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Abstract

:

This paper analyzes the groundwater in the deep Quaternary aquifer of Eastern Croatia. These waters are collected at the Vinogradi Pumping Station (Osijek, Croatia) for the needs of public water supply. This research aimed to assess the impact of climate extremes, namely, high air temperatures and low rainfall, on the quantity and quality of groundwater. On the basis of data from the Vinogradi Pumping Station in the period 1987–2015, three extremely warm and low-water years were singled out. For these three years, the following were analyzed: climate diagrams, groundwater levels (in the piezometers closest to and farthest from the pumping station), and the quality of the affected groundwater. The results of this research indicate that the reaction of aquifers to the analyzed extreme climatic conditions for the observed period was manifested in the variation of the amplitude of groundwater levels by a maximum of 4–5 m. Considering the total thickness of the affected layers (60–80 m), this variation is not a concern from the point of view of water supply. As for the quality of groundwater, it was found to be of constant quality in its composition and was not affected by climatic extremes.
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1. Introduction


The 2011 World Health Organization (Geneva, Switzerland) guidelines state that climate change could negatively affect water quality for human consumption due to increasing and frequent temperature extremes and more frequent and intense rainfall. These conditions lead to increased sedimentation and changes in the chemical composition, total organic carbon, and microbiological safety of water [1]. The impact of climate change in Europe is visible through an increase in temperature, changes in the amount of precipitation, and a decrease in the amount of ice and snow [2,3,4].



Climate change is a change in the properties and distribution of elements of climate over a period of decades or longer. The UNFCCC claims that climate variability is directly and indirectly impacted by human activities that affect changes in the atmosphere, and that are observed in comparable time periods. The causes of climate change arise as a result of interactions between water, atmosphere, and soil, and alterations in any of these systems can be the result of human, natural, or joint action. One of the main causes is the change of greenhouse gas concentrations in the atmosphere [5,6,7].



Climate instability is present in all seasons, and the consequences of climate change are evident worldwide [8]. Several authors have analyzed the impact of climate change on extreme events, and their impact on groundwater. The results of these analyses are studies such as one monitoring the quantity and quality of groundwater based on the priority of monitoring wells [9], or one forecasting groundwater levels in the plains of Southwestern Iran in order to optimize the planning and management of groundwater resources [10]. A study done at the Selfdrud Basin in Iran proposes an algorithm (based on set theory) for the regionalization of watersheds. The algorithm contains a grouping step and a classification step, and uses canonical correlation with the cluster analysis method [11].



Climate change can affect the quality of water for human consumption in many different ways [12]. The anthropogenic impact on groundwater expressed through the requirements of agriculture affects the reduction of groundwater levels. As a solution to mitigate the reduction of groundwater deficit, some authors have suggested methods based on an optimal socialist cooperative game theory model in the agricultural sector [13] and a new combined framework for sustainable development [14].



Drinking water shortages will affect the global economy [15], and key problems include water shortages for various plants as well as deterioration in water quality exacerbated by floods and droughts, various pollutants, salinization of coastal areas, and rising water temperatures. These changes also affect the water quality of aquatic habitats [16]. The effects of climate change are evident both globally and locally, and it is possible to predict that even more drastic scenarios will emerge in the future. Many scientists have analyzed the impact of climate change on water—mostly surface water [17,18,19,20]. There are few examples of the analysis of the impact of climate change on groundwater [21]. Groundwater is one of the most important natural resources, especially for water supply [22]. Tanaka et al. [23] analyzed the ability of the California’s water supply system to adapt to climate and demographic change, and concluded that the system is stable and adaptable to intense climate change. In contrast, significant problems related to climate change and water scarcity in Mediterranean Europe were presented by Iglesias et al. [24], who propose a possible solution in the form of strategic groundwater use and better water management at the basin level. Ojo et al. [25] analyzed the impact of climate change on water resources and water management in West Africa and concluded that it is crucial to adjust water demand to climate change. In an integrated approach to assessing the impact of climate and socioeconomic change on groundwater recharge in East Anglia in the UK, Holman [26] warns of the large impact of soil above aquifers and its changing characteristics over time.



