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Abstract

:

In this mini-review, we present evidence from the vast literature that one essential part of the coupled atmosphere–ocean system that makes life on Earth possible, the water cycle, is exhibiting changes along with many attributes of the global climate. Our starting point is the 6th Assessment Report of the IPCC, which appeared in 2021, where the almost monograph-size Chapter 8, with over 1800 references, is devoted entirely to the water cycle. In addition to listing the main observations on the Earth globally, we focus on Europe, particularly on the Carpathian (Pannonian) Basin. We collect plausible explanations of the possible causes behind an observably accelerating and intensifying water cycle. Some authors still suggest that changes in the natural boundary conditions, such as solar irradiance or Earth’s orbital parameters, explain the observations. In contrast, most authors attribute such changes to the increasing greenhouse gas concentrations since the industrial revolution. The hypothesis being tested, and which has already yielded convincing affirmative answers, is that the hydrological cycle intensifies due to anthropogenic impacts. The Carpathian Basin, a part of the Danube watershed, including the sub-basin of the Tisza River, is no exception to these changes. The region is experiencing multiple drivers contributing to alterations in the water cycle, including increasing temperatures, shifting precipitation regimes, and various human impacts.
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1. Introduction


On 13 October 2022, the U.S. Geological Survey (USGS) released the newest version of their classical (about twenty years old) water cycle diagram, see Figure 1. For the first time, the new diagram includes anthropogenic contributions such as grazing water use, urban runoff, domestic, municipal, and industrial water use, besides the fundamental components such as evaporation, transpiration, precipitation over land and ocean, and runoff [1]. At the same source, pool volumes (km   3  ) and flux rates (km   3  /year) are available for each item following Abbott et al. [2]. Indeed, without considering the human impacts, one cannot analyze and understand the global water cycle, particularly the changes in the water cycle that we live with.



The global population explosion during the 20th century (from 1.65 to 6.11 billion) resulted in a six-fold increase in water use and continues to grow by roughly 1% per year since the eighties [3]. The growth is driven by population increase, economic development, and changing consumption patterns, e.g., slowly improving water and sanitation services in developing countries. Despite the continuous development of water-related technologies, up to 80% of the world’s population may suffer from water stress or severe water scarcity, albeit often seasonally [2,3,4]. There are many signs that climate change shifts the water cycle toward an increased seasonal variability, resulting in a more erratic and uncertain water supply. Such changes can enhance problems in already water-stressed areas and induce water stress in locations where it has not been common previously [5,6,7,8,9].



Given the central role of water in human civilization, the successful implementation of almost all Sustainable Development Goals depends on water [10]. Environmental integrity provides the foundation for a reliable water resource base, and a well-managed environment provides essential and low-cost public goods and services. If these aquatic environments and related services are managed with a long-term perspective, they offer a solid foundation for human well-being and economic development. This is the essence of sustainability [10,11,12,13,14,15].



Chapter 8 of the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) is devoted to water cycle changes [4]. This (almost monograph-size) chapter cites more than 1800 references, and there are no recent or previous reviews which could be more comprehensive than this. Repeating any part of the chapter apart from the logical framework of problem settings would be unnecessary. In this mini-review, we begin with the conclusions of Douville et al. [4] relevant to regional scales, particularly for the Carpathian Basin. Additionally, since several results have been published in local journals in Hungarian, we survey the related literature missing from the scope of IPCC AR6.



We will argue that the Carpathian Basin is not unique on Earth; the observed local changes are common in many mid-latitude regions. The central hydro-meteorological tendencies are the warming faster than the global average, increasing water-holding capacities in the troposphere, rearrangement of large-scale atmospheric wind systems, changes in the spatial and temporal distribution of rain, diminishing snow, especially from lowland areas, decreasing river discharges, changes in the timing of annual maximum water levels in rivers, generally decreasing groundwater levels, and some other local changes affecting the shallow lakes. In order to support some conclusions related to water level statistics, we exhibit results for three hydrometric time series along the river Tisza, the longest tributary of the Danube that flows through the Great Hungarian Plain. Since hydrological systems are inherently nonlinear as the whole climate system, thus appropriate methods in data analysis and numerical models should adopt nonlinear approaches.




2. Data and Methods


2.1. Geographic Settings


The Carpathian (Pannonian) Basin is a lowland region in the southeastern part of Central Europe, geographically bounded by the Carpathian Mountains, the Alps, the Dinaric Alps (Dinarides), and the Balkan mountains (see Figure 2). It can be considered a compact catchment area of the middle section of the river Danube (entering through the north-western gap between the Carpathian Mountains and the Alps into the basin). The Danube is the second-largest river in Europe. It flows through ten countries, of which seven have at least some territories in the Carpathian Basin (indicated by italics): Germany, Austria (AT), Slovakia (SK), Hungary (HU), Croatia (HR), Serbia (RS), Bulgaria, Romania (RO), Moldova, and Ukraine (UA). The Danube collects water from 27 larger and over 300 smaller tributaries along its flow track of about 2850 km. The largest tributaries in the Carpathian Basin are the Tisza, Sava, and Drava. For a subregional divison, see e.g., Figure 3 in Ref. [16].




