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Spatial analysis of groundwater level monitoring network in 
the Danube–Tisza Interfl uve using semivariograms
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Abstract

Over the last thirty years water-scarcity has been the main factor restraining agricultural 
activity and the size of the nature reserve areas of the Kiskunság National Park in the 
Danube–Tisza Interfl uve. Fluctuation of water resources aff ecting the plain areas in general 
is indicated by the decrease of the groundwater level, summarizing the eff ects of all the 
infl uencing phenomena. Aft er that, the decreasing trend of groundwater level has been 
realized, studies aiming to determine the causes and the extent of the phenomenon have 
been carried out. Contrary to previous investigations, the present study does not analyze 
the diff erent groundwater levels as time series. Instead, it deals with the spatial relationship 
of the measurements at certain moments of time using spatial semivariogram analysis on 
hydrographs of shallow groundwater data, in order to (i) analyse the spatial structure of 
the groundwater level monitoring well system and (ii) to recalibrate it. The results indicated 
a very strong, periodically changing correlation between groundwater level and elevation. 
Furthermore it was shown that the spatial variability of groundwater-level variations can 
be observed with half as many, more optimally arrenged stations as the existing ones.
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Introduction

In the last thirty years, water-scarcity has been the main factor restraining 
agricultural activity and the size of the nature reserve areas of the Kiskunság 
National Park in the Danube–Tisza Ridge. This phenomenon has led to total 
or partial drying up of wetlands and degradation of certain habitats (Biró, 
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M. et al. 2013a,b; Ujházy, N. and Biró, M. 2013). Fluctuation of the volume of 
water resources aff ecting the plain areas is indicated by the decrease of the 
groundwater-level. This process summarizes the eff ects of all the infl uencing 
phenomena. The tendency of decreasing groundwater-level was fi rst detected 
in hydrographs at the beginning of the 1980s. Aft er that, several studies aiming 
to determine the causes and the extent of the phenomenon have been carried 
out (Major, P. and Neppel, F. 1988; Major, P. 1993; Szodfridt, I. 1993; Ladányi, 
Zs. et al. 2009, 2010).

Hydrographs are time series consisting of trend periodicity and noise, 
which are commonly analyzed separately. The study of smaller and larger 
decreases of ground water level and their spatial extension (e.g. mapping the 
groundwater level diff erences at certain moments of time) is a possible way of 
analyses (Pálfai, I. 1994, 1996; Rakonczai, J. and Bódis, K. 2002; Szalai, J. et al. 
2008, 2011). A major part of this research-approach is the analysis of annual and 
multiannual periods of groundwater level fl uctuation. Examples on the analysis 
of the former ones can already be found from the 1950s (Ubell, K. 1953; Szabó, 
Gy. 1959, 1960; Rétháti, L. 1974; Rónai, A. 1985; Kovács, J. et al. 2011a). 

The peculiarity of the phenomena showing periodic changes is that the 
expected annual period may not recur, i.e. certain periods may not turn up. 
Annual periods are extremely important from an agricultural point of view, 
since the yield depends on precise planning. Therefore groundwater level data 
should be assessed by methods that are capable of determining the existence 
and the possible non-existence of a period. Wavelet spectrum analysis is a reli-
able method to estimate the precise temporal fl uctuation of periods (Kovács, 
J. et al. 2004, 2010.)

Some researchers applied multivariate data analysis techniques in or-
der to determine the groundwater level fl uctuation patt ern of the studied area 
and the spatial distribution of the fl uctuations (Szalai, J. et al. 2011; Kovács-
Székely, I. and Szalai, J. 2009; Ladányi, Zs. et al. 2009, 2010; Rakonczai, J. 
2011). According to the new research trend of the last decade, groundwater 
level fl uctuation is associated with subsurface fl ow systems (Mádlné Szőnyi, 
J. et al. 2005).

