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Abstract The construction of the Gabcikovo hydropower plant and the diversion of
the Danube River over 25 km into an artificial channel in 1992 influenced the
groundwater regime of the region considerably. Statistical and geostatistical methods
are used to quantify changes of different groundwater characteristics on the Hungarian
side of the river based on observations in the time period 1960-2000. External drift
kriging was used to interpolate groundwater levels and the other related variables.
While mean groundwater levels did not change appreciably, there are significant
changes in the variability. Standard deviations of the groundwater levels and the
amplitude of the annual cycle decreased near the old river bed of the Danube. The
water-level fluctuations of the Danube have a decreased influence on the groundwater
dynamics. Interrelationships between water levels in wells have also changed.
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Analyses statistiques et géostatistiques des effets de la centrale
hydroélectrique de Gabcikovo sur les ressources en eaux
souterraines du Nord-Ouest de la Hongrie

Résumé La construction de la centrale hydroélectrique de Gabcikovo et la déviation
du Fleuve Danube sur plus de 25 km dans un canal artificiel en 1992 ont
considérablement influencé le régime des eaux souterraines de la région. Nous avons
appliqué des méthodes statistiques et géostatistiques a des observations de la période
1960-2000 afin de quantifier les changements de plusieurs -caractéristiques
hydrogéologiques de la rive hongroise du fleuve. Le krigeage par dérive externe a été
utilisé pour I’interpolation du niveau piézométrique et des variables associées. Bien
que les niveaux moyens de la nappe n’aient pas notablement changé, il y a des
changements significatifs dans la variabilité. Les écarts-types des niveaux piézo-
métriques et I’amplitude du cycle annuel ont diminué & proximité de I’ancien lit du
Danube. Les fluctuations du niveau limnimétrique du Danube ont une influence
moindre sur les dynamiques hydrogéologiques. Les relations entre les niveaux d’eau
dans les puits ont également changé.

Mots clefs géostatistiques; dynamiques hydrogéologiques; niveau piézométrique;
hydroélectricité; interactions riviere-aquifeére; projet de Gabcikovo; Fleuve Danube; Hongrie

INTRODUCTION

Human activities can influence the regional water cycle considerably. Hydropower
plants deliver energy without greenhouse gas emissions, however, due to their other
environmental impacts their construction is often opposed. There are several studies in
which the possible effects of hydropower plants have been investigated: Nachtnebel
et al. (1989) investigated the effect of the Altenwort hydropower plant on local
hydrology and ecology, while Zsuffa (1999) investigated the impacts of Austrian
hydropower plants on the floods of the Danube.
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Fig. 1 Location of the Gabcikovo hydropower plant and the investigated area.

