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Abstract: The scope of the present study is the estimation of the concentration of nitrates (NO;')
in groundwater using artificial neural networks (ANNSs) based on easily measurable in situ data.
For the purpose of the current study, two feedforward neural networks were developed to determine
whether including land use variables would improve the model results. In the first network, easily
measurable field data were used, i.e., pH, electrical conductivity, water temperature, air temperature,
and aquifer level. This model achieved a fairly good simulation based on the root mean squared
error (RMSE in mg/L) and the Nash—Sutcliffe Model Efficiency (NSE) indicators (RMSE = 26.18,
NSE = 0.54). In the second model, the percentages of different land uses in a radius of 1000 m
from each well was included in an attempt to obtain a better description of nitrate transport in the
aquifer system. When these variables were used, the performance of the model increased significantly
(RMSE = 15.95, NSE = 0.70). For the development of the models, data from chemical and physical
analyses of groundwater samples from wells located in the Kopaidian Plain and the wider area of the
Asopos River Basin, both in Greece, were used. The simulation that the models achieved indicates
that they are a potentially useful tools for the estimation of groundwater contamination by nitrates
and may therefore constitute a basis for the development of groundwater management plans.

Keywords: aquifer pollution; Asopos river; feedforward artificial neural network; groundwater modeling

1. Introduction

Nitrates (NOj ) have emerged as one of the most widespread pollutants, and have
been detected in groundwater and surface water on a global scale [1]. Nitrate pollution
is caused through the introduction of excessive amounts of nitrogen to surface water and
groundwater. This is mainly the result of agricultural practices related to the improper
use of nitrogen-based fertilizers and animal manure, with rural activities classified as
the main sources of the extended nitrate pollution [2]. Additionally, various industries
that use nitrogen-rich compounds as well as seepage from wastewater and sewage are
aggravating factors in groundwater degradation due to the presence of NO; [1]. NO; is
particularly mobile with water and through soil, and nitrates from sewage and agricultural
fertilizers can thus easily make their way into both groundwater and surface waters.
Increased concentrations of NO; have been linked to various human health problems and
have a serious impact on ecosystems [3]. The guideline value for nitrate in drinking water
set by Greek and EU legislation calls for a concentration of less than 50 mg/L or 11 mg/L
for NO; — N [4].

In order to maintain the quality of groundwater within acceptable and viable lim-
its while satisfying economic and social needs, targeted actions are required to ensure
water sustainable management. Therefore, it is necessary to understand the behavior of
underground systems and the process of NO; transport to such a level that its response
to various changes can be predicted. These changes can be in land use, climate change,
or proposed projects such as remediation techniques. For this purpose, models have been
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developed which solve the governing equations describing water flow and mass transport
in the underground system using numerical methods. However, groundwater systems
are complex, and their description with mathematical equations becomes rather difficult
and necessarily requires the consideration of many assumptions and simplifications [5].
Furthermore, in most cases this requires very good knowledge of the geomorphology of the
study area, which is generally characterized by heterogeneity and is difficult to accurately
determine [6].

Artificial neural networks (ANNs) are models that use a different approach, and which
can overcome these limitations. These models are ‘black box” models that have the ability
to correlate variables with relationships that are not known or are very complex [7]. Due to
this, they have been widely applied to problems involving both surface and underground
hydrology [8]. In various studies, ANNs have been used effectively to determine aquifer
parameters [9] and to estimate the hydraulic head in a well by taking into account variables
such as the temperature, the precipitation, and the water level in neighboring wells [10,11].
Previous researchers [7] developed a recurrent network for the prediction of water level
based on rainfall, temperature, humidity, runoff, and evapotranspiration data. Another
study [12] proposed a Wavelet analysis-ANN (WA-ANN) model for multi-scale monthly
groundwater level prediction based on groundwater level and climatic data. ANNs can be
a useful tool for groundwater modeling in areas with complex hydrogeological conditions,
such as karstic aquifers, where conventional mathematical modeling presents further
limitations [6,13].

