bahabad plain of Yazd and compared the results with the actual measured values. The results
showed that this method can be well used to estimate and predict the concentration of these
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hydrochemical parameters. In these studies, the capabilities of each of the artificial intelligence
models are focused on predicting hydrochemical anomalies and groundwater pollution. Each of the
artificial intelligence methods has its own advantages. For example, fuzzy logic models are very
powerful in calculating parameter changes and produce good results for variables with uncertainty
(Bardossy and Disse, 1993). The artificial neural network model simulates non-linear relationships
between variables based on model data (Palani et al., 2008) and the neurofuzzy model incorporates
the aforementioned advantages of both fuzzy logic and artificial neural network methods. Each of
these methods has capabilities and none of them is dominant over the other. Therefore, in order to
combine the advantages of all these models in one model and increase the accuracy of computational
estimation, it is possible to design a committee artificial intelligence model that combines the
advantages of all models and provides optimal performance in forecasting (Lim, 2005; Kadkhodaie-
llkhchi et al., 2009; Labani et al., 2010; Tabari et al., 2021).

Labani et al, 2010 proposed a committee machine model and optimised the weight of the model using
genetic algorithm (GA) method and found that weighted averaging method is better than simple
averaging for parameter estimation. Nadiri et al in 2013 predicted the fluoride concentration in Mako
Plain by designing a committee artificial intelligence machine model. Instead of using the simple and
weighted averaging method, they proposed the artificial neural network method to determine the
weight in this committee model.

Tayfur et al in 2014 proposed a supervised artificial intelligence machine model to estimate the
hydraulic conductivity of the aquifer, which estimates the parameters of the aquifer with high
accuracy. Nadiri et al in 2019 predicted groundwater level fluctuations with high accuracy using
multiple fuzzy logic models.

Tabari et al in 2021 proposed a committee machine artificial intelligence (CMAI) model to estimate
the hydrological parameters of the Katasbes aquifer in the Shiraz plain.

In this research, the effectiveness and usability of the Supervised Artificial Intelligence Committee
Machine (SAICM) model, compared to separate artificial intelligence models, for predicting chloride
concentration in the Sari Plain was investigated. The aquifer of this plain is one of the coastal aquifers
whose groundwater quality is affected by the salt water of the sea. In recent years, due to
indiscriminate extraction of groundwater from this aquifer for agricultural purposes, and as a result
of the influx of saline seawater to the coast, as well as the high consumption of chemical fertilizers in
agricultural lands, the quality of groundwater in the coastal aquifer of the Sari Plain has decreased. In
this study, four artificial intelligence models, Sogno Fuzzy Logic (SFL), Mamdani Fuzzy Logic
(MFL), Larsen Fuzzy Logic (LFL) and Artificial Neural Network (ANN), are used to test the SAICM
method. However, SAICM can incorporate any number of Al models for analysis. The supervised
artificial intelligence committee machine method can produce more accurate results by weighting and
linearly combining the outputs of each of the applied artificial intelligence methods. In this study,
non-linear ANN is used instead of linear combination of artificial intelligence models. In SAICM,
ANN takes the predictions of each individual model as input and derives new predictions. Therefore,
this method can perform better in hydrochemical prediction of complex aquifer system.
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Materials and Methods
Characteristics of the study area
The study area is part of Sari-Neka study area with code 1503 of Mazandaran study area. The area of
the study area is about 635 km2. In this area, there is no geological formation and only discontinuous
quaternary alluvial sediments are observed.

Supervised Artificial Intelligence Committee Machine (SAICM)
A committee machine model consists of a group of artificial intelligence models, which combines the
outputs of the models and provides more accurate results than each of the models. In this research, an
artificial neural network was used as a nonlinear combiner, which produces better and more accurate
results (Karimpouli et al., 2010; Nadiri et al., 2013).

Results and Discussion
Implementation of artificial intelligence models in groundwater chloride prediction

In this study, an artificial neural network of multilayer perceptron (MLP) type with three different
fuzzy logic models (MFL, SFL, LFL) were considered to predict chloride concentration. Based on
the results, the ANN model shows a better performance than the fuzzy logic models. In this research,
in order to achieve optimal performance and combine the advantages of all the developed methods
together, the SAICM was designed to use the advantages of all the developed methods together and
predict the chloride concentration with the highest level of accuracy.

Instead of using simple and weighted averaging methods, the designed SAICM model re-estimates
the chloride concentration determined by SFL, MFL, LFL, ANN methods in the training phase (100
hydrogeochemical data samples) by using the non-linear ANN method. The structure of the ANN
model used in SAICM is of the MLP-LM type. This ANN model has 5 neurons in the input layer,
three neurons in the hidden layer and one neuron in the output layer. The transformation function in
the hidden layer is of Tansig type and in the output layer is of Purelin type. Using the LM algorithm,
the RMSE value of 0.00002 mg/L was obtained after 54 epochs in the training phase. Then, the
designed SAICM model was investigated with 46 test data samples. The RMSE, R2 for the SAICM
model were obtained as 0.00001 mg/L and 0.98, respectively. Comparing the results of this proposed
model with the results of the individual models used, it can be seen that the SAICM model predicts
the chloride concentration with a much lower error value and much more accuracy than other
individual models.

Conclusions
The results of this research show that the developed SAICM model provides more accurate results
than any of the presented artificial intelligence methods. Since most aquifers in nature have a very
complex and heterogeneous system, the SAICM method presented in this research has a high potential
for estimating other hydrogeological and hydrochemical parameters.
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