The depth, quality and flow of groundwater are primarily influenced by abstrac-
tions such as the direct use for irrigation. The changes in river discharge regime due to
hydropower schemes might also have an effect on both groundwater levels and their
variability. The purpose of this paper is to investigate the effects of the Gabcikovo
hydropower plant on the groundwater table of the Little Lowland (Kisalf6ld) in north-
west Hungary. The Gabcikovo hydropower plant was originally part of a joint
Gabcikovo-Nagymaros system with a second hydropower plant foreseen at Nagymaros
in Hungary. The purpose of the project was to produce energy and to improve naviga-
tion. The Hungarian government abandoned the project because of environmental
concerns in 1989. The Gabcikovo hydropower plant was built in the border region
between Austria, Hungary and Slovakia (Fig. 1). The River Danube was unilaterally
diverted in October 1992 by Slovakia, which lead to an international dispute. Since
then the Danube flows through an artificial channel over a length of 25 km between
Cunovo in Slovakia and Szap/Palkovicovo in Hungary. The old river bed is fed by a
residual discharge of about 25% of the natural discharge (approximately 500 m®s™). In
flood situations the discharge in the old river bed is increased. The higher fluctuation
in water levels and flow in the Danube River due to the canalization affect the water
levels in nearby wells and groundwater flow. Hydrological and environmental impacts
were studied before the construction of the hydropower plant (Sorensen et al., 1996;
Dobson, 1992; Szolgay, 1991). Later, the International Court of Justice judged on the
dispute over the diversion of the Danube in 1997. As a result there is considerably
more literature on the juristic aspects of the project than on its hydrological and
environmental aspects. There are only a few studies which were published in the
international journals since the beginning of the operation of the power plant in 1992.
In contrast, there are several studies published in local journals (Somlyody, 2000) or
conference proceedings (Mucha, 1999; Mucha etal., 1999) which are thus not
available for the broad public. Recently Stute efal. (1997) investigated the river
infiltration problem of the region using isotopes and Smith et al. (2000) studied the
environmental impacts of the Gabcikovo hydropower plant using satellite imagery.
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The purpose of this paper is to investigate changes in the groundwater levels and
groundwater dynamics in the Hungarian Little Lowland. A common method for inves-
tigating the effects of water management policies on the groundwater table is to use
groundwater models (for example Kinzelbach & Rausch, 1995). These are very useful
prior to detailed planning, and to investigate possible future scenarios. Here, a different
approach was selected—a statistical and geostatistical investigation. As the Gabcikovo
power plant has been in operation since the end of 1992, there is a great number of
observations available to detect and to quantify actual changes in the behaviour of the
groundwater table. The advantage of statistical evaluations is that they do not depend
on the assumptions made on model parameters and boundary conditions. Further, they
do not require sophisticated calibration and validation procedures. Their disadvantage
is the limited possibility of predicting future developments.

This paper is organized as follows: after this short introduction, the statistical
analysis of the groundwater level time series at the observation wells is described.
Further, spatial aspects of the changes are investigated and a short discussion and
conclusion completes the paper.

INVESTIGATION OF THE TIME SERIES

In order to quantify the changes in groundwater behaviour, time series of groundwater
level measurements taken at 532 observation wells were considered: 390 wells are
located in Hungary, 116 in Slovakia and 26 in Austria. Figure 2 shows the location of
the wells. The observation period differs from well to well, but an attempt was made to
cover the time period 1960-2000 as thoroughly as possible. Unfortunately, Slovakian
data were available only for the time period after 1992. Groundwater levels were
measured in different time steps, usually once a week. The total number of ground-
water level readings exceeded 500 000. In order to avoid arriving at false conclusions
due to erroneous data, possible outliers first had to be detected. Owing to the great
number observations, this had to be done in a partly automatic manner. Outlier detec-
tion methods were used based on a jack-knife technique (Mosteller, 1971) using
multiple linear regression (MLR). This means that for each location x; and time ¢ the
water level V(z, x;) was estimated using:

Vitx)=a,+Y.aVtx;) (1)

J#I

where the coefficients were estimated using MLR based on the remaining time period.
In order to avoid problems caused by missing data, only the closest locations x; were
used for the estimation. If the difference between the estimated V*(tx;) and the
observed V(z,x;) exceeded three times the standard estimation error, the observation
was flagged as an outlier. Figure 3 shows the differences (V*(t,x;) — V(t,x;)) for a
selected well with two possible outliers.

In addition to the multiple regression, a purely spatial outlier detection based on
kriging (Béardossy & Kundzewicz, 1990) was used. Possible outliers were not
automatically removed, but instead they were checked and, if necessary and possible,
corrected. In only a few cases were such data fully rejected and removed from the
database.
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Fig. 2 Location of the observation wells.
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Fig. 3 Differences between the observed and the estimated water levels used to detect
outliers. Two possible outliers are marked.

Basic statistics

As a first step, basic statistics (mean, standard deviation and skewness) were calculated
for each groundwater observation well for three selected time periods 1960-1992,
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Table 1 Statistics of the groundwater levels for the observation well in Hungary and their spatial
standard deviation.

