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Introduction

Spatially distributed data sets play a crucial role in environmental modeling and
monitoring. Geological information system (GIS) has been applied successfully in this
field over the last two decades. GIS-aided environmental studies achieved high quality
outputs in many aspects, such as water quality policies and modeling, as well as improv-
ing controls and assisting confident decisions (Sukkuea & Heednacram, 2022). In addi-
tion, integration of GIS-based tools with in-situ measurements have been used exten-
sively to identify and describe spatial and temporal variation of pollutants in surface and
groundwater (Xue et al., 2023). The GIS-based tools provide reliable interpolation for
specific information even at a regional scale (Kourgialas, Karatzas & Koubouris, 2017).
Furthermore, the combination of data visualization and mapping with GIS platform
is a powerful tool for extracting information and results interpretation (Fan, Fleisch-
mann, Collischonn, Ames & Rigo, 2015). The GIS platform also has a capability to
display and analyze geospatial data as well as to create multiple scenarios for land use
(Algahtany, 2023). Geostatistical analysis is one of the powerful tools embedded in the
GIS software. It relies on a combination of several techniques that were employed to
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solve problems and predict outputs with respect to spatial distribution of data (Montero,
Fernandez-Avilés & Mateu, 2015). Thus, the geostatistical analysis is widely used to
determine the data magnitude for the positions where measurements are lost or unsam-
pled due to safety restrictions, materials availability, or cost considerations (Sukkuea
& Heednacram, 2022). The geostatistical analysis consists of a set of steps as spatial
interpolation, kriging interpolation, and data fit and error assessment.

Spatial interpolation

Spatial interpolation is to estimate an unknown data point based on the known
or investigated points. The influence of known points is proportional to the distance
between points. In other words, the weight of nearby points has higher impact on
unknown point than those distant data points. The data at unknown points can be
calculated as follows.

2,0 = Y0 W 2(X), (M

where z,(x) donating the value of targeted unknown data point, z(X;) the value of
investigated points S; at point 7 = 1, 2 through », and w; is the weight that assigned to
each known point. The summation of weight at each single point has to equal to 1.

Semivariance

Semivariance is a function of the distance between the observed and unknown
data points. It measures the average degree of dissimilarity between unsampled
sites and nearby data values (Koike et al., 2022). Semivariance is proportional
to spatial distribution of data points, the lower semivariance associated to lower
distance and vice versa. The optimum semivariogram model simulates natural
variability of water quality parameters with least root mean square error (RMSE)
when compared to real water quality parameters. The semivariogram model that
achieves minimum RMSE is flexible enough to describe the spatial distribution of
the studied parameters. The semivariance (y;,) calculated according to Eq. (2) is
then optimized to find the most representative outputs or surface.

1 n(h)

- 2 2
2n(iy 2 [2(x)+z(x.)] 2)

7

where n(h) is the number of pairs separated by distance %, Z(x) is the value of z at
location x, z(x + 4) is the value of z at location x + 4.
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Semivariogram models

Semivariogram function fits the spatially autocorrelated paired data points through
certain geostatistical procedures. Each set of parameters can fit many empirical mod-
els of a semivariogram, such as spherical, circular, quadratic, exponential, rational,
tetraspherical, pintaspherical, Gaussian, K-Bessel, J-Bessel, hole effect and stable
models (Silva et al., 2023). The selected semivariogram model influences the inter-
polation of the unknown or missing data. The more the shape of the semivariogram
curve is approaching the realistic investigations, the more accurately interpolation
will be achieved at virtual or uninvestigated stations (Koike et al., 2022). In other
words, the steeper the curve nearby the origin, the higher influence of closed neigh-
bor points on the interpolated surface (Raju, 2016).

According to the regionalized variable theory, two steps need to be followed in the
geostatistical analysis to generate a surface. The first step is to construct an empirical
semivariogram model with least square error, and then the second step is to produce
an interpolation based on the existing known data and the empirical semivariogram
model (Grynyshyna-Poliuga, 2019; Sukkuea & Heednacram, 2022).

Kriging interpolation

Kriging interpolation was developed in the 1960s to estimate gold deposited in
a rock from a few random core samples (Beana, Sun & Maguire, 2022). Since then,
kriging has found its way into other scientific disciplines. Among various spatial
interpolation methods, such as trend surface estimation, spline interpolation, and
inverse distance weighting, kriging interpolation is the most commonly used in envi-
ronmental studies (Thanoon, 2018; Yang, Chiu & Yen, 2023). Kriging or Gaussian
process regression is an advanced geostatistical approach that uses the semivario-
gram model to generate unbiased estimation for spatially distributed surface (Suk-
kuea & Heednacram, 2022). Among many forms of linear and nonlinear kriging,
ordinary kriging and lognormal kriging are most commonly used to run interpolation
process. Therefore, these kriging procedures were used in this study.