Previous approaches used a shallow groundwater monitoring network 
as data source. It should be noted that samples taken from a monitoring sys-
tem at a given point of time only represent one sample realization. A proper 
sample should refl ect all the important characteristics of the statistical popula-
tion and to allow the approximation of the unknown z parameter’s value in 
the x,y coordinates of the sample area with adequate accuracy (Kovács, J. and 
Kovács-Székely, I. 2006a, b). Besides the above-mentioned conditions, it is re-
quired that the functioning of the monitoring system should be as economic as 
possible. The higher the variability of z is within an h distance, the denser the 
sampling should be. Variability can be described by means of several functions. 
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In this particular work the semivariogram range is to be used for estimating 
spatial sampling range. Range is one of the main characteristics of the semi-
variogram, which is derived from the basic function of geostatistics, the vari-
ogram (Matheron, G. 1965). In the Hungarian technical literature this function 
has been primarily used to determine the temporal sampling range of water 
chemistry parameters in order to estimate the adequate frequency of sampling 
(Kovács, J. et al. 2011b; 2012; Hatvani, I.G. et al. 2011, 2012a). Nevertheless, 
there are examples for spatial variogram analysis as well (Kovács, J. et al. 2005; 
Hatvani, I.G. et al. 2012b, 2014).

In the view of these studies, the main aim of the present research 
has been to not just analyse the diff erent groundwater levels as simply time 
series; instead, it deals with the spatial relationship of the measurements at 
certain moments of time, in order to (i) analyse the spatial structure of the 
groundwater level monitoring well system and to (ii) recalibrate it, based on 
the results of the study.

Materials and method

Location and characteristics of the studied area

The study area is bordered by the Danube and Tisza rivers, the southern 
state border and Gödöllő Hills, so it is nearly 10,000 km2  area with featuring 
diversifi ed landforms. The entire area consists of four geographical units: (i) 
an alluvial plain along the Danube, (ii) Danube–Tisza Ridge and (iii), Bácska 
Plain and (iv) Lower Tisza Plain (Hajdú-Moharos, J. and Hevesi, A. 1999; 
Mezősi, G. 2011a,b) (Figure 1).

The western border, the Danubian Plain is an alluvial cone fl atland 
with a length of 240 km and a width of 20 to 25 km, the former fl ood area of the 
river. The most complex landforms in the region can be found in the vicinity 
of Budapest. The higher areas feature terrace remnants, while the lower-lying 
parts were truly fl ood plains. 

The terraces are made up by silty sand and aeolian sand, while the 
fl ood plains are made of fi ne-grain fl uvial sediment. The southern part of the 
area is a perfect fl atland intersected by microforms. The lower fl ood plains 
are covered by impermeable muddy-clayey sediment, while the higher fl ood 
areas are covered by overbank deposits and in some parts remobilized aeolian 
sand. Saline lakes are unique characteristics of the area. These were formed in 
the abandoned river beds partially fi lled with sediment without any outlets. 
A 10–20 m thick layer of gravel is located underneath the surface formations 
in the North, which continuously thickens toward to the South, and comes to 
the surface at the Kalocsa Plain (Kalocsai Sárköz) (Mezősi, G. 2011a,b).
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Fig. 1. The location and borders of the Danube–Tisza Interfl uve and the shallow ground-
water monitoring network



383

The Bácska Loessy Plain located separately on the south-western part 
of the Danube–Tisza Interfl uve, with an altitude varying between 100 to 175 
m asl.. The area breaks off  towards the west over the valley of the Danube 
with a steep edge, while in the west, towards the Danube–Tisza Ridge the 
transition is gradual.

The eastern border section of the Danube–Tisza Interfl uve is called 
the Lower Tisza Plain featuring a very low-lying area of 79 to 85 m asl. with a 
Holocene alluvial fl atland. Towards the east, its surface is diversifi ed by loop 
lakes, ox-bow lakes and formations created by wind activity with eroding 
edges.

According to Biró, M. et al. (2009) the centre of the Danube–Tisza 
Interfl uve is the Danube–Tisza Ridge with an altitude of 100 to 130 m asl., 
stretching from Gödöllő Hills to Bácska Plain covering a total area of 7,400 km2. 
The surface forms have been mainly created by the wind and only secondly 
by water. The curved formations located in the western part of the region have 
been formed by the side branches of River Danube. These areas were fl ooded 
by the river and were fi lled up by fi ne-grain sediment. Diversifi ed sand forms 
were formed owing to the aeolian surface-forming activity. The extensive fl at 
or slightly undulating plains are broken up by island-like sand-dunes. In 
general, these sand dunes are only a few km wide, but some of them have a 
diameter of over 10 km. 