Mean: Standard deviation (SD):

1960-92 1989-92 post-1992 1960-92 1989-92 post-1992
Mean 116.510 115.522 116.190 0.488 0.404 0.385
SD 7.993 6.700 6.655 0.169 0.180 0.154
Skewness 3.200 2.549 1.861 0.829 0.648 1.660

1989-1992 and post-1992. The first period represents the conditions before the
construction of the hydropower plant. The second is a period of four consecutive dry
years to represent a part of natural variability. The third period represents the present
conditions after the diversion of the Danube. Table 1 shows the mean values and the
standard deviations of the statistics calculated over all observation wells located in
Hungary. There seems to be a decrease of the groundwater table; however, due to the
uneven spacing of the observation wells it is difficult to quantify the overall changes in
groundwater volume. The standard deviation and the skewness both decreased indicat-
ing a lower variability in the groundwater levels. The spatial homogeneity was investi-
gated by calculating the standard deviations of the temporal means, standard deviations
and skewness. The most interesting among these figures is the high standard deviation
of the temporal skewness after 1992. This is due to the fact that in one part of the
region—near the old Danube bed—groundwater dynamics were very strongly in-
fluenced by floods. For these wells, the fluctuations of water level were dampened,
while for others downstream from the diversion, the dynamics did not change that
dramatically.

Trends in groundwater levels were not calculated due to the high temporal
variability of the groundwater table caused by consecutive dry years, as shown in
Table 1.

Annual cycle

The elevation of the groundwater table is highly dependent on the season. In summer,

groundwater recharge is strongly reduced due to the increased evapotranspiration; as a

consequence, the groundwater table is lowered. However, due to the influence of the

discharge in the River Danube, the regular annual fluctuation of the groundwater table
might be considerably different for different locations. In order to identify the annual
cycle for all individual sites the following procedure was applied:

(a) For a selected day of the year, all data corresponding to a date within a given
window, A, around the selected day were identified.

(b) The weighted mean of these data was calculated, with the weights being inversely
proportional to the time between the observation and the day for which the mean
had to be calculated.

(c) The procedure was performed for each individual day of the year resulting in a
complete average annual cycle.

Let V(z,x) be the water level at location x and time ¢. The procedure to find the
annual cycle of the water level V(d,x) for a day 1< d <365 and location x is calculated
as:
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>V, xwd,t)

Ve(dxi) = ; (2)
zj:l w(d, tj )
where the weights w(d.t;) are defined as:
0 if |d —m(t,)| = A
w(d,t;)= ‘d—maﬂ‘ 3)
1 ————— otherwise

with m(t;) being the Julian date corresponding to day #. Due to the regular, usually
weekly, observations A = 8 days was selected for most of the wells. This weighting
ensured that a sufficient number of days was available for the calculations. Further
possible irregularities in the occurrence of certain dates was eliminated. The annual
cycle was identified for each observation well for each of two time periods: the period of
uninfluenced groundwater levels 1960-1990, and that of the influenced levels post-1992.
The annual cycles of the groundwater levels differ considerably within the investigated
area in both amplitude and timing of the maximum and minimum. Figure 4(a)—(c) shows
the annual cycles of three different wells for the two selected time periods (1960-1992,
and post-1992); note the change in vertical scale between the figures. While at well no.
1905 there is practically no difference between the two curves except a slight difference
in fall, well no. 1042 shows a decrease of about 10 cm. In contrast, well no. 2565 shows
a decrease in the water level of about 1.5 m. Further, the amplitude of the cycle is
strongly reduced. This example shows that changes in the annual cycle are not uniform;
they depend on the position relative to the old river bed and the season.

SPATIAL DISTRIBUTION OF THE CHANGES
Interpolation method

In order to visualize the spatial distribution of the groundwater level information,
interpolation methods have to be applied. There is a great number of methods designed
to interpolate point values. Geostatistical methods belong to the most powerful among
these. Interpolation of the groundwater surface can be most efficiently done by using
external information such as ground surface level. Desbarats et al. (2002) discussed
several possibilities for the interpolation of groundwater levels using external
information. The groundwater table to a certain extent follows the surface of the
terrain. This fact can be used for assisting the interpolation of the groundwater levels.
For this purpose a digital elevation model (DEM), based on the US Geological Survey
(USGS) publicly available DEM, was used.. As the comparison of the available
geodetic data with the DEM revealed a systematic bias, a correction had to be carried
out. For this purpose, as for the interpolation of the groundwater levels themselves,
external-drift kriging was applied.