Climate change, one of the major environmental challenges facing mankind, has caused intermittent droughts in many regions, resulting in reduced water resources [27]. Groundwater quality is a consequence of the summary effects of natural and anthropogenically conditioned processes that occur in the unsaturated and saturated zones [28], which in certain conditions can lead to elevated concentrations of certain substances in groundwater that exceed drinking water standards. Scientific research shows that climate change trends will continue in the future [29,30,31]. Projections of the future state of the climate, modeled by different climate models and of global and regional significance, show indications of an undoubted increase in average annual air temperatures, which are thus even more pronounced in their seasonal values [32,33]. Climatic parameters that predominantly affect the state and possible changes in the sector of water resources and hydrology are precipitation, air temperature, evapotranspiration, and runoff [34,35]. It is necessary to observe changes across different time scales—from the level of annual values and trends of their fluctuations, through their intra-annual distribution to changes in their daily and hourly values, which is especially important when assessing flood risk [36,37] and possible consequences of short-term heavy rainfall [38].




2. Study Area


The Republic of Croatia belongs to the group of relatively water-rich countries where water resources are not yet a limiting factor in development. According to UNESCO (Paris, France research from 2003), Croatia ranks 5th in Europe in terms of the availability and richness of water resources, and 42nd in the world. According to data for 2012, almost half of the affected water for the Republic of Croatia (460 million m3 year−1) serves public water supply, where groundwater accounts for 49% and sources an additional 35% (84% in total) of the affected quantities [39].



In this paper, attention is focused on groundwater as one of the most important segments of the ecosystem, with a specific focus on the effect of recorded extreme hydrometeorological conditions (changes in extremely wet, dry, or hot seasons) on groundwater levels in deep alluvial Quaternary aquifers at Osijek’s Vinogradi Pumping Station, Osijek, Croatia (Figure 1).



The Vinogradi Pumping Station, Osijek, Croatia is the largest in the Republic of Croatia where water is taken from sandy aquifers. It is affected by a complex of aquifers with very pronounced heterogeneity and relatively low hydraulic conductivity, from which quantities of about 450 L s−1 are drawn (Figure 2). For the most part, the aquifer is built of uniform fine- to medium-grained sand with thinner and thicker layers of silt and clay. An important feature of the structure of Quaternary deposits is the alternation of coarse-clastic and fine-clastic layers.



Pumping quantities are measured individually for each well and in total for the entire Vinogradi Pumping Station, Osijek, Croatia. Each well is equipped with an automatic flow meter and the measured quantities are stored and processed in the system of central monitoring and management of the pumping station. The total quantities of pumped water are measured at the connecting pipeline of raw water DN 800, at the exit from the pumping station, and at the entrance to the water production plant.



The first years of operation of the pumping station from 1984 to 1986 were marked by a relatively uniform amount of pumping. Its value ranged from 411 to 478 L s−1. Pumping volumes gradually increased between 1986 and 1990, exceeding 600 L s−1 Ln 1990 and 1991—a pumping volume of 712 L s−1 was recorded during this period. The operation of the pumping station was characterized by frequent interruptions caused by problems with the raw water pipeline between the pumping station and the production plant, which resulted in a very uneven mode of operation until the closure of the pumping station in March 1994. After the reconstruction of the raw water pipeline and re-entry of the pumping station into operation in December 1994, pumping volumes are gradually stabilizing at an average of 427 L s−1, with a decreasing tendency in the total pumped volumes in the last two years of the research period (Figure 3).



In the regional sense, the Vinogradi Pumping Station (Osijek, Croatia) belongs to the grouped water body known as the “Eastern Slavonia—Drava and Danube basin”, which stretches into the far east of the Republic of Croatia. It is characterized by vast plains in which thick clastic deposits were deposited during the Quaternary (Figure 4).