2.2. Data Sources


This mini-review is mainly based on literature data and conclusions; the unique feature is that we survey relevant Hungarian papers of relatively limited access for non-Hungarian-speaking experts. To illustrate some points in this paper, we evaluated 23-year-long water level records of the Tisza River obtained from the General Directorate of Water Management, Budapest, Hungary (https://www.ovf.hu/en/, accessed on 4 May 2023). Instead of a full-scale analysis, here we present representative examples for three hydrometric stations. The river basin data are collected and maintained by the HydroSHEDS project initiated in 2006 by the World Wildlife Fund. Watershed information is available in a series of shapefiles (https://www.hydrosheds.org/products/hydrobasins, accessed on 4 May 2023), ’level04’ data for major tributaries are used in Figure 2 [17].





3. Results


We begin with the list of conclusions of IPCC AR6, Chapter 8 by Douville et al. [4], which are relevant to the Carpathian Basin and other European regions.



	
Modifications of Earth’s energy budget by anthropogenic activities drive substantial and widespread changes in the global water cycle. There are more and more pieces of evidence that global mean precipitation and evaporation increase with global warming. The increase in global precipitation is determined by a robust response to global mean surface air temperature (likely 2–3% per 1    ∘  C). Land use and land-cover changes also drive regional water cycle changes through their influence on surface water and energy budgets (high confidence).



	
Warming over land drives an increase in the atmospheric water holding capacity by around 7% per 1    ∘  C enhancing the severity of droughts (high confidence). More significant warming over land than over the ocean changes large-scale atmospheric circulation patterns and decreases relative humidity in the continental boundary layer, which contributes to regional droughts (high confidence). Parallel to it, increasing water content in the middle and higher troposphere intensifies heavy precipitation events that enhance the severity of flood hazards.



	
Land-use change and water extraction for irrigation have influenced local and regional responses in the water cycle since the mid-20th century (high confidence). Extended deforestation has decreased evapotranspiration and increased runoff over the deforested regions. Urbanization has probably increased local precipitation and runoff intensity (high confidence). Groundwater depletion, mainly for irrigation, has occurred since at least the start of the 21st century (high confidence).



	
Anthropogenic surface solar radiation modification (primarily by aerosol emission) could drive abrupt changes in the water cycle (high confidence). The modification is spatially heterogeneous (high confidence), and it probably will not fully mitigate the greenhouse-gas-forced water cycle changes (medium confidence) [18].



	
Paleoclimatic records indicate that a collapse in the Atlantic Meridional Overturning Circulation (AMOC) triggers abrupt shifts in the water cycle (high confidence), particularly severe droughts in Europe. High-resolution globally coupled numerical models suggest that such dry spells decrease grass and crop productivity over the European land, both in mountainous and lower areas [19,20].






3.1. Primary Drivers of the Water Cycle


It is well understood that Earth’s energy balance determines precipitation and evaporation. Water cycle changes on regional scales are expected to be determined by the transport of moisture. In a warming climate, main characteristics such as precipitation intensity, duration, and annual distribution are changing, however, in a complex way. Besides local factors such as evapotranspiration rate, aerosol load, and human use, changes in the large-scale transport processes are equally important [4].



3.1.1. Temperature Trends


It has been known for rather a long time that the European land warms faster than the world average [21,22,23,24,25] (see the data at https://www.eea.europa.eu/ims/global-and-european-temperatures, accessed on 4 May 2023). Meteorological observations in Hungary can be considered representative of the Carpathian Basin because the country’s entire territory is in the inner lowland. Accordingly, global warming is significantly observable (around 2    ∘  C in the past 50 years). Clear pieces of evidence are based on analyses of hourly or daily temperatures, [26,27,28], extreme values [29,30] or the frequency of warm spells [29,31]. The representativity is supported by evaluation of temperature time-series in Bačka (Serbia) [32] and over the Sava River watershed (Bosnia and Herzegovina) [33], where each meteorological station also recorded very similar warming trends.



The Sun is the external energy source to Earth; solar radiation keeps the elevated temperature necessary for liquid water and life. The total solar irradiance (TSI) measures the total power from the Sun falling on a perpendicular unit area at the top of the atmosphere, in units of Wm    − 2   . TSI is the wavelength integral over the entire spectral range of irradiance. Direct satellite measurements of TSI have been available since 1978. The period of four and a half decades is moderately relevant in the climate change context. Nevertheless, there has been a vivid debate in the literature about the possible natural origin of global warming. Obviously, the variability or trends in TSI was the main target. It is evident that variations in solar activity (thus in TSI) influence weather and climate on every time scale [34,35]. The key question is the decadal or millennial trend; an increasing TSI presumably warms the Earth. A very recent review by Chatzistergos, et al. [36] concludes that the existing (over twenty) long-time reconstructions of TSI time series do not exhibit significant tendencies in the past 200–300 years, and all of them suggest a slightly decreasing trend since 1996.



