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Abstract

:

The extreme drought in Europe in 2022 also hit hard the Great Hungarian Plain. In this short overview article, we summarize the natural environmental conditions of the region and the impact of river control works on the water-retention capacity of the landscape. In this respect, we also review the impact of intensive agricultural cultivation on soil structure and on soil moisture in light of the meteorological elements of the 2022 drought. The most important change is that the soil stores much less moisture than in the natural state; therefore, under the meteorological conditions of summer 2022, the evapotranspiration capacity was reduced. As a result, the low humidity in the air layers above the ground is not sufficient to trigger summer showers and thunderstorms associated with weather fronts and local heat convection anymore. Our proposed solution is to restore about one-fifth of the area to the original land types and usage before large-field agriculture. Low-lying areas should be transformed into a mosaic-like landscape with good water supply and evapotranspiration capacity to humidify the lower air layers. Furthermore, the unfavorable soil structure that has resulted from intensive agriculture should also be converted into more permeable soil to enhance infiltration.
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1. Introduction


The Great Hungarian Plain, like some other regions of Europe, was hit by a catastrophic drought wave in the summer of 2022 [1]. The precipitation deficit was already visible months earlier. The usual early-summer heat storms were virtually absent. In July and the first half of August, passing cold fronts moved through the region with dry winds and no precipitation [2]. The consequences for agriculture were severe [3]. Although periods of drought and even severe droughts had occurred before, an event of this magnitude, drying up virtually the entire autumn harvest, had not occurred in the last century. This has drawn attention to the environmental condition of the region.



The region has been the subject of significant land use changes over the past century and a half. As a result of water control measures, areas which were periodically or permanently covered by water have almost disappeared, being reduced to a part of the river floodplains. The area thus drained was then used for arable farming, which now dominates the landscape. Meadows and pastures exist but are subordinate. Whereas, before the drainage works, a large proportion of the spring meltwater from the mountainous parts of the catchment could infiltrate in the lowland landscape, today, it rapidly flows down the straightened rivers.



In this short overview paper, we look at the details of this change with the aim of understanding what led to the drought disaster of 2022. We review the evolution of the Great Hungarian Plain from the geological–geodynamic explanation of the subsidence of the basin to the filling of the subsiding basin, which is the long-term driving force behind the quasi-equilibrium of the large floodplain. On a much shorter timescale, we also describe its evolution before river regulation, i.e., the largely natural state of the river valley. We summarize the process of water control works and their impact on land use changes. The changes in soil structure and the loss of soil water-holding capacity caused by changes in land use and the large-scale expansion of agricultural cultivation are described. We discuss the short-term meteorological causes of the 2022 drought and its likely links to the depletion of soil moisture during heat waves and the resulting reduction in evaporation. The proposal outlined at the end of the article aims to revive the storm activity that has disappeared during heat waves. Our assessment implies that short-term storm activity is a key factor in the water-retention capacity of the landscape. Our proposal intends to enhance the chances of local storm activity generating rainfall.




2. A Floodplain of Extremely Low Relief


The Great Hungarian Plain (GHP) is one of the most developed alluvial plains in the world (Figure 1). Its main river is the Tisza River. The plain is riverine, with a roughly uniform, extremely low relief of about 20 m over a distance of 200 km [4,5]. The local relief is even lower: a 1–5 m elevation difference can be observed over short distances [6]. This relief is generally related to the classical river terrace morphology, with its formation being associated with climate change over the last few tens of thousands of years [7]. Since the Tisza valley is tens of kilometers wide on the plain, the difference in the level of river terraces is very low, considerably lower than the typical 10–20 m step elsewhere. That is why, especially before the river was regulated and, in some respects, still today, the area was and is extremely sensitive to inundation; in some years, the potential floods and the inland excess water after spring snowmelt can take advantage of these very small differences in elevation. The formation and persistence of very low relief in the long term is due to geodynamic setting.




3. Geodynamic Setting


The Pannonian Basin (Figure 2), including our study area, the Tisza Plain, is considered to be a kind of “natural laboratory” because of its peculiar setting [8]. Indeed, the current hydrology, geomorphology and geology are the result of the interplay of many natural processes. The geodynamic history of the area is rather colorful. Apart from the mosaic of various tectonic settings, the Pannonian Basin is a patchwork concerning the uplift/subsidence pattern. There are zones with characteristic subsidence (e.g., Békés Basin); there are others which are uplifting (Bakony Hills, Visegrád Hills); and some other zones are quasi-neutral in this sense (e.g., the southern part of Transdanubia; cf. Figure 3).