The areas covered by aeolian sand are characterized by mesoforms 
such as: wind grooves, hummocks and remnant ridges, and even parabola 
dunes (Kiss, T. and Tornyánszki, É. 2006). Wet and boggy areas oft en without 
outlets, lakes and meadows – temporary covered by water – were formed in the 
grooves between the sand dunes (Lóki, J. 1999; Mezősi, G. 2011a). Underneath 
the boggy areas very oft en limestone deposits were formed with a total thick-
ness of 20 to 30 cm.

The geological characteristics of the Danube–Tisza Interfl uve 
and the lack of water

The Neogene sediments of the area do not form a cohesive aquitard, thus the 
region is characterized by a unifi ed water fl ow system. Two fl ow regimes can 
be distinguished: (i) gravity driven fl ow regime with precipitation as main 
water source and (ii) over pressured saline fl ow regime (Mádlné Szőnyi, J. et 
al. 2005). In the ridge region of the Interfl uve (i.e. recharge zone) the infi ltrated 
water fl ows towards the Danube and Tisza valleys (fl ow regions) due to dif-
ferences in the altitudes of the two regions. Gravity driven meteoric waters are 
“hydraulically supported” by deep waters, but the latt er are upwelling locally 
through migration routes such as faults on the Ridge.
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Water resources coming from the Ridge through the gravity driven 
fl ow reach the surface at discharge areas, as they move towards the Danube 
valley. The major part of these waters are hydraulically trapped or accumu-
lated in groundwater reservoirs. (Mádlné Szőnyi, J. and Tóth, J. 2007). The 
local and intermediary fl ow systems are hierarchically structured on the re-
gional water fl ow system of the Danube–Tisza Interfl uve. In the case of the 
local water fl ow systems, the direction of water fl ow is determined by the 
geomorphological characteristics of the region. In the case of sand dunes, in-
fi ltration of rainwater can be observed, while the gaps between adjacent sand 
dunes are characterized by water discharge. On a local level these processes 
can be considered a system.

In the Danube–Tisza Interfl uve precipitation surplus was experienced 
up to the middle of the 1960s, followed by a stagnation period until the middle 
of the 1970s. As a result of the surplus waters the ground water level has been 
increased. Saline fl at areas and defl ation coves were inundated very oft en. At 
this time (i) the drainage water channel system construction was completed, 
and (ii) larger areas were planted with tree species with high water demand, 
mostly with poplar.

From the beginning of the 1970s to the middle of the 1990s the precipi-
tation level dropped below the climatic mean, a shortage of nearly 1000 mm 
in precipitation was experienced in the area. 

As a result, ground water level started to drop, signifi cant portion of 
the former lakes and boggy areas dried up (Major, P. 1994; Liebe, P. 1994). 
During this time extensive ground water exploitation took place mostly for 
irrigation purposes, which also contributed to the further reduction of ground 
water level.

The exact amount of water exploited in the territory of the investigated 
area is unknown. The shortage of rainfall was mitigated by the middle of the 
1990s, as a result the intensity of ground water level dropping slowed down 
and in certain areas the water table started to rise (Szalai, J. 1996). Besides the 
lack of precipitation, the fl uctuation of the groundwater level is infl uenced 
by the exploitation of artesian water, too. At the beginning of the 2000s, with 
the decrease of the exploitation of artesian water, the pressure heads began 
to rise (Liebe, P. 1994).

Preparation of groundwater-level data

Four Water Management Directorates have a system for detecting ground-
water level comprising 398 groundwater wells. The database contains data 
from shallow-groundwater wells that have ceased their activity for diff erent 
reasons. One of the reasons can be the drop of groundwater-level in the vicinity 
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of a given groundwater well, when the water level reached the bott om screen-
ing section, the well theoretically aridifi ed and it became useless for regular 
measurements (Szalai, J. and Nagy, Gy. 2006).

Data preparation was conducted on groundwater level time series 
with diff erent lengths and quality. Besides fi ltering the data, hydrographs 
have been derived which helped to spot clearly incorrect or incomplete data 
(obvious typos, date entry mistakes etc.). Some hydrographs had to be modi-
fi ed since their pipe rim was changed. If such mistakes could not be corrected 
in an obvious way, the data sets were discarded.

Besides GIS-based solutions, the visual presentation of the data sets 
had an important role too. The fi rst step of spatial error fi ltering comprised 
visual presentation. Using Golden Soft ware Surfer 11 and Scripter isoline maps 
were created by linear interpolation for 60 months. The isoline maps showed 
the outstanding values of the data sets. The values corresponding to the given 
values were identifi ed in the data source.