The present morphology is largely the result of post-Pliocene movements that are strongly pronounced in this area. Extensive research has been conducted for the mentioned area, and data on the work of the Vinogradi Pumping Station, Osijek, Croatia have been recorded since its commissioning in mid-1984.




3. Materials and Methods


Chemical and microbiological analyses of groundwater performed by the drinking water laboratory of the company Vodovod Osijek (Osijek, Croatia) were collected for research in this paper. Samples were taken once a month, and sometimes more frequently at 18 wells.



In the microbiological analyses performed during the observed period, no deviation from the legally established standards was recorded—that is, no defect in the natural water of the deep alluvial aquifer in microbiological terms was found. Natural water, thanks to the reducing ambient conditions of the layer from which it is pumped, does not contain microorganisms. This feature of the natural water of deep alluvial aquifers is certainly a significant natural advantage. The chemical quality of natural water is analyzed in more detail below.



The natural quality of groundwater in this area is conditioned by the deposition of the aquifers, which took place in a reductive environment, so it is expected that they will have an increased content of iron, manganese, and ammonia in some places.



In order to assess the impact of climatic extremes and gain insight into changes in the chemical characteristics of groundwater quality, the dominant parameters of water quality in the observed area are analyzed below, specifically iron, manganese and ammonia. The analysis aimed to prove that these parameters are under the dominant influence of the aquifer environment. The analysis of nitrate concentration, in addition to the influence of climatically extreme years, also indicated possible anthropogenic impact. The analysis of the mentioned groundwater quality parameters was performed by comparing the concentrations determined by sampling at the Vinogradi Pumping Station, Osijek, Croatia and the maximum permissible concentration (MPC) in accordance with the ordinance on compliance parameters, methods of analysis, monitoring and safety plans for human consumption (Croatia).




4. Results


4.1. Climate Indicators


The analysis of annual precipitation from the Osijek Meteorological Station, Osijek, Croatia for the period from 1980 to 2015 (Figure 5) highlights three low-water years in 2000, 2003, and 2011. In the continuation of this research, these three low-water years will be considered in more detail.



The climate diagram for Osijek, Croatia for 2000 confirms the characteristics of weather conditions were in the “extreme” category (Figure 6). The drought period according to the Walter–Lieth climate diagram prevailed for almost the whole year. The wet period occurred in January, February, March, and December. The year 2000 was classified as being both extremely warm and extremely dry, according to the deviation of the average annual air temperature and the annual amounts of precipitation, respectively.



The climate diagram for Osijek, Croatia for 2003 shows the dry period from February to September. A defining characteristic of this year is the occurrence of significantly above-average precipitation in October of 132 mm. The average precipitation in that month was 59.9 mm. The deviation of mean annual air temperature from the average for the period 1961–1990 means that 2003 can be classified in the category of “warm” for the observed area of the wider surroundings of Osijek, Croatia (Figure 7). Given the annual precipitation in 2003, it was also very dry.



The following climate diagram for 2011 shows the alternation of dry and rainy periods on an almost monthly basis (Figure 8). Deviation of the mean annual air temperature from the average for the years 1961–1990 classifies 2011 in the category of “very warm”. Given the annual precipitation, 2011 was also extremely dry.



The basic characteristics of the precipitation regime and air temperature regime in 2000, 2003, and 2011 are given in Table 1. The positive sign of the temperature regime coincides with the negative sign of precipitation. The lack of precipitation (i.e., the negative deviation from the precipitation average) was accompanied by above-average air temperatures [40].




4.2. Water Levels in Piezometers


Level charts of individual piezometers are considered below in order to better understand the response of aquifers to extreme low-water years. Monitoring the effects of climate on groundwater levels requires the observation of wells that respond to climate iability and are ideally located away from pumping and irrigation. Among the observed group of piezometers that can be treated as representative of remote piezometers, Piezometer Pz 3 was the closest piezometer to pumping station that was considered (approx. 950 m away) and Pz 8 was the farthest piezometer (approx. 5500 m away). If groundwater reserves are large, dry periods will have little or no impact on long–term aquifer water storage [41].