It is worth noting that TSI is the external boundary condition for the climate system. In a weather or climate context, how much energy is reflected and absorbed in the atmosphere and surface is more relevant. Indeed, while TSI has a weak negative trend, surface solar radiation (SSR) has a positive tendency at least from the middle of the eighties in the Carpathian Basin (about 1%/decade) [37,38,39]. This tendency is not unique. It is widely accepted that surface solar radiation experienced a pattern of dimming (shorter sunshine durations) from the 1950s to the 1980s, followed by a period of brightening (longer sunshine durations) from the late 1980s to the early 2000s in the United States, Europe, and certain regions in Asia. Previous research has attributed this trend to aerosols (from anthropogenic and volcanic sources) and clouds, the main potential factors contributing to continental dimming and brightening [40,41].



According to the IPCC AR6, the increase in greenhouse gas emissions due to human activities has resulted in a temperature rise of around 1.1 °C since the beginning of the twentieth century [42]. Changes in TSI or SSR alone cannot explain the observations. This evaluation is supported by better observational data that help determine historical warming trends and advancements in scientific knowledge regarding the climate system’s response to anthropogenic greenhouse gas emissions.




3.1.2. Changing Wind Regimes


Wind fields play a major role in the large-scale redistribution of vapor and water, and they are the main component of weather systems. As reviewed by Gulev et al. [42] (Chapter 2 in IPCC AR6), the winter zonal wind speeds in the mid-troposphere have strengthened. In contrast, they have weakened over the Northern Hemisphere in summer, although the trends are mostly statistically non-significant (see Figure 2.18 in Ref. [42]). Similarly, the data from ERA5 global reanalysis [43] indicate a slight general weakening tendency of surface wind speeds over the northern part of European land (mainly Scandinavia). However, the trends in most of the geographical locations are not robust (see Figure 2.19 in Ref. [42]). There are periods lasting a couple of years when local trends are alternately increasing and decreasing [44]. As for the Carpathian Basin, reanalysis data indicate statistically significant negative trends in the mean westerly wind speeds at the higher tropospheric levels and positive trends at the very high stratospheric levels [45].



From the perspective of the water cycle, one particular aspect is the firm increase in heat extremes in Europe determined strongly by large-scale atmospheric circulation and jet stream states [23,25,31]. Recently, Rousi et al. [25] found that European heat wave tendencies (particularly the persistent ones over 6 days) can be strongly linked with more persistent double-jets over Eurasia (besides the usual mid-latitude jet around at 40–45   ∘   N, a weaker jet builds up at ∼70–75   ∘   N).




3.1.3. Atmospheric Moisture


Over land, the main components of total evaporation (interception and transpiration) determine the amount of atmospheric water. The contribution of the fluxes is mostly controlled by vegetation and dominated by transpiration (about 60% of total land-surface evaporation) [46]. Accordingly, atmospheric moisture depends on local circumstances such as vegetation coverage and land use of large spatial variability.



The IPCC AR6 (Chapter 2) reports positive global total column water vapor trends since the eighties of the past century when globally representative combined infrared and microwave satellite observations started, with medium confidence of the trend magnitudes [42]. Globally, the total atmospheric water vapor is increasing by about 1% per decade. Changes are more significant in the upper troposphere, consistent with thermodynamics [47].



Since the 1970s until the turn of the century, specific humidity has increased over most of the continuously monitored parts of Earth. Global mean values exhibited a plateau between 2000–2014, when the increasing trend resumed, particularly over land [42] (also see Figure 1 in [47]). The mean specific humidity over land and the Atlantic Ocean has remained well above the 1973–2019 average (see Figure 2.13b in [42] and Figure 1 in [47]).



The increasing tendencies of specific humidity are significant across most of the land and ocean regions [42,47]. In contrast, trends in relative humidity show distinct spatial patterns with generally increasing trends over the higher latitudes and the tropics and generally decreasing trends over the sub-tropics and mid-latitudes, particularly over land areas (Figure 2.13c in [42], Figure 8 in [47]).



In the Carpathian Basin, global change affects all climate variables [48], including the water-holding capacity of the atmosphere. An increasing trend in the Penman–Monteith reference evapotranspiration on a daily scale was detected in the decades between 1961 and 2010 [49]. The average trend obtained was 0.868 mm/year, resulting in a 42.5 mm mean increase during these five decades. The biggest local changes are close to 125 mm in flat areas in the north-western part of the basin.



The high spatial and temporal variability of atmospheric moisture is nicely demonstrated by Cséplő et al. [50], where 60 years of the climatology of mist and fog has been studied in Hungary. Clear trends were not really observed; instead, the temporal behavior exhibited firm site dependence [50]. However, Ilona et al. [51] collated historical fog records for 1886–1916 with recent data for 1990–2020. While decadal trends were not significant, the mean number of foggy days in a year increased by 16.2 d during the recent three decades compared to the turn of the nineteenth century [51].




3.1.4. Precipitation Trends


In summary, globally averaged land precipitation has increased since the middle of the 20th century; however, such trends were insignificant in the first five to six decades. An enhanced increase in global land precipitation has been observed since the eighties. As is well known, precipitation exhibits substantial temporal and geographical variability as well as regional heterogeneity [42]. Interestingly, Schneider et al. [52] compared land surface precipitation climatologies for a 30-year reference period 1931–1960 with three decades at around the millennium (1981–2010) but could not identify significant trends. This might be caused by the large variabilities, data coverage problems over time, and some technical issues related to the rain-gauge networks [52].