The origins of this pattern go back to the Early Cenozoic to the Paratethys, a subbasin that was separated from the (neo)Tethys. During this time, the converging African plate consumed the space towards the Eurasian realm, and the disintegration of the Tethys and the presence of numerous microplates suffering CCW rotation during the northward motion (e.g., [9]) resulted in the separation of a large basin termed Paratethys. This separation is also reflected in the stratigraphy of the area (Paratethys stratigraphy), which differs from the worldwide-used stratigraphic system [10].
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Figure 2. Overview map of the Great Hungarian Plain (dotted line) within the Pannonian basin. The basin is surrounded by the Carpathian Mts. “K-puszta” is the location of the meteorological station, where the origin of the precipitation of the Great Hungarian Plain was analyzed in [11] (see Section 8). 
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Figure 3. Uplifting (red arrows) and subsiding (blue arrows) parts of the Pannonian Basin, along a WNW–ESE axis, cf. Figure 2. Subsiding regions are characterized by nearly flat topography. The Great Hungarian Plain was filled up by riverine sediments in the last few million years, providing this extremely low relief. 
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The development of the area continued with the formation of the Pannonian Sea, later Pannonian Lake [12], a closed hydrological system similar in situation to the recent Caspian Sea. The geodynamic evolution continued in the form of orogeny in the surrounding PanCarDi (Pannonian–Carpathian–Dinaridic) region; the emerging of the Eastern Alps and the filling up of the Molasse Basin to the north redrew the direction of the main watercourses, creating the Paleo-Danube, which delivered large volumes of sediments towards the east. Contemporaneously, the rivers of the Western, Northern and partly of Eastern Carpathians delivered more material, which started to fill Pannonian Lake, which, at that time, trapped of all these sediments [10,13,14,15]. Various volcanic activities also contributed to development, creating volcanic edifices lying over the Pannonian (sedimentary) strata. These volcanic mountains, now hills, segment the otherwise floodplain-dominated Pannonian basin.



The filling up of the basin has continued until today; however, a basin inversion started ca. 5 million years ago, forming a puzzle of uplifting, subsiding and quasi-neutral areas. The evidence of subsidence is the thick pile of Neogene sediments in the Little Hungarian Plain (also termed Danube Basin or Győr Basin) in the NW and the Great Hungarian Plain (GHP) in the E and SE. Although, for the last 2–3 million years, the basin inversion has speeded up, the subsiding parts trapped the resulting thousands of km3 of siliciclastic material [10]. The eroded volume has been partly deposited in these subbasins and partly transported through the basin towards the Black Sea [12,16], maintaining a dynamic equilibrium within the Pannonian Basin.



In the (sub)recent phase of evolution during the Late Pleistocene and Holocene, the Paleo-Danube changed it course (previously flowing in the western part of the basin) [17], inheriting the channel of confluence of the Paleo-Vág (Váh), Paleo-Garam (Hron) and Paleo-Ipoly (Ipel’) rivers, breaking through the otherwise uplifting volcanic Börzsöny and Visegrád Hills. In the GHP, a similar reorganization of the rivers also took place, resulting in the formation of the Danube–Tisza Interfluve and the (present) Tisza Plain [18,19]. The subsidence of the subbasins is still typical, whereas the rivers, primarily the Tisza, reacted with fine changes, creating a large floodplain [20] which is partly inundated during the flood season of the year. Swamps and wetlands, as well as marshlands, characterize the mosaicked landscape, including various sizes of lakes. In historic times, Nagybecskerek Lake (in Nagybecskerek, today Zrenjanin, Serbia) existed for long and was one of the major steppe lakes in the area [21,22].




4. Low-Relief Land Use and Water Control Measures


River regulation and water control have been known since the Middle Ages in the GHP [23], even if these interventions are not comparable in volume to the large-scale operations of the 19th and 20th centuries. Throughout the entire historical period, the purpose and the way in which water was regulated depended, to a large extent, on the profile of agriculture. While livestock farming was the dominant sector, there was no need for significant water regulation, especially flood control, as flooding helped to irrigate pastures in a natural way. The earliest water engineering works were needed in response to changes in riverbeds and unforeseen increases in flood levels. Drainage and water control works are known from the 13th and 15th centuries in the GHP. The medieval water network was somewhat different from that shown on the map sheets of the First Military Survey of the 1780s. Written records mention several watercourses, later unknown, which were referred to as rivers and waterways [24]. These smaller watercourses were only reduced to small reaches in the 15th century. Since there were no active drainage works yet at that time, changes in land use (e.g., deforestation, increased soil erosion and siltation) might have caused this phenomenon.



In the context of the flourishing medieval fish farming on the floodplains of rivers, the prominent economic role of the floodplains is clear. By exploiting the natural geography of the floodplains, it was possible to create areas suitable for pond farming with relatively little investment, but a special, complex form of exploitation developed along with crop and livestock farming, termed “fok” management (hereafter referred to as fens farming). Floodplain farming was a multi-stage farming system in which each activity (livestock, crop production and various types of natural farming) required essentially the same activity (maintenance of the system of fens, dams, reservoirs and ditches) [25,26,27]. According to [25], this specific management type, fens farming, in the steppe was based on the “fok”, an artificial, man-made cut through the natural barrier immediately adjacent to the riverbed, so that during flooding the water could flow out into the floodplain of the valley and back into the riverbed when the flood was over (cf. also [28,29]).