Fluctuations in groundwater levels are characterized by a uniform seasonal rhythm (Figure 9).



The standard deviation and coefficient of variation for fluctuations in groundwater levels in Pz 3 showed slightly higher values than the same parameters for fluctuations of levels in Pz 8. This can be explained by the fact that Pz 8 is the furthest piezometer from the groundwater, while at Pz 3, which is closer to the pumping station, a slight influence of the amount of pumping can be observed (Table 2).



A more pronounced amplitude of lowering groundwater levels in Pz 3 and Pz 8 can be observed in 2000–2001, 2003–2004, and 2011–2012 (Figure 10, Figure 11 and Figure 12), which coincides with the recorded amount of precipitation in 2000, 2003, and 2011. Those years were characterized as extremely deficient in relation to the multi-year average precipitation (Table 2).



Water levels in piezometers Pz 3 and Pz 8 and the most important hydrological parameters show that the system’s response to very pronounced differences in precipitation was manifested in a slight variation in the amplitude of groundwater levels, ranging from 1.46 to 4.32 m in Pz 8 and from 1.8 to 5.84 m in Pz 3. Coefficients of variation of 0.0067 to 0.0174 for Pz 3 and from 0.0063 to 0.0125 for Pz 8 confirm the previous statement (Table 2).




4.3. Groundwater Quality of the Vinogradi Pumping Station, Osijek, Croatia


Groundwater samples from wells were analyzed for the concentrations of iron (Fe), manganese (Mn), and ammonia (NH3). Figure 13, Figure 14 and Figure 15 show the concentrations of iron, manganese, and ammonia in groundwater sampled at the wells of the Vinogradi Pumping Station, Osijak, Croatia in the period from 1984 to 2015. Values presented include the averaged annual values of iron, manganese, and ammonia concentrations in raw water (obtained by averaging the values per well for 12 annual samples), the maximum permissible concentration (MPC) according to the current legislation of the Republic of Croatia, and the total annual precipitation.



Analyzing the fluctuations in the concentrations of these elements, it is immediately apparent that their values in natural water were significantly higher than the maximum concentrations permitted by law (Table 3).



Iron concentrations ranged from a minimum of 1.22 mg L−1 to a maximum of 1.63 mg L−1. Sporadic fluctuations in concentration coincide with the “aging” of wells [37]. Manganese concentrations ranged from a minimum of 0.08 mg L−1 to a maximum of 0.20 mg L−1. Figure 11 shows that after the Pumping Station resumed operation in 1994, the concentration stabilized at an average of about 1 mg L−1.



The presence of ammonia was especially striking, with concentrations reaching six times higher than allowed values. There has been a slight increase in concentrations since 2004, stabilizing at an average concentration of 2.5 mg L−1



The general state of natural water chemistry changed little during the period of exploitation of the Vinogradi Pumping Station, Osijak, Croatia. The chemical composition of the groundwater has been stable. This is primarily due to the environment of the layer from which groundwater is pumped and its dominant impact on natural water quality.



Nitrates are analyzed in groundwater samples from wells. Figure 16 shows the concentration of nitrate in groundwater sampled at the wells of the Vinogradi Pumping Station, Osijek, Croatia in the period from 1984 to 2015. The averaged annual values of ammonia concentrations in raw water (obtained by averaging the values per well for 12 annual samples), the maximum permissible concentration (MPC) according to the current legislation of the Republic of Croatia, and the total annual precipitation are presented.



Nitrate concentrations in the groundwater of the Vinogradi Pumping Station, Osijek, Croatia ranged from 0.02 mg L−1 to 1.04 mg L−1. These concentrations are far below the statutory MPC of 50 mg L−1. The natural quality of groundwater in terms of nitrates is very satisfactory, and favorable natural conditions ensure proper protection against the possible pollution of groundwater with nitrates of agricultural origin.