Aft er the visual interpretation, the rasters were interpolated from the 
remaining points and cross validation was carried out. In cases where the 
diff erence between estimated and measured values were outstanding, further 
investigations were carried out to determine whether they were due to extreme 
values or measurement errors. 

Measurement errors were corrected when it was possible or the sam-
pling sites were omitt ed from further analysis. Aft er correcting and fi ltering 
the data, 321 groundwater level monitoring wells were left  for analyses (Figure 
1). The spatial distribution of the groundwater monitoring wells is uneven. 
The distance between the closest groundwater monitoring wells is 3.61 m 
while the largest distance is 12 km. The average is 8,186.56 m and the standard 
deviation is 2,645.74 m.

Sixty sample realizations were chosen from the monthly averages of 
the measurement period between 1980 and 2010 to form the basis of the vari-
ograms to present the spatial correlation between the data sets. Data measured 
for every January, April, July and October from every second year were chosen, 
in order to achieve the 60 sample realizations. 

Thus, the annual periods could be followed, which is a key character-
istic of groundwater level. Moreover, it is known that analysing every second 
year is enough to observe the fl uctuation of time series (Shannon, C.E. 1949). 
In the period of 2002–2004 the highest number of wells reached 289, but until 
the 1990s this number was less than 200, with a minimum of 188 functioning 
wells. As an average it can be stated that the time series of only 234 wells 
could be used.

An average of 44 months was available out of the total 60. 53 monitor-
ing stations (16.5%) had complete data sets. The median  and standard devia-
tion wer 51 and 16.87, respectively.
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The variogram function and its characteristics

Semivariogram function derived from the variogram  are the most suitable 
function to analyze the spatial dependence of the groundwater level data. 
The function can be described the following way (Füst, A. 1997; Molnár, S. 
and Füst, A. 2002; Molnár, S. et al. 2010): Let Z(x) and Z(x+h) be the values 
of a parameter sampled at distance |h| from each other. The variance of the 
diff erence of Z(x) and Z(x+h) is 

In the case of samples taken from the same population (stationarity) 
we could assume that 

                              , so that

The function 2 γ(h) is called the parameter’s variogram, while γ(h) is its 
semivariogram. If we introduce the simplifi ed notation D2[Z(x)] = D2(x), and 
COV[Z(x), Z(x+h)] = g(h), then γ(h) = D2(x)–g(h). The semivariogram could be 
calculated by the Matheron algorithm (Matheron, G. 1965): where N(h) is the 
number of pairs within the lag interval h. 

In practice, Z(xi) ≥ 0 (i = 1, 2, …, n) and D2[Z(x)] ≥ g(h) ≥ 0, so that theo-
retically the semivariogram can only take values from the 0 ≤ γ(h) ≤ D2[Z(x)].

The most important properties of the function are the follows (Figure 2):
(i) If the function does not start from the arbitrary point of the coor-

dinates (C0>0), it will be called “nugget eff ect”. The value C0 of the semivari-
ogram at the origin provides information of the sampling error.

(ii) If the semivariogram does not have a rising part, the points of the 
semivariogram will align above the abscissa parallel to it. A semivariogram 
such as this is called of a nugget eff ect type. In this case no range can be esti-
mated, i.e. the sampling frequency is insuffi  cient.

(iii) The level at which the variogram stabilizes is the sill (C+C0); it is equal 
to the variance for stationary processes. The value C itself is the reduced sill.

(iv) Range is the distance within the samples still have an infl uence on 
each other (Webster, R. and Oliver, M.A. 2007).

If γ(h) is an increasing function (if h → ∞ then γ(h) → ∞), the parameter 
is non-stationary Kovács, J. et al. 2012).

Empirical semivariograms can be approximated by many theoretical 
functions. (Deutsch, C.V. and Journel, A.G. 1992; Wackernagel, H. 2003). The 
estimation of sampling frequency using variograms is based on the range.
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Samples that are outside the range are uncorrelated. If we want to fi nd 
adequate information about the circumstances and processes that led to the 
depletion of the groundwater, the sampling network should be optimized in 
a way so that is unifying spatial ranges (i.e. areas defi ned by ranges around 
the sampling points) we could cover the whole sampling site (Füst, A. and 
Geiger, J. 2010; Füst, A. 2011). If the range of a studied parameter is undirec-
tional, then the phenomenon is isotropic and the spatial range will be circular. 
Otherwise anisotropy is produced and the special range will be of an elliptic 
nature. If parameters are isotropic, the sampling points should be placed in 
a grid composed of squares or equilateral triangles, while if parameters are 
anisotropic sampling points, they should be located in a grid composed of 
isosceles triangles.