In the field of groundwater quality, ANNs have found several applications. A pub-
lished article [14] developed an ANN model in order to estimate the extension of the
polluted zone in an aquifer after an accidental spill. Another work [15] compared the per-
formance of four different models to predict the concentration of arsenic in the groundwater
in three countries (Cambodia, Thailand, and Laos) using physicochemical parameters of
water such as pH, temperature, redox potential, electrical conductivity and total dissolved
solids as input parameters. Other researchers [16] compared the results of three meth-
ods used for shallow groundwater quality assessment, namely, the Nemerow pollution
index, a multi-layer perceptron artificial neural network (MLP-ANN) optimized with a
back-propagation algorithm, and a wavelet neural network (WNN).

Regarding nitrate pollution modeling, several studies have presented neural networks
that use water quality parameters or/and water budget variables as input parameters [17-22].
Another group [23] developed a simple multilayer back-propagation network based on total
dissolved solids, hardness, electrical conductivity, and typical chemical parameters (Ca2+,
Mg?*, etc.) for the estimation of groundwater nitrate concentrations. In another study, the
standard physicochemical parameters of water quality along with the Sodium Adsorption
Ratio (SAR) were used as input parameters [24]. A simpler model using pH, temperature,
electrical conductivity, and aquifer level as input parameters has been presented as well [25].
If long time series are available, neural networks can be used for long-term prediction of
nitrate concentrations in groundwater [26]. Soil characteristics (organic matter, clay and
nitrogen content) have been proposed as inputs variables for the assessment of the spatial
distribution of nitrate pollution [27]. Recent studies have examined other data-mining
algorithms such as the Gaussian Process (GP), comparing it with M5P, random forest
(RF), and random tree (RT) algorithms to assess its use for nitrate prediction based on
concentrations of other ions, pH, and temperature [28]. A more recent study [29] compares
machine learning models for the evaluation of nitrate vulnerability zones.

Nitrate levels in groundwater depend on various man-made activities and natural
factors. The fate and transport of nitrogen compounds and nitrate ions in the geoenviron-
ment are determined by complex processes and are in direct dependence on conditions
prevailing in the environment, climate, land use, and soil characteristics [30]. A relevant
study provides more information on the effect of nitrate pollution on human health [31].

After their deposition on the soil surface, the nitrogen compounds may be converted
into soluble nitrate ions. The nitrates not used by plants undergo drift via infiltrated water.
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Hence, due to the negative charge of most soils nitrates are not easily retained in their
pores, and therefore move easily to the groundwater [32]. The nitrate amount that enters
the aquifer is proportional to the amount of water being infiltrated, the soil properties, the
hydrogeological characteristics (hydraulic conductivity, permeability of the vadose zone),
and the biochemical transformations that take place in it [30,33].

The main redox processes occurring in the subsoil regarding nitrogen include miner-
alization, immobilization, nitrification, denitrification, and volatilization. Nitrification is
the process of biological oxidation of ammonium ions to produce nitrates. The nitrate ions
produced are very stable in oxic conditions, and therefore remain in the aquifer longer [3].
The rate of nitrification is a function of soil moisture, pH, temperature, and the presence of
other nutrients. Indicatively, the optimum pH is between 4.5 and 7.7 and the optimal tem-
perature between 25 °C and 30 °C [34]. Denitrification is performed through heterotrophic
bacteria that require organic carbon to produce energy, which reduce nitrate ions to nitrites
and then nitrites to nitrogen gas. This process acts as a natural attenuation, as it contributes
to the reduction of nitrate ions. During this process an oxygen concentration of less than
1-2mg/L is required, while favorable conditions are a temperature range of 25-35 °C
and pH values between 5.5 and 8.0 [2]. In deep aquifers the water temperature is about
10 °C, and the denitrification rate is low [2]. Volatilization refers to the direct conversion
of ammonia (N Hj) into ammonia gas (NHj3) after application of a fertilizer to the soil.
Volatilization is favored by high soil temperature and high pH [3].

Soil characteristics affect the movement of water and create the necessary conditions
for denitrification or nitrification, which are the main conversion mechanisms in the subsoil.
The bacteria responsible for denitrification are in the subsoil and at large depths in aquifers.
They are found in clayey sands at a depth of up to 284 m [35], in limestone soils at 185 m [36],
and in granite at a depth of 450 m [37].

Climate plays a predominant role in the nitrogen cycle in the geoenvironment, as
rainfall and temperature affect plant growth, nitrogen uptake, and water infiltration.
During winter and early spring the amount of nitrates that end up in the subsoil is higher,
as the nitrate intake from plants is low [38]. In addition, the rate of rainfall that occurs is
stronger than the rate of evapotranspiration, resulting in large quantities of water moving
into the aquifer, which drifts the nitrate ions in the subsoil [39].