As part of the research, a correlation analysis was performed between the average annual concentrations of iron, manganese, ammonia, and nitrate in groundwater and the annual precipitation in the period from 1984 to 2015. The correlation coefficients (Table 4) point to the conclusion that there is no correlation between pollutant concentration and precipitation amounts (Figure 17a–d).





5. Conclusions


Comparing historical data on precipitation and air temperatures in the period from 1980 to 2015, we determined that this period (36 years) was marked by the occurrence of extremely dry and extremely hot years. Extreme changes in the precipitation regime also took place on various weather scales—from within the month to perennial trends. We also determined that these extremes are becoming more frequent and more intense. The reaction of aquifers and the water supply system was checked for 2000, 2003, and 2011, which stood out as years with a pronounced deficit of precipitation.



The reaction of aquifers to very pronounced differences in precipitation for the observed period was manifested in variations in groundwater levels by a maximum of 4–5 m. Given the total thickness of the affected layers of 60–80 m, this is not a problematic situation from the perspective of water supply.



The results of the analysis of characteristic groundwater quality parameters for the investigated aquifer (iron, manganese, and ammonia) suggest that there was no correlation between short-term changes in parameters and precipitation, further confirming that these elements in water are solely controlled by sedimentation in a reductive environment.



In addition to the quality parameters which are characteristic of the groundwater quality of deep alluvial aquifers, we also evaluated the nitrates. Changes in nitrates compared to the established MPC usually signals pollution by anthropogenic sources (most often as a result of intensive agriculture and over-fertilization with nitrogen-based fertilizers). During the entire period of operation of the Vinogradi Pumping Station, Osijek, Croatia, no significant concentrations of nitrate in groundwater were recorded. The thickness of the cover layer of about 40 m, heterogeneity of the aquifer system, and infiltration period from the surface to the aquifer of more than 90 days are the most important factors controlling groundwater pollution of the Osijek aquifer and changes in its natural water quality.



This research provides evidence that the groundwater of deep alluvial aquifers maintains qualitative and quantitative stability in conditions of extreme climate precipitation, which allows the stability of public water supply in conditions of climate change.



The water quality is unsuitable for direct use in water supply, but the development of technological and technical disciplines has established conditioning procedures that purify water to healthy standards. Due to the stability and minimal variability of raw water quality, the set water conditioning does not need to be adjusted and changed, because constant input parameters give constant output parameters. In terms of groundwater quantities, these aquifers are characterized by high yields that are minimally variable, even in conditions of extreme hydrological phenomena.



The qualitative and quantitative stability of groundwater, and its resistance to natural and anthropogenic influences, support its status as a significant source for public water supply. These characteristics of deep alluvial aquifers give them the character of strategic reserves of the Republic of Croatia.
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Figure 1. Study area: Europa—Croatia-Osijek (45°33′ N 18°41′ E/45.55° N 18.68° E—geographic coordinates Osijek, Croatia). 
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Figure 2. Profile of Quaternary deposits affected by wells of Vinogradi Pumping Station. 
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Figure 3. Total pumping quantities of water from 1984 to 2015. 
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Figure 4. Photograph of the Vinogradi Pumping Station, Osijek, Croatia (Fund of documents of the company “Vodovod Osijek, Osijek, Croatia” 2000). 
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Figure 5. Annual precipitation for Osijek, Croatia for the period 1980–2015. 
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Figure 6. Climate diagram for Osijek, Croatia for the year 2000. 
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Figure 7. Climate diagram for Osijek, Croatia for the year 2003. 






Figure 7. Climate diagram for Osijek, Croatia for the year 2003.



[image: Water 14 00254 g007]







[image: Water 14 00254 g008 550] 





Figure 8. Climate diagram for Osijek, Croatia for the year 2011. 






Figure 8. Climate diagram for Osijek, Croatia for the year 2011.