In order to gain information referring/covering to the whole area, it is 
insuffi  cient to only have a square grid with an edge length that is twofold of 
the estimated range. On the contrary, the edge length should be a√2  (Figure 
3., a) in case of square grid and a√3 (Figure 3., b) in case of triangular grid. In 
the case of an ellipse range area the same values can be approximated by an 
edge length of a√2 and b√2  in the case of a rectangular grid, while a√3 and b√3 
in the case of an isosceles triangular grid.

Fig. 2. The properties of the semivariogram
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Two adjacent equilateral triangles form a rhombus while two adjacent 
isosceles triangles form a parallelogram (Figure 3., c). It is clear that these net-
works are much more favorable than the ones formed of squares or rectangles, 
as using these networks a larger area can be covered with the same number 
of sample points. Thus the number of sampling points necessary to cover the 
sample area is 23% less.

In case of rectangular and rhomboid grids the side lengths of the cells 
should be adjusted to the direction of the smallest and largest ranges of the 
parameter analysed (Füst, A. 1997).

Preliminary data analysis, representative examples from 
the empirical semivariograms of the sample area

Variogram analysis was carried out on the pre-processed data series. As the 
same operation had to be performed sixty times in the case of each chosen 
point in time, therefore a script was writt en in Scripter in order to batch the 
operation sequence. The script generated n variograms based on the x, y, z1, z2, 
… zn structured ASCII type input fi les and on the set parameters. The following 
parameters were adjustable: maximum lag distance, number of lags, direction 
of pairs, tolerance, the detrend type, the *.dat fi les comprise the x, y coordinates 
of the variograms (h, γ), while the *.jpg fi le includes graphic representation of 

Fig. 3. The relationship between range and sampling network in the case of square grid 
(a); between range and sampling network in the case of triangular grid (b); Comparing the 

confi guration of the sample networks (c) (based on Füst, A. 1997)

a) b)

c)
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the n variograms (htt p://gis.elte.hu/geostat). First, the program was compiled 
using the default sett ings of the Surfer, specifi cally the maximum lag distance 
was set to 68,000 m, the number of lags 25, the direction of pairs is 90° (undirec-
tional). In this case trend has not been removed. Each of the obtained functions 
reached the sill at a 40 km long range and a variance of 200 m2.

Since area is part of a ridge and the surface of the groundwater more-
or-less adjusts to the topographic surface, therefore the anisotropy of the pa-
rameters is assumed. As the number of elements in the sample realisations 
is high enough to calculate directional empirical semivariograms, these were 
computed in the four main directions (W–E, NW–SE, N–S, NE–SW). The script 
was computed with the following modifi ed sett ings: the tolerance was set to 
30° and the direction was set to 0° (W–E). Then the operation was carried out 
with the same tolerance (0°) and the direction being 45° (NW–SE), 90° (N–S) 
and 135° (NE–SW). Studying the obtained 240 functions the previous assump-
tions have been proved to be correct.

The preliminary variograms were calculated from the data of October 
2006 to explore whether the functions have diff erent ranges and diff erent vari-
ances (anisotropic structure). The most peculiar semivariogram was related to 
the N–S direction, as it showed a monotonic increase that can be traced back 
to trend-like changes.

If the trend subtraction proved to be successful, then – aft er subtracting 
an adequate order trend – the semivariogram of the residuals will be station-
ary and the variance can be determined and thus the range, too (Füst, A. 1984). 
Therefore as a next step, linear trend was subtracted using the same sett ings. The 
results were the same, thus in the following step the quadratic trend was subtracted. 
Unlike the linear trend, the X and Y direction trends provide a model with an 
adequate approximation to the general inclination of the Danube–Tisza Ridge. 
Thus aft er the subtraction of the quadratic trend we could determine the range 
in each of the four directions. This was automatically carried out onwards.

Aft er these steps, the directional semivariograms were merged to facili-
tate the recognition of the anisotropy and the defi nition of the range. Moreover, 
a semivariogram surface was created for the same reason (Figure 4). Based on 
the above mentioned semivariograms, the anisotropy direction is NNE–SSW 
while the range is approximately 20 and 30 km.