As for the Carpathian Basin, analyses by Bartholy and Pongrácz [30], Bartholy and Pongrácz [53], Bartholy and Pongrácz [54] revealed that in the second half of the 20th century, the intensity and frequency of extreme precipitation events had increased, notably since the eighties, while the total (annual) amount slightly decreased. An earlier study by Domonkos [55] already detected a significant drop of annual precipitation totals in the 20th century based on aggregated monthly data. Ilona et al. [51] also revealed significant changes in the aggregated values of precipitation by comparing historical (1871–1918) and recent (1971–2020) periods. At lowlands, the drop in precipitation totals is larger than 20% during spring and autumn seasons. A shift in the distributions is observed only at a few stations. Note that significant trends were not really detected either in the historical data or in recent decades; the latter is somewhat surprising [51]. Lakatos et al. [56] analyzed sub-daily precipitation statistics in the region. Some territories are strongly undersampled; nevertheless, significant increasing tendencies of the mean 1-h precipitation intensity are detected mainly in the northern regions during summer and autumn.



In addition to aggregated values and intensities, the temporal distribution of precipitation is crucial for the water cycle context. An earlier analysis of precipitation data for 1891–1990 revealed significant climate fluctuations in the region. A trend of definite aridification was already detected in the 20th century [57,58]. However, two aridity indices (De Martonne Aridity Index and Palmer Drought Severity Index) assessed for data from 78 meteorological stations from 1931–2017 indicated a lack of significant tendencies [59]. Similarly, Spinoni et al. [48] could not identify clear trends (apart from a mild frequency increase), but statistical significance tests were not performed because of the lack of an unambiguous definition of drought. Such results clearly demonstrate that methodologies and other factors (especially finite size effects, inhomogeneities, data scarcity, etc.) have primary importance in climate research because different works often lead to controversial conclusions even when the target is the same. Comprehensive data analysis for Hungarian records in the period of 1901–2013 revealed insignificant trends, apart from detecting the intensification of summer precipitation and an increasing tendency of drought years [29]. Climate cycles and oscillations are also revealed in precipitation time-series in the Carpathian Basin, with a fragile relationship with teleconnections [60].





3.2. Hydrological Trends


Since the severity of very wet and very dry events increases in a warming climate (with significant regional and seasonal inhomogeneities), such changes obviously influence all hydrological variables. Major tendencies are detected in the midlatitudes, particularly in snow-dominated river basins. Increasing temperatures cause reduced winter snowpack, which melts earlier in spring [4,61]. Furthermore, temporal shifts of seasonal minima and maxima of the hydrological regimes are observed mainly in snow and glacier melt-dominated alpine catchments [4,62]. Another recent study based on the European Flood Database [63] found that trends in the once-in-a-century flood in Europe show a similar geographical pattern as trends in mean floods over the period 1960–2010, with some variations depending on the region and the size of the catchment area [61]. Recent floods have been so much more severe than previous events that flood risk estimation methods have significantly changed in the affected regions [64]. A valuable open-access data bank on floods from 1985 is the Dartmouth Flood Observatory (https://floodobservatory.colorado.edu, last access: 27 January 2023), which later moved to the Colorado University. The data bank provides global geographic coverage. Information is collected both from news reports and satellite observations to identify, measure, and map floods [65]. However, there are only four records for Hungary from 1985, probably because inundation areas must be sufficiently large to be detected by satellite observations (and local news is in Hungarian).



3.2.1. River Discharge Rates


Blöschl et al. [66] extracted regional trends of river “flood” discharges in Europe for 1960–2010. The analysis is based on river discharge observations of 3738 hydrometric stations for the period 1960–2010 (the data are available at https://github.com/tuwhydro/europe_floods, last access: 27 January 2023, [63]). The quotation mark is justified because the term “flood” is consistently used in the paper as a proxy for the annual maxima of discharges in each calendar year. Local maximum levels are always present in any record; however, real floods with inundations are exceptional. Statistically significant trends in rare real flood events are difficult to detect because of the limited length of homogeneous time series. The main result is reproduced in Figure 3. The three numbered subregions belong to different primary drivers. 1: Northwestern Europe: Increasing rainfall and soil moisture. 2: Southern Europe, decreasing precipitation and increasing evaporation. 3: Eastern–Northeastern Europe, decreasing precipitation and earlier snowmelt. According to Blöschl et al. [66], the area of the Carpathian Basin belongs to subregion 2 with a decreasing annual maximum discharge rate tendency of 5–12% per decade. Bertola et al. [67] selected the longest records from the same discharge database [63] (at least 40 years, 2370 hydrometric stations) and analyzed different “flood” quantiles for the subregions numbered in Figure 3. The results in [67] reveal that the trends in northwestern Europe are generally positive. In small catchments (up to 100 km   2  ), the 100-year flood increases more than the median value. Contrarily, in medium and large catchments, positive trends fade, and even negative tendencies appear. In southern Europe, flood trends are generally negative and do not depend on the return period. The catchment area is essential again; the larger the catchment, the more negative the tendency. Unfortunately, the database [63] contains only a limited number of records for the Carpathian Basin; thus, studies of selected records cannot precisely describe local changes in river discharges.