[image: Water 14 00254 g008]







[image: Water 14 00254 g009 550] 





Figure 9. (a) Fluctuation of groundwater levels in Pz 3 in the period 1997–2015; (b) fluctuation of groundwater levels in Pz 8 in the period 1997–2015. 
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Figure 10. Fluctuations of groundwater levels Pz 3 and Pz 8 during 2000 and 2001. 
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Figure 11. Fluctuations of groundwater levels at Pz 3 and Pz 8 during 2003 and 2004. 
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Figure 12. Fluctuations of groundwater levels Pz 3 and Pz 8 during 2011 and 2012. 
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Figure 13. Concentrations of iron in groundwater sampled at the Vinogradi pumping station, Osijek, Croatia in the period 1984–2015. 
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Figure 14. Manganese concentrations in groundwater sampled at the Vinogradi Pumping Station, Osijek, Croatia in the period 1984–2015. 
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Figure 15. Concentrations of ammonia in groundwater sampled at the Vinogradi pumping station, Osijek, Croatia in the period 1984–2015. 
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Figure 16. Nitrate concentrations in groundwater sampled at the Vinogradi Pumping Station, Osijek, Croatia in the period 1984–2015. 
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Figure 17. Correlation of annual precipitation and concentration of (a) iron; (b) manganese; (c) ammonia; and (d) nitrate in groundwater in the period 1984–2015. 
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Table 1. Deviation of annual precipitation and air temperature in 2000, 2003, and 2011.
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	Year
	Deviation Annual Precipitation
	Deviation Annual Temperature





	2000
	extremely dry
	extremely warm



	2003
	very dry
	warm



	2011
	extremely dry
	very warm
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Table 2. Comparison of hydrological parameters for Pz 3 and Pz 8 in the years 2000–2001, 2003–2004, 2011–2012, and the period 1997–2015.
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2000–2001

	
2003–2004

	
2011–2012

	
1997–2015




	
Pz 3

	
Pz 8

	
Pz 3

	
Pz 8

	
Pz 3

	
Pz 8

	
Pz 3

	
Pz 8






	
Minimum level

(meters above sea level)

	
75.37

	
83.51

	
77.16

	
83.18

	
75.57

	
82.32

	
75.37

	
82.32




	
Maximum level (meters above sea level)

	
80.63

	
85.92

	
78.96

	
84.64

	
79.81

	
85.34

	
81.21

	
86.64




	
Difference max and min level (m)

	
5.26

	
2.41

	
1.80

	
1.46

	
4.24

	
3.02

	
5.84

	
4.32




	
Arithmetic mean of sequence 97–15 (meters above sea level)

	
78.36

	
84.30

	
78.36

	
84.30

	
78.36

	
84.30

	
78.36

	
84.30




	
Standard deviation (m)

	
1.162

	
0.673

	
0.528

	
0.528

	
1.362

	
1.049

	
1.019

	
0.868




	
Coefficient of variation

	
0.014

	
0.008

	
0.006

	
0.006

	
0.017

	
0.012

	
0.013

	
0.010
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Table 3. Concentrations of Fe, Mn, NH4, and NO3 in the period 1984–2015.
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	Fe (mg L−1)
	Mn (mg L−1)
	NH4 (mg L−1)
	NO3 (mg L−1)





	MPC
	0.2
	0.05
	0.5
	50



	Min
	1.22
	0.08
	1.67
	0.02



	Max
	1.63
	0.20
	3.01
	1.04
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Table 4. Correlation coefficients between average annual concentrations of iron, manganese, ammonium, and nitrate in groundwater and the amount of annual precipitation in the period 1984–2015.






Table 4. Correlation coefficients between average annual concentrations of iron, manganese, ammonium, and nitrate in groundwater and the amount of annual precipitation in the period 1984–2015.












	
	Fe (mg L−1)
	Mn (mg L−1)
	NH4 (mg L−1)
	NO3 (mg L−1)





	Precipitation (mm)
	−0.027962
	−0.2177654
	0.009258
	0.04986
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