Results and discussion

Determining the smallest spatial structure

To examine the phenomena – describable with the smallest spatial structure 
– governing the groundwater level, the distance among the monitoring wells 
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has to be shorter than the characteristic action radius of the monitored process. 
Therefore, the smallest range has to be estimated from the empirical semivari-
ograms.

In order to recognize the assumed smallest ranges, the resolution of 
the semivariogram has to be increased. To achieve this either the maximum 
lag distance could be decreased or the number of lags could be increased. 
Hence, the script was modifi ed in the following way: maximum lag distance 
was decreased to 34,000 m while the number of lags remained 25; thus the 
achieved resolution doubled compared to the original situation. At this resolution 
more than one range became noticeable (Figure 5., a).

The presence of multi-sill structures can be explained by diff erent 
processes building up on one another. In such cases fi tt ing of the multiple sill 
semivariograms should be carried out. However, the currently available appli-
cations do not facilitate this process. Therefore the smallest range could only be 
determined by manually fi tt ing a theoretical model to the empirical semivari-

Fig. 4. Regional semivariogram-surface derived for the groundwater level data measured 
in October 2006 visualized by colour ramp
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ogram. Moreover, the direction of the anisotropy has changed, too. While on 
the regional level, the direction of the major axes was NE, on a local level its 
direction has changed to SE (Figure 5., b). In the case of the sample realizations 
with data available from a minimum of 250 ground water level monitoring 
wells, the smallest range appeared at a lag distance of 3,000 meters.

However, in the case of such a small search radius, the number of pairs 
was insuffi  cient from a statistical point of view. Therefore, in the case of this 
particular semivariogram (Figure 5., b) the smallest range was determined at 
the second sill with a value of 6 km in the NE direction, while in the SE direc-
tion the smallest range was 14 km.

Applying this method, the data measured in other years gave the same 
results with a standard deviation was 16.6%, consequently the range was reduced 
with the value of the standard deviation, to ensure the full coverage of the area. 
In the forthcoming analyses, the range value of 5 and 11.67 km were used.

Outlook on the diversity of relief and shallow groundwater

The example of the Fülöpháza sand dune region is presented to show explic-
itly that the shallow groundwater fl uctuation is the main governing factor 
regarding the fi rst sill.

Fig. 5. The four directional empirical semivariograms based on data measured in October 
2006 with doubled resolution (a); Spherical theoretical semivariograms visualised together 
with the semivariograms indicating the smallest range at ~ 2,500 m and the ones signifi cant 
base on the number of pairs at ~ 6,000 m and ~ 14,000 m (b). The colours of the semivari-

ograms correspond to the direction in the inset pie-chart

a) b)
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The proportion and the direction of the axis basically overlap, while the 
ranges are smaller than parameters defi ned in the case of groundwater (Figure 
6). It can be assumed that the smaller ranges exist in the case of groundwater 
levels, too, but especially in these areas with a variable relief, the distance 
between data pairs is larger than the assumed minimal range. Based on the 
above-mentioned observations, it is assumed that in the 1980s and in the fi rst 
part of the 1990s, in certain areas, the sampling network was not dense enough 
to enable tracing of the groundwater changes determined by the meso-forms. 
In other areas it was too dense. In the subsequent years more groundwater 
level detection wells were established, so blank spots disappeared but at the 
same time the proportion of overrepresented areas increased.

Fig. 6. The four directional empirical semivariograms of the Fülöpháza dune region in the 
four main directions corresponding to the colours of the inset pie-chart (upper left ) and 

the surface of the variogram (bott om right)
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Spatial range analyses

Using the coordinates of groundwater level monitoring wells that disposed 
of data in the studied period (1981–2010), the previously determined spatial 
ranges (ellipses) were plott ed. It helped to determine the extent of optimal 
groundwater level monitoring well network with adequate accuravy in the 
Danube–Tisza Interfl uve in the diff erent periods. By this way, it became pos-
sible to fi nd out that there were unmonitored areas that had not been covered 
by the spatial ranges of any of the existing groundwater monitoring wells, thus 
information was lacking regarding these areas. Additional important aspects 
regarding the present and future monitoring plans are (i) whether the existing 
groundwater level monitoring well network fully covers the area of the Ridge, 
and (ii) which are the areas where the network is too dense.