As far as land uses are concerned, it is difficult to determine the way in which they
are related to nitrate losses to the subsoil. However, the following classification is derived
from the literature according to contribution to nitrate concentration [39]. It is based on
the notion that certain land uses detract from nitrate levels (e.g., forests) while others add
nitrates to groundwater (e.g., horticultural crops). Ordering the different land uses from
those with lesser contributions to nitrate concentration to those with higher contributions
leads to the following list:

Forests

Cut grassland

Grazed grassland

Arable cropping
Ploughing of pastureland
Horticultural crops

A comprehensive review of the fate and transport of nitrogen and nitrate ions in the
subsoil system is presented in [39].

Based on these related papers, our approach includes many of the parameters com-
monly found in past research, e.g., pH, temperature, electrical conductivity, and water level,
then uses the Bayesian regularization training algorithm [40,41] to avoid overfitting and
overtraining, which is often mentioned as a concern in prior research. The purpose of the
present study is the development of an artificial neural network model for the determina-
tion of nitrate groundwater contamination based on easily measurable and cost-effective
data. The intention is to develop a model that can produce estimates for wells that have
not been sampled and that nevertheless have available input parameters similar to the
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ones we have used. In the models, pH, water and air temperature, electrical conductivity,
and water level were used as input data. All of these can easily be measured on site with
simple equipment. Furthermore, the scope of this article is to use data that actually affect
the nitrate transport in the geoenvironment, not those that are simply highly correlated
with the nitrate concentration in groundwater, thus ensuring that the model has physi-
cal meaning. This article specifically examines ways to improve the model results when
including land use around a well. As land use is often thought an important driver for
nitrate concentrations in groundwater, its inclusion as an input parameter can be expected
to improve the model’s predictive capabilities.

Study Area

For the development of the models, data from chemical analyses and physical proper-
ties of groundwater samples for the period 2000-2008 were used. The wells are located in
the Kopaidian Plain (part of Viotikos Kifisos River Basin) and the wider area of the Asopos
River Basin in Viotia, Central Greece, where intensive agricultural, livestock rearing, and
industrial activities take place. For this reason, extensive pollution has been reported;
according to the requirements of the Directive 91/676/EEC these areas are designated as
vulnerable zones with respect to nitrogen pollution from agricultural water run-off.

Available data on the area from the Institute of Geology and Mineral Exploration of
Greece [42] include the pH, electrical conductivity, water temperature, air temperature,
water level as measured from sea level, and the coordinates of each well. Other parameters
that were not relevant to the current study (e.g., Na™, Ca't?, etc.) were not taken into
account in this modeling approach. The available input dataset from the Institute of
Geology and Mineral Exploration consisted in total of 112 records of complete data that
were collected from sixteen wells. Sampling was generally performed at each well four
times per year in equal intervals. The following map (Figure 1) shows the wells in the study
area from which the field data measurements and NO;™ concentrations were obtained.
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Figure 1. The area of study in central Greece, with the topography and well locations denoted (right)
and its location, shown as a red rectangle on the full map of the Balkan peninsula in Europe (left).
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For each well, there are numerous records of the model input variables; however, as an
overview of the groundwater condition the mean values of each variable in each well are
presented. The following tables (Tables 1 and 2) list the maximum, minimum, and average
NO; concentrations and the mean values of the input parameters for each well as derived
from the data analysis.

Table 1. Minimum, maximum, and mean NO; concentration in the study area.

Well Min Coﬁncentration Max C(lncentration Mean ancentration
NOj (mg/L) NOj3 (mg/L) NOj3 (mg/L)

G/1 5 55.8 23.39
G/43 5 15.5 9.93
YM3 5 49.6 17.68
XVI1/31 5 43.4 11.98
07/G1 37.2 124 88.49
07/G2 5 18.1 12.87
07/G3 5 99.2 20.56
U39 55.8 126 89.50
U477 37.2 37.2 37.20
U600 41.8 55.8 48.80
VIII/87 5 12.4 7.00
XV1/28 5 62 24.00
XVII/27 18.6 20.5 19.23
XVII/30 5 12.4 6.85
Bl16 12.4 12.4 12.40
XVI1/590 18.6 32.6 26.10

Table 2. Input parameter mean values.

