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Abstract:  In a research area that is characterized by uncertainty, such as the one dealing with groundwater systems mainly due 
to the particularities of the hydrogeological parameters, the lack of water level measurements intensifies the inherent 
difficulties of analyzing, identifying, investigating and simulating aquifers systems. Thus, gathering continuous and 
systematic groundwater level measurements is essential in order to understand the operation of aquifers and to 
effectively implement measures aiming at their rational and sustainable management. In the context of a relevant 
research project, an automated continuous measurement system of a number of groundwater parameters, including 
water level, has been installed in a network of boreholes in the aquifer of Moudania, Chalkidiki in northern Greece. 
The measurements of the water level variations of the aquifer are presented and analyzed in this paper and very 
interesting conclusions about the operation of the groundwater system are extracted. In order to evaluate the 
effectiveness of the monitoring network, a cross-validation approach was applied indicating the necessity and the 
contribution of each one of the monitoring stations to the overall understanding of the operation of the aquifer and its 
response to stresses like pumping wells. 
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1. INTRODUCTION 

Monitoring the quantitative and qualitative characteristics of water systems is one of the most 
important and challenging priorities in establishing rational water resources management as defined 
by the Water Framework Directive 60/2000/EC (European Commission, 2000). 

The European Environmental Agency (EEA) is the body responsible for water/groundwater 
monitoring in Europe. Through a computer system named WISE (Water Information System for 
Europe), the member States of the EU submit their data of water monitoring, which are entered in 
the database called “Waterbase”. There are 54000 stations of surface water and 51000 stations of 
groundwater in the database today. By monitoring these stations, useful conclusions are deducted 
about the quantity and quality of water in Europe. Data and results are available on the EEA website 
in the form of maps, charts and graphs (www.eea.europa.eu). 

As for Greece, water monitoring is a responsibility of the Special Secretariat of Water, 
appertaining to the Greek Ministry of Environment and Energy. Since 2012, the National 
Monitoring Network has been active, containing more than 2000 monitoring stations in surface, 
ground, coastal and transitional waters, where sampling and measurements of biological and 
chemical parameters are being conducted (www.ypeka.gr). Specifically for groundwater, the main 
promoter of the program is the Institute of Geology and Mineral Exploration - IGME 
(www.igme.gr). Since 2000, IGME has installed and is operating the “Monitoring Network of 
Groundwater in Greece”, through which it records and inspects the changes in groundwaters of the 
country in quantity and quality. This network contains approximately 500 monitoring stations, 
representative of the main aquifers of the country. 
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2. DESCRIPTION OF THE RESEARCH AREA 

The watershed of Moudania is characterized by areas of low altitudes and mild slopes, with 
mostly agricultural land uses, as the land cover consists of 81.3% cultivation. Along the coastal 
zone there are many touristic facilities and continuous urban development. The region has increased 
water demands for both irrigation and urban water supply. The peak of these demands coincides 
with the summer months. The water reserves of the area are poor compared to the high demands, 
since there is almost no surface water and low precipitation. However, there are rich groundwater 
resources in the area, which cover the water demands almost exclusively through a network of, 
mostly private, boreholes (Latinopoulos, 2003; Latinopoulos et al., 2003). 

The under study watershed (Figure 1) is located on the south-western part of Chalkidiki district 
and is divided into two areas, the mountainous, hilly area in the north and the lowland, flat area in 
the south. It is characterized by permeable ground slopes and a dense network of waterways. A 
particular feature of the soil is the intense heterogeneity of geological formations, with continuous 
alterations between semi-permeable and impermeable layers, along the vertical as well as the 
horizontal direction (Mallios and Siarkos, 2014; Kasapaki, 2014; Tselepi, 2009). 