Data fit and error assessment

The collected data were used to generate an empirical semivariogram. Afterward,
a reasonable theoretical semivariogram model was fitted based on the least root
mean square error (RMSE) value (Boroh, Lawou, Mfenjou & Ngounouno, 2022).
The RMSE was calculated using Eq. (3). The RMSE investigate the gap between
observed and predicted data points.
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RMSE = /%, 3)
SE = {Z; (pi - 01‘)2}5 5 (4)

where SSE is a ¢ square root of the sum of squared errors (predicted-observed values)
and 7 is the number of pairs (errors).

The RMSE is frequently used to evaluate errors in GIS and mapping and many
other prediction methods. Thus, it was employed in this study to evaluate outputs
of several semivariogram models. A properly fitted semivariogram model was then
used to generate autocorrelation to reflect the spatial distribution of the studied
variables to produce a mapped surface.

Although the kriging algorithms are used extensively in semivariogram mod-
eling, there is a lack of knowledge about how to optimize this approach to meet
water quality modeling requirements (Sukkuea & Heednacram, 2022).

This study aimed to discover the optimum ordinary semivariogram model to
predict pH, EC and temperature for groundwater quality for selected wells in the
Mosul Province of northern Iraq. The second objective of this study was to explore
the pattern of spatial distribution of these parameters over the study area.

Study area and data used

Mosul is the largest city in northern Iraq in terms of population. It is
located approximately 400 km North of Baghdad, the capital of Iraq. The lat-
itude coordinate of Mosul City is 36.340000 and the longitude coordinate is
43.130001. According to the latest census, the population of Mosul City is over
3.7 million. Although the Tigris River is the major water supply resource in
Mosul, groundwater is also used in some sectors in daily bases for other uses
rather than household purposes (Al-Tamir, 2021). Representative groundwater
samples were collected from 30 different sites (wells) distributed over different
places in Mosul City (Fig. 1). Then the collected samples were analyzed for pH,
electrical conductivity (EC), and temperature as a model for groundwater quality
in Mosul City.
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FIGURE 1. Wells distribution map in Mosul City

Source: own work.
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FIGURE 2. Geostatistical analysis steps on data to meet the normal distribution
Source: own work. requirements (Fig. 3).
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FIGURE 3. Original and transformed normal distribution histogram for each parameter

Source: own work.

The final step was to calculate the empirical semivariogram and compare it
with the fitted theoretical semivariogram. The main objective of this procedure
was to fit the optimum semivariogram model to represent groundwater quality
in sites that have not been sampled. The statistical analysis was performed using

Minitab 17 (Minitab 17, 2010).
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Results and discussion

Statistical indices

The statistical summary of the collected groundwater quality properties is presented
in Table 1. The mean values of pH, EC, and temperature were 7.04, 2426, and 19.8,
respectively, while the variance of these parameters was 0.082, 999521, and 3.338,
also respectively. Since the variance measures variability of data set from the mean, it
shows that the variance of pH and temperature values was close to mean values while
the variance of EC was large, which indicates that the collected samples were highly
deviated from the mean of the data set. Consequently, this indicates that water quality
is impacted by the spatial distribution of wells. This finding is confirmed by the stan-
dard deviation test of the same samples (Table 1). Although, the skewness test shows
that the data sets of all studied parameters had positive skewness (skewed right), pH
and EC were moderately skewed while the temperature data set distribution was fairly
symmetrical (Fig. 3). Which means that the distribution of data sets of pH and EC were
slightly deviated from the normal distribution. However, the skewness of temperature
data set was less than the skewness of other parameters (Table 1). Various functions,
such as Log, exponential and square root, were applied on the collected data sets to
adjust the normality of distribution. Log was the optimum transformation function
because it produced the minimum skewness value (as shown in Table 1). The kurtosis
test shows that the distribution of pH and EC data sets was mesokurtic (i.e., kurtosis
values between +1 and —1) while the distribution of temperature data set was too flat
(platykurtic), (Hair, Hult, Ringle & Sarstedt, 2014).