Mean Values

Water Level Electrical Air Water
Well (m) Conductivity Temperature Temperature pH
(uS/cm) Q) Q)

G/1 17.05 608.73 20.56 18.37 7.52
G/43 31.10 489.50 17.75 18.50 741
YM3 22.96 668.78 26.33 18.56 8.10
XVI/31 4.64 592.09 19.20 17.17 7.80
07/G1 27.27 713.13 21.04 16.54 7.59
07/G2 35.89 511.00 24.50 19.67 7.94
07/G3 51.29 1069.00 21.20 17.35 7.79
U39 28.78 770.00 24.60 18.68 7.85
U477 65.68 761.00 30.30 19.40 7.25
U600 164.21 846.00 26.35 19.45 7.79
VIIL/87 13.16 670.05 22.46 14.97 7.51
XVI/28 21.64 770.67 24.97 18.73 7.52
XVII/27 67.12 550.00 18.80 18.50 7.76
XVIL/30 8.16 650.50 21.33 18.08 7.46
B116 25.44 895.00 31.40 19.60 8.13
XVI/590 8.58 535.00 23.17 18.03 7.70

It should be noted that these wells were selected because they are in areas that have
been designated as zones vulnerable to nitrate pollution and where similar climatic condi-
tions prevail. They are not located in the same aquifer; as ANNSs are data-driven models,
the hydrogeological conditions did not constitute the determining factor for the selection
of the wells in this study.
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2. Materials and Methods

In the present study, a feed forward network was used, a type of MLP network in
which the nodes are connected only in a forward way. A Bayesian Regularization (BR)
algorithm was employed for the training procedure, as this is considered an appropriate
training method for small input data [41]. Bayesian regularization networks are considered
relatively robust, and it is difficult to overtrain or overfit them based on previous studies [40].
This eliminates the need for a separate validation dataset [43]. Nevertheless, in order to
ensure the generalization ability of the network a certain percentage of the available dataset
was set aside as the testing dataset. The architecture of the network was optimized by a
trial-and-error procedure based on the correlation coefficient (R) between the observed
data and the outputs produced by the model.

For the models that delivered satisfactory results, additional measures were estimated
to further evaluate their performance. These measures were used in the statistical analysis
to estimate a model’s ability to reproduce the desired values [44].

R: Pearson correlation coefficient indicates the strength of the relationship between
two variables; R = +1 denotes a perfect linear relationship between the observed (obs;)
and the simulated (sim;) data, while measures in the space (—0.3, +0.3) indicate no linear
relationship. Values over 0.70 signify an important correlation [45].

2 (simi = i) )-(obsi — 009))

sinmobs \/2?1 (simi — (sim)) ~\/Z?1 (obsi — (obs))
MAE (Mean Absolute Error): the amount of physical error in a measurement.
1 n
MAE = . Z|simi — obs;| )
i=1

RMSE (Root Mean Square Error): a widely used measure of the difference between
the values produced by a model and those observed (residuals).

n
RMSE = \/111 Y (sim; — obs;)* 3)
i=1

Bias: the difference between the simulated and observed values; it can be positive or
negative, and thus it provides information about the model’s tendency to overestimate or
underestimate the observed data.

n
Bias = % Y (sim; — obs;) 4)
i1

MAE and RMSE take values in the space (0, +o0), while Bias takes values in the space
(—o00, +0) expressed in the units of the variable being studied, with an optimal value
of zero.

NSE (Nash-Sutcliffe Model Efficiency) [46]: this index, widely used in hydrological
modeling, is a measure of the relationship between model errors and the real value’s
variability. The NSE index takes values in the (—oo, 1) range. Values close to 1 indicate high
accuracy of the model, while values close to 0 indicate that the model does not produce
better results than simply taking the average value of the sample. More specifically:

NSE = 1: there is a perfect correlation between simulated and actual values.

NSE = 0: the model has the same precision as the average value of the actual values.
—oo < NSE < 0: it is preferable to use the mean value of the sample rather than the
model’s predictions.
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Y (obs; — simi)2

L (obsi — %)2

NSE=1- @)

Depending on the size of the samples and the model being proposed, there have been
various NSE values proposed that indicate satisfactory accuracy of the model. Positive and
even low values are considered acceptable, while for values 0.65 < NSE the model is
considered to be of good precision [47].