 

Figure 1. The watershed of Moudania in northern Greece (Latinopoulos, 2003) 

The hydraulic conductivity of the area is generally low, as it has been estimated through a series 
of pumping tests that were conducted in order to determine the hydrological parameters 
(Latinopoulos, 2003). The values range from 1·10-6 m/s to 2⋅10-5 m/s. It is worth mentioning that 
even at nearby boreholes, the resulting value of the hydraulic conductivity was found to vary 
significantly, due to the high heterogeneity of the aquifer’s geological structure. 

3. MONITORING NETWORK 

The measurements presented and analyzed in the forthcoming chapters originate from the 
monitoring network that was deployed across the watershed and has been operating in the area since 
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September 2013. Today, the network comprises a total of eight automatic groundwater monitoring 
stations and two meteorological stations.  

Monitoring units of type “ecolog” provided by OTT Hydromet (www.ott.com) have been 
installed in newly drilled water supply boreholes. The instruments are equipped with sensors that 
are immersed with cables in the borehole (actually the piezometric pipe next to the borehole), at a 
depth of approximately 100 m below pumping level, due to the high fluctuations between initial and 
pumping water level, in order to ensure that the sensors always remain underwater. The sensors 
measure various parameters of the water; specifically the water level, temperature, salinity, 
conductivity and total dissolved solids (TDS). The data are collected every 60 minutes, recorded 
and sent to the central server through a mobile phone network on a daily basis. These data are then 
uploaded and published on the website of the network (https://meteoview2.gr). The access to live 
data is restricted, but they are released after some time on the website of the project entitled Water 
resources management on a watershed level under conditions of climate changes", through which 
they were originally purchased and installed at www.cc-hydromanagement.com.  

 

Figure 2. Locations of the boreholes of the monitoring network (source: Google Earth) – red coloured circles indicate 
the boreholes whose data analysis is presented in the following paragraphs 

4. FIELD MEASUREMENTS  

The monitoring instruments installed in the boreholes measure the water level, which is 
calculated based on the depth of the sensor and the difference between the pressure at that point 
(hydrostatic pressure) and the atmospheric pressure. The resulting number represents the depth-of-
water, thus the distance between the surface of the water and the ground surface. Therefore, to 
calculate the water level – with respect to MSL – this depth measurement is subtracted from the 
ground level (Pittaris and Tsampali, 2013; Panteli, 2015). After this conversion a few corrections 
had to be made, in order to restore a few, non-recurring measurements that had an obvious error (a 
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number of abnormal magnitude compared to the other measurements, or equal to zero). Those 
measurements were replaced by the expected water level based on the rest of the measurements on 
the same day. 

Useful remarks result from the water level graphs. As an example, the graphs of groundwater 
level fluctuations in four boreholes are presented in Figure 3. These four boreholes are indicated as 
red circles in Figure 2. The rest of the boreholes (yellow circles in Figure 2) were also analyzed but 
are not presented in the following paragraph. 

It can be seen that there is a big difference between resting and pumping water level (40-50 m). 
This is justified by the very low value of hydraulic conductivity. It is also noticeable that there is a 
large drop in the average resting water level during summer, which is restored during winter (40-50 
m). As a result of this, the maximum recorded difference of water level, between resting level 
during winter and pumping level during summer, is higher than 100 m.  

There seems to be a quite large drop of water level after one whole calendar year (2.56 m from 
March 2014 to March 2015). This could possibly mean that the over-extraction of groundwater in 
the area leads to a negative water balance. However, given the high frequency of extractions during 
the first months of 2015, it is possible that this high difference is a result of the constant pumping 
that does not allow the aquifer to reach its normal resting level. Nevertheless, the long-term 
reduction of water supply of the aquifer, expressed by the inability of the resting water level to be 
completely restored through the years, is obvious and very alarming. 