In a detailed statistical analysis, Rottler et al. [61] assessed trends of river discharge rate data in a few central European catchments for the period 1869–2016. Four gauging stations provided the exceptionally long time series for the rivers Inn and Rhine. The authors detected significant changes in the seasonality of river runoff for rainfall and snowmelt-dominated locations, mainly in the second half of the twentieth century. The seasonality of river runoff decreased during the past decades due to the atmospheric warming tendency since a growing fraction of total precipitation became liquid. An important observation of the authors is that even robust linear fits to the data either do not indicate or strongly underestimate tendencies, while a nonlinear procedure clearly reveals regime shifts [61].



Berghuijs et al. [68] evaluated flood synchrony scales defined by the mean distance over which two or more rivers peak near synchronously. The same data bank [63] was used as in Refs. [61,66,67]. Flood synchrony scales can be much larger than the extent of individual catchments, with large (more than one order of magnitude) regional variations. Flood synchrony scales have increased by around 50% during 1960–2010, and they are serially correlated, meaning that spatially extensive flood years tend to cluster [68]. Kemter et al. [69] used the same methodology (flood synchrony scales) for the same data bank [63] and revealed strong positive correlations between flood magnitudes and spatial extents for 95% of the stations.



Local studies [70,71,72,73] revealed that higher peak discharges were observed in the Danube between 1941 and 2005 compared to the period 1876–1940. In late March, the runoff excess values were nearly 500 m   3  /s. Almost the same peak drops were detected in late summer and early autumn: around 550 m   3  /s [70]. The spring rising tendency can be explained by the earlier melting of the snow, which is the consequence of increasing air temperature. Summer discharge drops can be attributed to elevated evaporation and the earlier supply withdrawal from snow melt. Similar tendencies were reported for two tributaries, the rivers Drava and Mura, during the period 1960–2019 [73]. There is no wonder that the number of dike failures in the Carpathian Basin has sharp maxima at the peak discharges during spring [74,75]. Notably, rain on top of snow often triggers extreme river runoffs [76,77]. Half of the extreme floods with extensive inundations along the river Danube was recorded since the beginning of the 20th century during the past three to four decades [78].
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Figure 3. The map illustrates the geographic distribution of linear trends in the annual maximum of daily river discharge for the period 1960–2010 (data from 2370 hydrometric stations). Blue/red denotes increasing/decreasing “flood” discharges in units of % change of the mean annual maximum discharge per decade. Numbered subregions belong to different primary drivers; see the text. (Source: European Environment Agency (EEA), https://www.eea.europa.eu/data-and-maps/figures/observed-regional-trends-of-annual, last accessed 14 April 2023, with permission, originally published in Ref. [66]). 
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3.2.2. Timing of Extreme Water Levels


Blöschl et al. [62] and Hall and Blöschl [79] reported that climate change has also affected the timing of annual maximum water levels over continental Europe in the period 1960–2010. The decadal trend map in [62] is somewhat spotty, with smaller and larger areas of consistent shifts to later or earlier annual maxima alternating next to each other. The northern part of the Carpathian Basin exhibits 4–14 days shifts to later peak river discharges, while an opposite tendency dominates in the south. As mentioned before, data scarcity does not permit an adequate explanation in the region, mainly because the closed basin exhibits different tendencies in the northern and southern parts. The Irish Island is also rather tiled, suggesting that whatever causes high water levels is strongly local and probably the consequence of several factors.



In order to compare the results of [62] with local observations, we evaluated water level records of 22 hydrometric stations along the river Tisza. Tisza is the largest tributary of the main regional river Danube; its catchment area is around 156,000 km   2   [80]. The time series are rather strongly correlated; therefore, we illustrate data for three representative stations here. One is situated in the upper Tisza (Záhony), and two of them are in the middle river section (Tiszapalkonya and Csongrád, see Figure 4). The temporal sampling is rather hectic at almost all stations changing randomly between 15 min and 27 h; see Figure 5. Fortunately, longer gaps are not present; therefore, it is improbable that essential events such as floods are missed.



Figure 6 shows the time series for the representative stations. The strong correlation among the curves is apparent. At first, a clear annual periodicity is not easy to resolve. We performed frequency analyses using the Lomb–Scargle Periodogram method [81,82] created exactly to handle unevenly sampled time series. A naive use of Fourier transform indeed fails for such data. The significant peaks are around one year (Záhony: 367.7 d, Tiszapalkonya: 365.9 d, Csongrád: 364.7 d), and slower oscillatory modes are weaker and not consistent for the time series. However, annual maxima are always present, even when mean water levels are extremely low throughout a given year (e.g., see the years 2003, 2014, and 2015 for all stations). The occurrences of annual maxima far exceed the number of real floods with inundations along the river bed.