TABLE 1. The statistical summary for the studied water quality parameters*

Indicator pH Electrical conductivity (EC) Temperature
[-] - [°C]
Mean 7.04 2426 19.8
Standard error 0.05 183 0.33
Median 7 2250 20
Mode 7.2 2500 18
Standard deviation 0.286 1 000 1.83
Variance 0.082 999 521 3.338
Kurtosis 0.47 -0.23 -1.11
Skewness 0.55 0.73 0.14
Range 1.2 3 850 6
Minimum 6.6 1150 17
Maximum 7.8 5000 23
Sum 211.3 72 765 594
Count 30 30 30

*Descriptive statistical analysis indicators were calculated according to common statistical functions.

Source: own work.




Semivariogram model fitting

The empirical semivariogram was computed according to the setting shown in
Figure 4. The lag size for pH and temperature was 0.2 for each one, while it sat
to 0.4 for EC. The number of lags was 12 for all data sets. The best-fit semivario-
gram model was selected based on the RMSE value (Table 2), the semivariogram
model with the least RMSE was considered the optimal one. Accordingly, J-Bessel
was the best-fit semivariogram model for all investigated parameters because it

achieved the minimum RMSE as shown in Table 2.
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FIGURE 4. Empirical semivariogram settings for each water quality parameter

Source: own work.

TABLE 2. The root mean square error values for the examined models for each studied parameter*

pH Electrical conductivity (EC) Temperature
Semivariogram model [-] [-] [°C]

Lag size: 0.2 Lag size: 0.4 Lag size: 0.2
Circular 0.2248 794.7 1.432
Tetraspherical 0.2261 790.6 1.447
Pentaspherical 0.2262 797.9 1.455
Exponential 0.2263 789.9 1.457
Gaussian 0.2292 886.7 1.554
Rational 0.2237 828 1.474
Quadratic 0.2266 774.6 1.514
Hole effect 0.2239 798.3 1.269
K-Bessel 0.2247 818.3 1.485
J-Bessel 0.2217 740.5 1.209
Stable 0.2237 — 1.492

*For more details refer to Table 1.

Source: own work.




Interpolation maps

Kriging type, output, transformation function, and semivariogram model were
set to ordinary kriging, prediction, log, and J-Bessel, respectively. All above set-
tings have been applied to create continuous interpolated surfaces for pH, EC, and
temperature in Mosul City (Figs 5-7).
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FIGURE 5. Interpolation map of pH in Mosul City
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Source: own work.
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FIGURE 7. Interpolation map of temperature in Mosul City

Source: own work.

The geospatial analysis of the selected groundwater parameters can be con-
sidered optimal because it was created using the semivariogram model that has
minimum RMSE values, as shown in Table 2. The limitation on availability of
detailed data due to restricted limitations on drilling of water wells within the city
border led to the lack of information regarding groundwater quality. Therefore, the
suggested semivariogram model is likely the reliable selection for groundwater
spatial modeling in Mosul City and thus it can be used to predict the groundwater
parameters in unsampled sites.

Conclusions

Various semivariogram models were applied and optimized to find the best fit
model to represent the spatial variability selected groundwater quality parameters
in Mosul City. The high restrictions on digging water wells within the city border
resulted in small sample size of acquired data sets. Therefore, the skewness test
was employed to assess the normality of the data sets distribution. According to
that test, natural logarithms were the best fit function to adjust the normality of
data sets distribution. The J-Bessel semivariogram model was selected as the opti-
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mum model based on the least RMSE for all selected groundwater parameters. In
spite of the small sample size in terms of the number of wells, interpolation maps
for pH, EC, and temperature showed a significant smoothness to represent inter-
polation surfaces for the studied parameters. Consequently, the adjusted settings
are optimal and can be applied successfully for modeling the groundwater quality
relaying on a small sample size.
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Summary

Spatial distribution prediction for the ground water quality in Mosul City (Iraq)
using variogram equations. The GIS-aided spatial interpolation was applied on collected
groundwater data to predict selected parameters (i.e., pH, electrical conductivity, and temper-
ature) for the selected water wells distributed over Mosul City in Iraq. A descriptive statistical
analysis was conducted on collected samples to explore the statistical indices. The skewness
test was also employed to test the distribution of data sets around their mean values. The
natural logarithms function achieved least skewness values and thus was applied to transfer
data sets in order to adjust normality of the data sets distribution. Among all applied semivar-
iogram models, the J-Bessel semivariogram model was optimal in terms of root mean square
error (RMSE) values. The average standard errors were 0.2217, 740.5, and 1.209 for pH, EC,
and temperature, respectively.