External knowledge can be incorporated into a system with external-drift kriging
(EDK) (Ahmed & de Marsily, 1987). The variable Z(u) to be interpolated is assumed
to be a random function for which one realization was observed. The random function
is supposed to be second-order stationary (Matheron, 1971). For the present case, it is
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Fig. 4 Annual cycle of the groundwater levels for the observation wells (a) no. 1905,
(b) no. 1042, and (c) no. 2565 for the time period 1960-1992 (solid lines) and post-
1992 (dashed lines).
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Fig. 5 Mean groundwater levels for two selected 3-year periods: (a) 1987-1989 and (b) 1996—1998.
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Fig. 6 Interpolated standard deviations of the observation wells for the time period (a) 1960-1992 and (b) post-1992.
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Fig. 7 The interpolated maximum cross-correlation between the water levels of the Danube at Rajka and groundwater levels for (a) 1960-1992 and (b) post-1992.
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Fig. 8 Interpolated cross-correlations between the groundwater level time series and the time series at a selected observation well (no. 3120).

1.00
(KRS
(K=}
0 &S
(K

£ADSUNY] 1SoMYLLI0U ‘§204N0S24 42IPMPUNo.3 ayj uo juvjd 1omodoply oaoy10gvo) ayj fo sjoaffq

619



620 Andrds Bdrdossy & Zoltdn Molndr

supposed that an additional variable Y(u) is available and that it is linearly related to
the primary variable Z(u). The assumption of the constant spatial expectation is thus
replaced by:

E[Z@|y@)]=a+bY ) )

where a and b are unknown constants. The linear estimator Z*(u) for the location u
should be unbiased for any a and b values. The linear estimator:

Z*u) =Y NZ(u,) (5)
i=1
is considered where the weights A; are calculated for each target location u.

Minimizing the estimation variance under the above assumption of linear dependence
and unbiasedness leads to the following linear equation system:

ikﬂ(”,‘ —u) R U, =Y _”j)j =l....,n (6)
i)ui =1 (7)
Zn:kiY(ui) =Y (u) (8)

where |, and [, are Lagrange multipliers used for the conditional minimization of the
estimation variance. The variogram used in the equation system is the translation
invariant curve assumed isotropic and homogeneous as also used in ordinary kriging.
Note that the external variable Y has to be known at the observation points and at the
location u, to perform an estimation. The estimator thus depends on the additional
variable Y(u).

External-drift kriging is an alternative to co-kriging; it can be used if the external
information Y(u) is available at a high spatial resolution, preferably on a regular grid.
Co-kriging would require the estimation of co-variograms.

The DEM was constructed using the USGS DEM as an external drift (Y) and the
available geodetic information as observations (Z). Cross-validation confirmed the
usefulness of the external information.

RESULTS

An efficient interpolation can be carried out only in the case where the topographical
data are given in the form of a uniform grid. A simple interpolation of the well
elevations due to their irregular spacing would not give an accurate topographical
surface. For this purpose the previously corrected DEM with spatial resolution of
approximately 600 m X 900 m was used. All interpolations were carried out relative to
the DEM grid points. Elevation was used as the external variable for the interpolation
of the mean groundwater levels. Cross-validation confirms the choice of this external
variable, as interpolation errors are lower than in the case of ordinary kriging.