We determined the day of year for the dates of annual maxima and minima of time series, Figure 7 illustrates the results for the three stations. Linear fits were performed using the same Theil–Sen robust linear estimator (Python library SciPy, routine scipy.stats.mstats.theilslopes() [83]) as carried out by Blöschl et al. [62]. The occurrences of both extreme values are distributed widely in the calendar, but the overall linear tendencies for the maxima are roughly in agreement with the coloring of Figure 1 in [62]. Annual peak water levels shift to later dates more or less systematically. Actual flood events with inundations (denoted by stars in Figure 7) rarely happened during the 23 years (three events at Záhony, five at Tiszapalkonya, and four at Csongrád) and, therefore, a trend analysis is not feasible, as expected. Annual minimum water levels (red in Figure 7) exhibit much weaker tendencies, if any. Their timing is more consistent than for maxima, particularly at higher river sections. The large scatter in the calendar suggests that no single mechanism triggers extreme water levels; snow melt, rain-on-snow events, evaporation, infiltration, pluvial flows, river bed erosion, groundwater levels, and others might contribute). Certainly, further studies are required to shed light on the background.




3.2.3. Groundwater Issues


Despite the importance of groundwater as the largest part of blue water [84], its volume is probably the least-known storage pool in the hydrosphere [85]. Besides the challenges to estimating the pool volume deep underground, the maximum depth of groundwater reserves is loosely defined; the usual limit being around 4 km [2,85,86]. Notably, huge quantities of hot saline water (full also with dissolved minerals) were found even at depths below 12 km (Kola Peninsula, Superdeep Borehole) [86]. The global volume of renewable/non-renewable groundwater reserves is estimated in rather wide ranges: 0.3–1.2/8–23 (million km   3  ) [2,87]. Similarly, uncertain estimates are available for groundwater recharge fluxes. Saline groundwater recharge is supposed to be 13,000 ± 60% km   3  /year, while the freshwater recharge flux globally is around 250 ± 90% (!) km   3  /year [4].



Groundwater resources in the Euro-Mediterranean countries (including most of Europe, North Africa, and the Arabian Peninsula, see Figure 1 in [88]) supply a large part of the population’s water demand and are influenced by human utilization and climate impacts. Significant groundwater table declines have already been observed in numerous geographic locations, indicating a growing imbalance between groundwater extraction and natural recharge. Analyses of the mean annual trends reveal significant decreases in groundwater resources in many countries of Europe, Northern Africa, and the entire Arabian Peninsula (in about 70% of the studied region) [88,89,90]. The spatial mean of the trends across the Euro-Mediterranean region is −2.1 mm/year, with the most substantial declines observed in Iraq and Syria (−8.8 and −6.0 mm/year). Moreover, countries in central and eastern Europe are affected considerably (the mean value over Hungary is around −5.7 mm/year) [88]. The results clearly indicate growing groundwater stress in the Euro-Mediterranean region, which is expected to grow further.



Shallow lowland groundwater reservoirs in the Carpathian Basin are mostly dedicated for agricultural purposes; thus, a network of wells has already been constructed from the 1930s. A total of 1500–1700 wells (from a recent total of over 1 million) have been working permanently since then serving as a useful source for spatiotemporal evaluation [91,92,93,94,95]. The long time series of groundwater levels exhibit significant variabilities, seasonality, and decadal tendencies [94]. Mainly since the 1970s, a systematic depletion has been characteristic at the majority of observing wells [91,93,95,96]. In the upper aquifers of the Great Hungarian Plain, the annual average groundwater levels have dropped as much as 6–8 m in the period 1970–2010 [92]. A recent estimate over several local catchments (5–10 thousand km   2   each) revealed that the groundwater resources exhibit 3–5 km   3  /year changes in both positive and negative directions because of climatic effects. This annual range is comparable with the human water uses (the total of them in Hungary is around 5 km   3  /year); thus, climate change dominates the variations of regional water resources [97].



The exploration of surface water and groundwater interactions has been a key issue in hydrology for a long time (see, e.g., [98] and references therein), especially along rivers. One general direction of the exchange of water masses is when surface water recharges groundwater, while in drought periods, when the surface-water level drops below the groundwater table, the flow direction is reversed. Appropriate mathematical models to solve practical problems of subsurface hydrology are complicated and demand many model parameters [99], particularly in strongly heterogeneous soils [100]. Anthropogenic activities such as damming may drastically change rivers’ natural sedimentological and geomorphological conditions. An increasing sediment deposition upstream of hydropower plants results in river-bed clogging and alters the sediment’s composition, directly affecting the groundwater’s recharge. Possible environmental consequences such as drops in groundwater levels commonly happen and are expected to continue in a warming and drying climate.



River bed erosion, particularly downstream behind dams, is continuously strengthening [101]. Results for the main river Danube in the region show that erosion processes started already at the beginning of the 20th century [102,103,104,105]. However, the tributaries Tisza, Drava, Mura, etc., also exhibit similar changes [73,106]. In the past years, bathymetry became the best practice widely to trace river bed changes (often with various equipments installed on drones or even on satellites [107,108]). Besides damming, major drivers of river-bed erosion are river regulation activities, industrial dredging [109,110], and a decrease in natural sediment recharge. The deepening of the river bed has unfavorable effects on the natural environment: lowering of groundwater tables, restrictions of shipping, ecological disturbances, etc., are commonly observed consequences.




3.2.4. Lakes and Climate Change


We mention very briefly lakes in the region for a few reasons. The characteristic forms of still surface water in the Carpathian Basin are shallow lakes (and small swamps), particularly in lowland areas [111]. Tiny lakes and fish ponds contribute weakly to the water cycle.