For better evaluation of model performance, the measures were estimated separately
for the full data set and for the data used for the validation.

2.1. First ANN

The input variables initially studied were the well water pH, electrical conductivity,
water temperature, air temperature, hydraulic head, and coordinates of the well. In this
way, the model used parameters considered to affect to varying degrees the levels of nitrate
pollution. The set of parameters was selected such that all could be easily measured on site,
as there was no detailed information on parameters that had been used in the past in similar
studies [48], for example N surplus on agricultural land, and this model was focused on
using only observed data and not on modelled or mean data for the area. The lack of a
large number of datasets led to the decision to use a model which could take advantage of
the full dataset instead of splitting it by single wells.

The introduction of coordinates was initially inspired by geostatistical models, which
have the ability to describe the spatial distribution of parameters, thereby expanding point
measurements to two dimensions. [49,50]. By introducing the coordinates of each drilling
well it is possible to incorporate information about their fixed characteristics, which are
difficult to determine, as ANNs present the ability to derive meaning from complicated
data and are capable of identifying hidden patterns and trends [51]. Air temperature is
related to climatic conditions; electrical conductivity, pH, and water temperature reflect the
condition of the aquifer, which affects the processes of nitrogen conversion in its different
forms. Finally, the water level of the aquifer is related to seasonal conditions and the
transport process of NO; .

For all input variables, the Pearson correlation coefficient was calculated (Table 3) in
relation to the concentration of nitrates. The correlation between the input and the output
variables should not be very high [13], as the network tends to give weight to parameters
with high correlation and underestimate the others.

Table 3. Correlation coefficient of input variables with nitrate concentration.

Electrical Water

Input Parameter pH Conductivity Temperature Air Temperature Water Level
Correlation ~0.02 0.18 0.16 0.08 0.12
coefficient

No linear relationship was observed between the input variables and nitrate concen-
trations, suggesting that the relationships governing the physical system are very complex.
Because of these low correlations, the network was driven to capture deeper relationships
between the variables, thus better approaching the problem being studied. For this reason,
the model was expected to lead to a smaller deviation between the observed and simulated
values [13]. The results in Table 3 show that nitrate concentration has a positive correlation
with electrical conductivity, water temperature, air temperature, and water level. This can
be explained by nitrate ions increasing electrical conductivity; a high-water level and
temperature would help the nitrates to leach and to reach the water table faster. Nitrates
are known to have the exact opposite relationship with pH; higher nitrate concentrations
lower pH [52].
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After the trial-and-error procedure, the best architecture appeared to be that of one
hidden layer with ten nodes and a sigmoid function in the first layer and linear function in
the output layer as activation functions. The algorithm randomly divided the dataset such
that 80% of the data were used in the training process to capture the relationship between
inputs and outputs, while the remaining 20% was retained for the testing process where
the performance of the trained network was evaluated in order to assess the generalization
ability of the network. For replication purposes, we saved the initial random division of
the dataset.

2.2. Second ANN

As mentioned above, the objective of this paper is to develop a model that has a
physical meaning, i.e., where the input and output parameters are related through known
environmental processes. Therefore, it was decided to examine the use of additional data
in the form of a parameter that is probably linked with the level of nitrate pollution in an
aquifer and in a way reflects the amount of nitrogen available for leaching into the aquifer.
Hence, land use was used as an input parameter to check whether the inclusion of such
information would lead to better results.

A method to quantify the land use parameter was necessary before it could be included
in the list of input parameters. The coverage rate, i.e., the percentage of land area, of the
different land uses within a radius of 1000 m around each drilling well were chosen for
inclusion in the model. Land use information was obtained from the Corine Land Cover
2006 database (CLC2006). The Corine system provides maps of different types of land
cover divided into 44 categories. For the purpose of this study, the cover map for 2006
was introduced into ArcGis 10.5 software, where the coverage rates for each well were
calculated for each category. The land uses identified in the radius of 1000 m belong to
nine categories:

Discontinuous urban fabric
Industrial or commercial units
Road and rail networks
Mineral extraction sites
Non-irrigated arable land
Permanently irrigated land
Complex cultivation patterns
Natural grasslands
Sclerophyllous vegetation

RN LN

The network architecture remained the same except for the number of neurons in the
hidden layer, which increased as the number of input variables was now sixteen. In most
cases, it is not advisable to have a small number of hidden-level neurons because the
network will not be able to describe the complexity of the system being studied, leading to
underfitting [53]. The optimal number of nodes after the trial-and-error procedure was set
at eighteen. The architecture of the networks is illustrated below in Figure 2.
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Figure 2. Model architecture. The first ANN (left) includes pH, electrical conductivity, X, Y, water
level, water temperature, and air temperature as inputs, one hidden layer, and nitrate concentration
as the output. The second ANN (right) additionally includes land use percentages as inputs.