October 1982 was the month when the smallest number of monitoring 
stations were available (Figure 7., a), while the most favourable case occurred 
in October 2010 (Figure 7., b) with the highest number of wells operating in 
the system. It is clear that the coverage was much sparse in 1982.

On the one hand the most outstanding patt ern is the extent of the 
areas with incomplete data sets, the so called blank spots. The most predomi-
nant is the white spot in the Kéleshalom, Jánoshalma and Borota regions, 
where the reduction of the groundwater level is the most signifi cant up to 

Fig. 7. The number of overlapping spatial range ellipses in the Danube–Tisza Ridge in 
October 1986 (a), and in October 2010 (b)
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this day. Moreover, signifi cant blank spots exist in the Baja, Bátmonostor and 
Fülöpjakab, Bugac regions as well. On the other hand the network is need-
lessly dense around Kömpöc and Balástya, where some areas are covered by 
the spatial ranges of 14 monitoring stations.

The map of October 2010 (Figure 7., b) shows a situation similar to the 
present conditions. The number of blank spots is negligible in the area of the 
Kiskunsági sand region, which is important from the point of view of ground-
water level depletion. In the case of this sample realization the only area with 
incomplete data sets is that of Mórahalom. On the contrary, the number of ar-
eas that are covered by multiple monitoring wells increased. Furthermore, the 
number of monitoring stations around Kecskemét and Dabas has increased. 
Figure 7 indicates the two extreme values, but it can be generally stated that 
if the available data is scarce then the spatial density of the network will be 
insuffi  cient and vice versa. This was mainly true for the 1980s and the fi rst 
half of the 1990s. From the second half of the 1990s, with the increase of the 
monitoring stations that could be used in the analyses, the number of blank 
spots has minimalized, and the proportion of the areas that were covered by 
10–14 monitoring points has increased.

An idealised groundwater level monitoring well network has been 
obtained on the bounding box of the Kiskunság sand region (Figure 8) based 
on the relationship between the ranges determined using the multiple sill 
directional empirical semivariograms and the research network described 
above. This network can be established with a minimal number of wells. The 
network functioning at the end of 2010 is generally much denser than the ideal 
measuring network plott ed based on the ranges, while there are still areas 
characterized by the absence of data, as shown before.

Obviously, this is a theoretical, geometric model, optimized to the 
higher areas of the Danube Tisza Interfl uve mainly aff ected by aridifi cation. 
The state border had to be taken into consideration while other objective re-
straining factors (e.g. paved roads, gravel pits) were not considered.

In order to expand the model to the lower areas bordering the Ridge, 
further intermediate points need to be determined, so that each intersection 
would lie on the territory of the Danube–Tisza Interfl uve and the spatial range 
ellipses placed around these points would fully cover the territory between 
the two rivers. Thus the ideal location of the monitoring points cannot be 
determined only by a geometric model.

Conclusion

The main purpose of the study was to estimate the minimal number of monitoring 
wells that are necessary to track the spatial processes that can be followed with 
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Fig. 8. The relationship between proposed sampling network and the monitoring wells in 
October 2010 in EOV projection
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the existing network, given that the monitoring wells are located in an adequate 
way. The spatial structure of groundwater was analysed with the aid of directional 
empirical semivariograms at the Danube–Tisza Interfl uve (1981–2010).

The conclusion has been reached that the multiple sill structure indi-
cated by the semivariograms originates from the geomorphological units with 
diff erent scales (Kiss, T. and Tornyánszki, É. 2006).

In the largest regional structure characterized by a range around 20 
and 30 km and anisotropy with a direction of NNE–SSW. The direction of the 
axis linking the highest parts of the Ridge was determined, while the ranges 
refl ect the variability related to the alluvial cone. The smallest ranges identi-
fi ed, were at the second sill with a value of 5 and 11.67 km.

The correlation between the groundwater level and the elevation is 
periodically changing, but it is very strong. The more variable the relief of the 
area, the higher the variability of the groundwater level will be. Thus, if one 
wants to determine the smallest spatial structure of the groundwater level 
fl uctuation during monitoring network recalibration, the geomorphological 
characteristics of the area have to be taken into account.

According to the results, the spatial variability of groundwater-level 
variations can be observed with half as many stations as the existing network 
if they were optimally arranged. By establishing a couple of new detection 
wells or repositioning a few of the existing ones, even fi ner spatial processes 
could be monitored, thus the progression of the depletion could be interpreted 
in a more profound way.
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