The largest water body in Eastern–Central Europe is Lake Balaton (average water depth: 3.36 m, mean length: 76.3 km, mean width: 7.95 km, catchment area: 5774.5 km   2  , mean volume: 2 million m   3  ). Water levels are reconstructed back to 2600 years, mostly by sediment analysis. However, the natural variability has been broken since the seventies because the water level of Balaton is actively regulated by the Siófok drainage sluice (the maximum permitted value is 120 cm on the Siófok gauge, and there is no minimum). Because of the growing population around the lake, recent data cannot be easily decomposed for natural processes and human impact. Climate change decreases the recharge through the main inflow river Zala and increases the evaporation rate during the warming summer seasons. However, the water level regulation and other human influences (water extraction into fish ponds, changing land use, restoration of wetlands, etc.) contribute strongly to the water level fluctuations [112,113,114]. Climate effects are better detectable during the hot summer periods of extremely low water levels when water withdrawal is restricted.



Drying up or huge water deficits of shallow lakes occasionally occur, which is common with the second and third largest shallow Lake Fertő and Lake Velence [115,116]. For example, historical sources report complete dryings up of Lake Fertő in 1693, between 1738–1742, in 1773, and 1811–1813, with the last recorded of such events being between 1864–1870 [117]. The last total drying up of Lake Velence happened in 1864 [115]. Several shallow lakes and surrounding populations experience dramatic changes due to lake and watershed mismanagement and climate change. Eutrophication is a common problem of all shallow lakes, although with substantial variability. As mentioned in the previous paragraph, most shallow lakes have water level problems. Low water levels and shrunk surface areas always result in the deterioration of water quality and loss of aqueous habitat. In a few cases, water conveyance from other watersheds can improve water balance, but this is a restricted option in the Carpathian Basin. Water quality restoration includes restricting agricultural activities, sewage treatment, dredging, and so on [115].



The most endangered regional still waters are the oxbow lakes along the rivers [118]. They play a unique role in recreational activities; several are important islands for ecosystem conservation. Not infrequently, water is withdrawn from such oxbow lakes for irrigation; sometimes, they were even considered sewage depositories. In Hungary alone, the number of oxbow lakes larger than 4 hectares is 237 [119]. The major problem is that several of them are continuously silting in the lack of sufficient water supply (with a rate of up to 1–3 cm/year); thus, they will disappear soon without intervention [120].




3.2.5. Nonlinearities


Empirical frequency distributions are commonly used to analyze and describe the distribution of data across various fields. In hydrology, rivers are often studied by analyzing their water level changes over time, providing insights into the patterns and trends of the river’s behavior.



Figure 8 exhibits the empirical frequency distributions of water level changes for the records of the three hydrometric stations exploited above. Here the strongly uneven sampling steps lead to biased statistics; therefore, a naively drawn histogram from raw data is fully misleading. We used interpolation and downsampling (in periods of sampling steps of 15 min) to produce homogeneous series with a temporal resolution of 12 h (interpolation and resampling was performed by routines in the SciPy library in Python [83]). The shapes in Figure 8 are far from being Gaussians. Nevertheless, established practice is to provide arithmetic mean values and standard deviations in various tables, while both moments are inherently related to uncorrelated Gaussian noise.
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Figure 8. Normalized frequency distribution of interpolated half-day changes in water levels at the three representative measuring stations along the river Tisza (see title lines). The vertical scales are logarithmic. 
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We emphasize that water level fluctuations are not stochastic (apart from a small-amplitude noise); a river discharge curve is almost deterministic. This means their behavior can be modeled using mathematical equations [121,122,123]. A slow increase followed by a fast jump is common after heavy precipitation events in the basin or sub-basin; this is characterized by the positive right side of the histograms in Figure 8. An inflection point, which is the point of maximum curvature on the falling limb of the river’s hydrograph, marks the point when the river’s flow changes from predominantly surface runoff to baseflow.






4. Discussion


As mentioned before, we have dealt intentionally with observations and trends and skipped climate and hydrological projections using numerical models. On regional scales, simulations suffer from more uncertainties than on global scales. Several problems have been detected at optimal domain selection, lateral boundary conditions (relaxation from buffer zones), initial conditions, physics schemes, or validations of the models [124,125,126,127]. As for hydrological modeling and projections, the relative role of parameter uncertainty is even more severe, particularly for catchments with significant changes in flood seasonality. This indicates the lack of robustness in hydrological model parameterization for simulations, especially under transient hydrometeorological conditions [128].



Similarly, green water used exclusively by plants and the soil ecosystem was not in our focus. The hydrological characteristics of soils (e.g., water retention, hydraulic conductivity) are determined by several factors: shape and stability, porosity and bulk density, pore-size distribution, adsorption, water, heat and mass transport processes, biological activity, nutrient supply, etc., and all these are interrelated [129]. Soil water content depends on the groundwater table, mass exchange with nearby water bodies, meteorological circumstances (temperature, precipitation, evapotranspiration, etc.) and frequently changing land use.



Nevertheless, there is no reason to expect a break or reversal of observed trends. The global human population grows, the exploitation of resources increases even faster, the destruction of the global ecosystem and the decrease in diversity is continuous, the environmental pollution accelerates, the concentration of greenhouse gases in the atmosphere continuously rises, and so on. The expected effects of climate change in the midlatitude water cycle can be summarized as follows (valid for numerous regions in all continents):




	
Global warming over land continues unabated; shorter winters with diminishing snow and longer summers with frequent and long-continued drought imply decreasing runoffs [4,42].