3. Results and Discussion

Our decision to include two types of input parameters in the data-driven models
proved to be a correct one. The first group of input parameters constantly change over
time. These include pH, electrical conductivity, water level, air temperature, and water
temperature. These input parameters provide the necessary information for the model to
simulate why a value at a certain point would be different over time. The second group of
input parameters remains constant over time. It includes parameters that help the model
to simulate the constant effects of processes that affect nitrate fluctuation and ones that
differ spatially. For example, when one well is around agricultural land, it is expected to
have a higher concentration of nitrates than another which is around forest land. Due to
the spatial continuity of nitrate concentrations, if a well is near another well with a high
concentration, it can be expected to have a higher concentration than one that is far away
from all other high-concentration wells. This group includes the coordinates, and in the
second ANN it includes percentages of land use classes in a buffer area around the well.
All the parameters remain linked to the output parameter due to universal processes not
specific for a particular site. For this reason, a model with the same parameters could be
trained with data from different locations and be expected have similarly good prediction.

For future work, inclusion of subsurface material information, which unfortunately
was not available for the current study area, could improve ANN results.

While it is highly improbable that all of the input parameters (pH, electrical conduc-
tivity, water level, water temperature, and air temperature) had the exact same values and
the output was different, this is not impossible. This situation did not exist in our observed
dataset; in case it did, a possible solution would have been to explore the possibility of
using ensembles of neural networks [54-56] to ensure that instead of one deterministic
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value the output will be a range of possible values. In this way, the output parameter could
have different values even for identical sets of input parameters.

Throughout the presentation of the results, we draw a distinction between training
data (data used to train the ANN with the BR algorithm), test data (data never used during
the training process), and the full available dataset, denoted as ‘all’. The test dataset was
selected randomly from the full available dataset. However, it contains well locations
that were not included in the training dataset. This fact justified our choice to include the
coordinates as model inputs, providing the model with increased ability to simulate the
spatial variability of nitrate concentrations in the region.

The first ANN results were satisfactory, with all the calculated model performance indices
above acceptable levels according to previously published research [44,47]. However, the simu-
lation using the second ANN yielded even better results, confirming the initial hypothesis
that the ANN which included the land use input parameters would have a better ability to
simulate the relevant natural processes.

Moreover, in both networks it was observed that in certain cases involving low concen-
trations (5 mg/L), the model provides small negative values. During the development of
the network this phenomenon cannot be avoided. Although these values have no physical
meaning, the difference from the actual values is small and the phenomenon is observed at
low concentrations, thus it was not considered to be a problem. For this reason, after the
training procedure the code was modified to replace the negative values with a value of
zero. This problem can be alternatively solved using the Rectified Linear Unit (ReLU) as an
activation function; however, that option was not available in our software release.

3.1. First ANN

The first ANN run with the full dataset of available data was split in the way described
in the Methodology section. Figure 4 shows the simulation results in scatterplots of the
NOj values in mg/L calculated by the model (Y axis) vs. the observed data (X axis target).
The Pearson coefficients (R index) for the training data (top left), the verification set (top
right), and the full data set (bottom left) are included above each chart. It is evident that the
ANN achieved good simulation of the natural processes. Between the simulated and actual
values the correlation is high in both the training set (R = 0.97) and the test set (R = 0.84),
with a total correlation index of 0.92 (Figure 3). The results of both the training and the test
datasets signify satisfactory performance of the model, particularly considering the small
size of the available dataset.

Table 4 shows the calculated indices for the evaluation of the first ANN model’s
goodness of fit.

Table 4. First model indices.