5. ANALYSIS AND TREATMENT METHODS 

5.1 Measurement network 

Using the Surfer modelling software (www.goldensoftware.com), a map of the distribution of the 
groundwater level over the aquifer was developed for two different scenarios (Autumn and Spring). 
The distribution was created using the average resting water level for each season in different 
points, where there was either an actual measurement, or an estimation based on certain 
assumptions. More specifically, the average resting water levels (different for Spring and Autumn) 
were determined for the eight boreholes of the automated monitoring system that were described in 
the previous chapter. In addition, 20 individual groundwater level measurements were used, which 
had recently been measured in water supply boreholes. Based on some simplified assumptions, and 
according to the observations made while studying the response of the new automated monitoring 
system, the difference between pumping level and resting level was calculated (for the boreholes 
where the pump was operating, or recently stopped, at the time of the measurement). Consequently, 
the estimated changes of the resting water levels from Autumn to Spring were calculated. Thus, the 
result was 20 measurements for each scenario, which could be used to supplement the network of 
the 8 new boreholes. 

5.2 Kriging Method  

Kriging is a method for linear optimum unbiased interpolation with a minimum mean 
interpolation error. Kriging is known to be an exact estimator in the sense that observation points 
are correctly re-estimated. The method does not necessarily require observation networks where 
data are normally distributed, and for the estimation of the structure of the regionalised variables it 
takes into consideration only the neighbouring to the point of estimation, data. The term “structure” 
refers to the spatial correlation of the variable in different points of the under study area (de 
Marsily, 1986). 

The hydrological and hydrogeological parameters, although they are generally acknowledged as 
regionalised parameters (Theodossiou and Latinopoulos, 2006), seem to have a strong local nature 
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in the specific case study, due to the aquifer’s low permeability. However, there is a correlation in 
the water level spatial distribution. To determine the distribution of a variable, such as the 
groundwater level in this case, geostatistical methods are often used; in this case Kriging (de 
Marsily 1986).  

 

 

 

 

Figures 3. Water level fluctuations in boreholes W1, W2, W3, W4 (March 2014 – March 2015) 
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Kriging has been previously applied for the study of the spatial distribution of the groundwater 
level in this aquifer, within the framework of the project “Water resources management plan for 
water supply- irrigation” (Latinopoulos, 2003). Using a network of 78 measurements in boreholes, 
and in combination with various relevant factors – such as the geological structure of the aquifer, 
the density of borehole network, and the available historical observations – and by applying the 
Kriging method using the Surfer software, the semi-variogram depicted in Figure 4 was formed. As 
expected, the nugget effect resulted to be equal to zero, since according to Philip and Kitanidis 
(1989), especially for the estimation of hydraulic heads, the nugget effect is caused either by wrong 
measurements or by variability smaller than the minimum distance between measurements.  

This semi-variogram was used to estimate the spatial distribution of the hydraulic head of the 
aquifer. Considering that the structure of the spatial distribution of the aquifer’s water level remains 
practically the same through time, the same semi-variogram is used in this study for water level 
distribution mapping. 

 

Figure 4. Empirical and theoretical semi-variogram of the hydraulic head (source: Latinopoulos, 2003). 

5.3 Water level mapping 

In order to map the groundwater level distribution with the use of Surfer, one needs to provide 
the coordinates of the water level measurements at the observation points. A total of 28 observation 
points were used (Figure 5) from the eight automated monitoring stations and another 20 scattered 
points where individual measurements were performed.  

In order to have a better simulation of the water level distribution, some points along the 
coastline were also added to the data with a level equal to 0, without being included in the 
assessment of the spatial structure as expressed by the semi-variogram, so as to ensure the structure 
of the aquifer in the regions adjacent to the sea. The theoretical semi-variogram presented in the 
previous paragraph was then used to produce a number of maps of water level distribution over the 
aquifer, according to the relevant data (Panteli, 2015). 

As a result of this application, two groundwater level distribution maps were created based on 
the different data-sets, representing Autumn and Spring measurements, respectively. These two 
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maps are presented in Figure 6. One can easily see the variation of the groundwater level 
distribution before the irrigation season (Figure 6 – left) and after (Figure 6 – right). After the 
irrigation season and before the winter rainfall, the aquifer’s response to the negative water balance 
leads to a significant water level depletion. 