	
The recharge rate into still water bodies and infiltration into the ground decreases; thus, water levels of lakes and groundwater tables are expected to decrease [85,88].



	
Changes in the temporal distribution of precipitation trigger more extreme rainfall events during shorter periods, resulting in much larger variability of hydrological parameters and an increasing number of flash floods [130].



	
In the Carpathian Basin, floods are expected to occur more frequently in the winter- early spring periods since almost all tributaries of the Danube originate from the surrounding mountains, where the winter becomes warmer and rainy instead of snowy (see Section 3.2, and [131]).



	
The same experienced and expected further winter warming decreases the risk of ice-jam floods in the region [132,133,134].








Water cycle responses are explained by the interaction of multiple drivers, feedback, and time scales. The climate system is inherently nonlinear, such as responses to regional runoff, such as groundwater recharge or water scarcity; simple pattern-scaling techniques do not work. The literature is full of figures where simple linear functions fit evidently nonlinear data sets; even some running operative models widely use assumptions of linear couplings. Rottler et al. [61] demonstrated that linear fits do not detect tendencies in long river discharge time series (despite the fact that the robust Theil–Sen estimator was used), while a nonlinear method (empirical mode decomposition) clearly indicated tendencies appearing in the second half of the past century.



The Carpathian Basin is a region that is particularly vulnerable to the changing water cycle in a warming climate. Droughts are becoming more frequent and severe, with impacts on agriculture, crop yields, ecosystems, and human communities. At the same time, more intense precipitation events are causing flash floods in some areas, further exacerbating the water management challenges faced by the region. The precipitation regime shift also affects rivers and groundwater resources, changing flow patterns and water quality. To address these challenges, measures such as improving water use efficiency, increasing water storage capacity, and enhancing the resilience of ecosystems must be managed.
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Figure 1. The updated U.S. Geological Survey (USGS) water cycle diagram. (Source: https://www.usgs.gov/media/images/water-cycle-png, last accessed on 14 April 2023, public domain). 
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Figure 2. Political borders and country codes (yellow), rivers inside and through the Carpathian Basin (light blue), river center-lines of Danube and river Tisza (blue, where it was available), and the boundaries of sub-basins of the Danube and major tributaries (thin light green). The basin boundaries of the Danube and Tisza are emphasized by white coloring. This map was created using Python (3.8.8) and the Basemap library (1.3.2), https://matplotlib.org/basemap/. Background satellite photo: NASA Visible Earth project, https://visibleearth.nasa.gov/ (last access: 13 April 2023). 
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Figure 4. Map of major rivers (major tributaries in Hungary are annotated) and the three representative measuring stations along river Tisza (yellow): Záhony (48.40   ∘   N, 22.18   ∘   E), Tiszapalkonya (47.88   ∘   N, 21.06   ∘   E) and Csongrád (46.71   ∘   N, 20.14   ∘   E), from north to south. The basins of Tisza (white) and Danube (black) are delimited. The hydrometric stations are also identified in the next figures. This map was created using Python (3.8.8) and the Basemap library (1.3.2), https://matplotlib.org/basemap/ (last access: 13 April 2023). 






Figure 4. Map of major rivers (major tributaries in Hungary are annotated) and the three representative measuring stations along river Tisza (yellow): Záhony (48.40   ∘   N, 22.18   ∘   E), Tiszapalkonya (47.88   ∘   N, 21.06   ∘   E) and Csongrád (46.71   ∘   N, 20.14   ∘   E), from north to south. The basins of Tisza (white) and Danube (black) are delimited. The hydrometric stations are also identified in the next figures. This map was created using Python (3.8.8) and the Basemap library (1.3.2), https://matplotlib.org/basemap/ (last access: 13 April 2023).



[image: Climate 11 00118 g004]







[image: Climate 11 00118 g005 550] 





Figure 5. Sampling interval (in units of hours) as a function of calendar date and time (covering 23 years) for the three hydrometric stations (see the titles of panels). In the records, timestamps are given, thus the Python routine matplotlib.pyplot.plot_date() correctly places data along the horizontal time axis independently of timestep size. The stations are indicated in the title lines with the locations (measured in river km from the Danube–Tisza confluence) and in Figure 4 by yellow symbols. 
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Figure 6. Time series of water levels for 23 years with hectic uneven temporal sampling between 15 min and 27 h. In the records, timestamps are given, thus the Python routine matplotlib.pyplot.plot_date() correctly places data along the horizontal time axis independently of timestep size. The stations are indicated in the title lines with the locations (measured in river km from the Danube–Tisza confluence) and in Figure 4 by yellow symbols. As usual, water levels are not absolute values but relative to the zero point of the local gauge. 
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Figure 7. Day of year of the annual maximum (blue) and minimum (red) water levels at the three representative measuring stations along the river Tisza (see title lines). Linear fits (straight lines) are obtained by the Theil–Sen robust linear estimator, see text. Stars indicate real flood events (data from the General Directorate of Water Management). 
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