Index All Test

RMSE (mg/L) 13.25 26.18

MAE (mg/L) 7.17 17.46
Bias (mg/L) —2.14 —10.93

NSE 0.84 0.54

St. Deviation 33.33 39.65

For the full data set, the NSE is equal to 0.84, while for the test set, NSEst = 0.54.
As shown by the indices, the model produced satisfactory results. According to previous
studies [57], RMSE and MAE values less than half the standard deviation of the observed
data are considered low, showing the good performance of the model. Therefore, taking into
account the RMSE and MAE indexes for the full dataset, the model has a good performance.
For the test data set, however, the RMSE value is relatively high (RMSE;es; > 39.65/2).
Furthermore, according to the Bias index the model tends to underestimate the observed
values. This holds true for both the full and the test datasets, although in the full dataset it is
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quite low (around —2 mg/L) considering the range of the full dataset values (5-126 mg/L)
and their standard deviation.

Training: R=0.97431 Test: R=0.84411
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Figure 3. Results of first ANN-R coefficient for the training (upper left), test (upper right), and full
(lower left) datasets.

3.2. Second ANN

The performance of the second ANN model (Figure 4) appears to be remarkably better
compared to that of the first ANN, with the correlation index of the full dataset showing
R =0.97. In the training data set the coefficient is very high (R = 1.00) and in the test set it
is almost 0.05 higher than the first ANN (R = 0.89) (Figure 4).

For the full dataset, the NSE is 0.95, which is very close to the optimal value (NSE = 1),
while for the test dataset it reached a value of 0.70, showing a significant increase over the
first ANN where it was 0.54, an almost 30% increase in the NSE of the test data. According
to all the indices, the performance of the model increased significantly when the land
use parameters were added. The small difference between RMSE and MAE (15.95 mg/L-
11.53 mg/L) (Table 5) indicates the absence of extreme errors, while both error indices
decreased by about 30% compared to the first model. In addition, both standard deviations
are less than half that of the sample, which classifies the errors as within acceptable limits.
This is especially important for the test dataset, which shows the generalization ability of the
model, which had an RMSE value of 15.95, far lower than the 19.82 limit. Finally, according
to the Bias index it can be observed that this model tends to slightly underestimate the real
values, although to a far lesser extent compared to the first model, as the value decreased
by 60%.
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Figure 4. Results of second ANN-R coefficient for the training (upper left), test (upper right), and
full (lower left) datasets.

Table 5. Second model indices.

Index All Test
RMSE (mg/L) 7.56 15.95
MAE (mg/L) 3.65 11.53
Bias (mg/L) —0.82 —4.20
NSE 0.95 0.70
St. Deviation 33.33 34.83

As the inclusion of land use data improved the model results, further checks were per-
formed to examine whether the results would further improve by increasing or decreasing
the radius around the wells for which land use percentages were calculated. Adding land
uses for either 500 m or 2000 m around the wells decreased the model performance, and
thus the initial 1000 m radius was considered optimal.

4. Conclusions

In the present paper, the possibility of using ANNs for the estimation of NO;™ con-
centrations in groundwater based on simple field measurements and physicochemical
parameters was examined. The results of the simulations demonstrate the capability of
ANN:Ss to assess groundwater nitrate pollution when the appropriate input parameters and
the optimal structure of the ANN are identified. The developed model is expected to work
for any different dataset in the same region. It would require retraining with observed data
if there were a willingness to apply it in a different area.

Regarding the performance of the models, the first important remark is that satisfactory
network training together with good generalization capability were achieved despite the
small size of the concentration data.
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The first neural network, which used field data as its input parameters, achieved a
satisfactory simulation. The second neural network, in which land uses in a 1000 m radius
around each well were introduced as input parameters, showed increased efficiency. It is
worth noting that the values of all indices improved significantly in the second model.
The NSE value for the test set, the data set not used in the training process, is considered
quite high (NSEest ~ 0.7). The model’s performance is expected to increase further with
newer field data and subsequent retraining of the network.

The results of the second model show that the ANN is able to simulate to a great
extent the complex NO; transport system in the geoenvironment. This is particularly
important when taking into account that the estimation of concentrations is not simply
based on a high correlation of variables without causality and is based rather on the factors
that actually affect nitrate transport in the groundwater.

The performance that the models achieved suggests that they represent a viable
solution and tool for predicting levels of pollution based on location, land use, and meteo-
rological and hydrogeochemical data, which could form the basis for the development of.
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