 

Figure 5. Locations of the 28 observation points 

  

Figure 6. Contour map of water level distribution for Spring (left) and Autumn (right) 
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6. CROSS-VALIDATION APPLICATION 

Before the implementation of any simulation mathematical model, its consistency with the 
original data must be verified (Hill et al., 2000). The proposed verification procedures (Philip and 
Kitanidis, 1989; Jolly et al., 2005; Theodossiou and Latinopoulos, 2006) do not aim to prove the 
correctness of the model but to ensure the absence of systematic errors that could lead to biased 
estimations. 

The applied verification procedure is as follows. With the implementation of kriging, the 
hydraulic head value at each observation point was calculated using all field measurements apart 
from the one under investigation. This procedure was repeated for each one of the eight observation 
points, for the Autumn scenario, and the differences between field measurements and estimations 
were recorded. These differences arise due to intense local abnormalities of the groundwater level 
distribution that cannot be described by the other measurement points.  

 Figures 7 to 10 presents the distribution of the differences between measured and estimated 
values of the water level over the aquifer, according to the above described procedure. On the left-
hand side of each figure, the groundwater level distribution using all the observation points is 
presented. Respectively, on the right-hand side of each figure, the groundwater level distribution is 
also presented, but, this time, as it was produced without the use of one observation point, W1 in 
Figure 7, W2 in Figure 8, W3 in Figure 9 and W4 in Figure 10 (the cross in each figure indicates 
the location of the observation point whose significance is investigated). The same procedure was 
also applied for the other four observation points (W5 to W8). 

 It is obvious that the smaller the difference between measured and estimated values the lesser 
the importance of the specific observation point for the simulation of the ground water level 
distribution. This means that observation points within areas where differences between measured 
and estimated water levels are considerable are important for the simulation of the water level 
distribution. A very characteristic example of this remark is presented in Figure 8 where the 
introduction of observation point W2 changes significantly the distribution of the groundwater 
level. This means that the area where W2 is located is a very sensitive area and that the observation 
network should be denser there. On the other hand, the information provided by observation points 
W3 and W4 is not of the same importance, meaning that the observation network or the frequency 
of measurements could be less dense there.  

 

  

Figure 7. Contour map of water level distribution for Autumn; Original map (left) and resulting map after leaving out 
W1 (right) 
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Figure 8. Contour map of water level distribution for Autumn; Original map (left) and resulting map after leaving out 
W2 (right) 

 

 

  

Figure 9. Contour map of water level distribution for Autumn; Original map (left) and resulting map after leaving out 
W3 (right) 
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Figure 10. Contour map of water level distribution for Autumn; Original map (left) and resulting map after leaving out 
W4 (right) 

7. CONCLUSIONS - REMARKS 

Groundwater observation networks are usually organised considering their even distribution 
over the area of the under-study aquifer. This is not always the optimal distribution as it can lead to 
the collection of several, not absolutely necessary, information for some areas, while at the same 
time, to the loss of important information for other areas. In the areas of higher uncertainty the 
groundwater level observation network needs to become denser by including more observation 
wells. Respectively, in areas of lower uncertainty one can examine the option of periodically 
measuring at certain observation points. The level of uncertainty can be assessed by taking into 
consideration the variability of the hydraulic gradient in the neighborhood of a specific observation 
point and the results of the application of the cross-validation method in conjunction with the 
density of the monitoring network. 

The procedure described in this paper can be used not only for the verification of the 
interpolation model but also for the evaluation and optimisation of the observation network. 
Considering all the above, one must originally develop the observation network based on an even 
distribution over the investigated area. After the collection of a number of data and the application 
of the described cross-validation methodology, the predictability of each measurement and the 
variability of the water level over time, can lead to the optimisation of the network in such a way, 
that with the absolutely necessary observation points and measurement frequency, one can enhance 
the understanding of the aquifer system. 
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