Figure 5 shows the mean levels for two selected 3-year periods, one prior to the
construction (1987-1989) and one after (1996-1998). One can see that the main pattern
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of the groundwater levels has not changed. In order to understand and visualize the
dynamics of the changes in the water table, standard deviations and the annual cycles
were also interpolated. Figure 6 shows the maps of the interpolated standard deviations
for the two periods pre-1990 and post-1992. The distance from the Danube was used
as an external variable to interpolate this statistic. Cross-validation shows that EDK
using this secondary variable is better than the using elevation as an external variable
in EDK and ordinary kriging. Table 2 shows the cross-validation statistics for the
interpolation of amplitude of the annual cycle. One can see from the table that EDK
leads to better results than ordinary kriging. Further, the distance from the Danube had
the strongest influence on the amplitude before 1992, while post-1992 the elevation
plays a more important role.

Table 2 Cross-validation results for the interpolation of the amplitude of the annual cycle.

Time period Ordinary kriging EDK EDK
Distance from Elevation
Danube
Before 1992  Mean deviation 0.021 -0.015 0.032
RMSE 0.391 0.242 0.527
After 1992 Mean deviation -0.048 -0.006 -0.037
RMSE 0.869 0.730 0.687

RMSE = root mean squared error.

A comparison of these maps shows that the zone of the high standard deviations
along the river bed of the Danube is considerably reduced. While before 1992 the
highest standard deviations occurred more upstream near Rajka, after 1992 the highest
standard deviations are near the end of the channel where water returns to the original
river bed. The reason for this is the reduced variability of the river levels due to the
diversion. As a next step, the amplitude of the annual cycle was interpolated. A com-
parison of the amplitudes of the annual cycles for the time periods 1960-1992 and
post-1992 shows that the amplitude changed considerably after 1992. The largest
changes in the amplitudes can be found along the old Danube River bed. Compared
with the pre-1990 period, in the post-1992 period the highest amplitudes moved further
downstream to the region of the end of the diversion. Changes in the standard
deviation and in the amplitudes of the annual cycle give similar figures indicating that
a large portion of the variability of the groundwater levels is due to the regular annual
cycle.

Interconnections between the river and wells and between wells

Due to the exchange between groundwater and water in the river, the diversion of the
Danube and the changed water levels must also result in changes in the interactions
between them. This is investigated with the help of cross-correlations between the time
series of the water levels of the Danube at Rajka and the time series of the groundwater
levels at the observation wells. Changes in groundwater flow velocities affected the lag
time corresponding to the highest cross-correlations. The magnitude of the highest
cross-correlations has also changed considerably due to the changed flow conditions.
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Figure 7 shows the interpolated maximum cross-correlation between the water levels at
Rajka and the groundwater levels for pre-1990 and post-1992 periods. One can observe
that the maximum cross-correlations decreased considerably in large regions. While
cross-correlations remained high for both periods near the Danube River, they decrease
after 1992 with increasing distance from the river. This means that the dynamics of the
groundwater has become more decoupled from the dynamics of the Danube.

Observed changes in the groundwater dynamics necessarily lead to changes in the
interrelations between the observation wells. Cross-correlations between a selected
central observation well (no. 3120) and the other observation wells were calculated and
interpolated. Figure 8 shows the interpolated cross-correlations. The cross-correlations
remained high for the wells downstream of the diversion after 1992. Upstream they
decreased significantly, indicating changed groundwater dynamics.

DISCUSSION AND CONCLUSIONS

Statistical and geostatistical methods were used to investigate the influence of the
Gabcikovo hydropower plant on the groundwater levels and their dynamics in the
Little Lowland in Hungary. External-drift kriging was used to interpolate different
groundwater characteristics. The results show that mean water levels before and after
the construction of the hydropower plant are not significantly different. On the other
hand, groundwater fluctuations changed considerably. The amplitude of the annual
cycle and the standard deviation of the groundwater levels decreased in most parts of
the region with the exception of the downstream end of the diversion. While prior to
the diversion, groundwater level fluctuations were strongly coupled (with a time delay)
to the water level in the Danube, this is not the case anymore. Groundwater fluctua-
tions have a more individual character since the operation of the hydropower plant.
Environmental impacts of these changes were not investigated.
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