The floodplains of lowland rivers in temperate continental areas are suitable for floodplain management, where the natural levees are breached or artificially cut, and favorable water conditions ensure periodic flooding. The maintenance of fens farming required keeping “fok” and channels clean, which meant the periodic removal of sediment and floating debris. Without this, the system became unusable, i.e., the ponds and channels became overgrown and swampy and finally silted up. This system began to disappear during the Ottoman occupation, as the population drastically declined; it became confined to the upstream reaches of the Tisza in the 16th century. The expansion of wetlands may also have been significantly influenced by the construction of fortifications at this time. The expansion of the Ecsed marsh (Ecsedi-láp), one of the largest wetlands in the GHP, may also have been significantly increased due to the water level artificially raised to protect the Ecsed fortress in the 14th century (Figure 4).



Many refer to the map in Figure 4 as a kind of Romanesque vision of the ancient, original hydrological state of the Great Hungarian Plain. Although the map is declared to depict a “wild” state before the beginning of the water control works, which, according to the most common opinion, was due to the overgrown mills and the neglected network of fens, it shows a wetter and swampier picture than the medieval situation. The expansion of wetlands may have been influenced by the fortifications built during the Ottoman occupation. Historical ecological research suggests that from the 16th century to the mid-18th century, summers were persistently wet [31], which may have increased the extent of waterlogged areas. Compared with the situation suggested by the “swamp map”, we should certainly expect fewer swamps and marshes but more watercourses and lakes in the Middle Ages, but it would be speculative to draw a more accurate picture than this.



There is very little information on the vegetation of the Ecsed marsh, which was destroyed by drainage works before it could be scientifically studied. The still available data suggest that there may have been significant areas of floating reed islands in the marshland. After the Ottoman occupation, the importance of floodplain farming in the central Tisza region also declined, with grazing livestock remaining the dominant economic activity. Due to the lack of maintenance of the fens, many former fishponds silted up. According to Bellon [28], floodplain farming in this simplified form was well integrated into the food-producing system, and natural water fishing in particular flourished in some stretches of the Tisza even at the turn of the 18th and 19th centuries. Water mills, which proliferated in the early modern period, certainly played a role in the changes that happened to the floodplain. The valleys above the dams became waterlogged, and the lakes and ponds silted up and became swampy [23].



Perhaps, the most important message of this history is that the water-retention capacity of the landscape is largely a function of the soil (mainly peaty soils) and to a lesser extent a function of the vegetation; before the regulation works, the water-retention capacity of the entire flood-protected area exceeded the capacity of any artificial water storage.




5. Regulation of the Tisza River


After the Napoleonic Wars, during the period of economic development in the early 19th century, the deflooding and conversion to agricultural production of the 35–40,000 km2 of regularly or intermittently inundated lowland area became one of the most important political issues of the Hungarian state, which had partial autonomy within the Habsburg Empire. The main aim of regulation was to straighten the course of the main river, the Tisza, and to significantly narrow the wide floodplain, which was several kilometers wide and in some places tens of kilometers wide [32]. As a result of the work, the riverbed became steeper, and the water velocity increased in the regulated river sections [33]. Floods, especially spring snowmelt floods, accelerated, and the high-water levels rose to unprecedented levels, threatening previously apparently flood-free settlements [34,35]. Since regulation was initiated in the middle reaches, which were the politically and organizationally easiest areas, and it did not begin in the downstream sections proceeding towards the headwaters, the floods that thus accelerated in the lower reaches led to the famous flood disaster of the region and Hungary in 1879 [36] (cf. also [37]).



The aim of river regulation was basically threefold:




	
To rearrange the developed meandering river network and to improve the discharge of floods by straightening the channel of the Tisza and partly that of its tributaries;



	
To deflood and bring into agricultural production the 20,000 km2 of land by building a system of embankments along the river;



	
To make the rivers navigable, which allowed the resulting surplus in agricultural products to be transported.








The technology for regulation was very simple. The meanders were cut by small trenches dug along the newly designed bed, which was usually widened by the flowing water to form a new bed. If this did not happen over a period of years, the ditch was artificially widened. On both sides of the new, straightened bed, clayey earth fillings about 4 m high were raised by handwork [34]. The distance between the fillings and the bed was a few hundred meters, with the typical width of the resulting floodplain being less than 1 km. This later proved to be insufficient from a hydraulic point of view and was in any case less than the width proposed by [32] based on experiences in Italy. From a geomorphological point of view, it is interesting that no attempt was made to place the levees on the first terrace level that accompanies the river in most places. The location of the levees was determined by property ownership and disputes with landowners and was usually closer to the river than optimal [36].



Of the three aforementioned objectives, the first was practically achieved before the First World War. The major part of the second objective was also achieved; here, the filling of the last flood-endangered sections was completed around 1930. Although navigability was partly achieved and to some extent used until the First World War, the new state borders and the division of the basin among Hungary, Romania, Czechoslovakia and the South Slavic state around 1920 minimized this. The Paris Peace Treaties dealt in detail with navigation rights on the Danube but did not apply to the Tisza, the largest tributary in the region. After the Second World War, the lack of a shipping fleet meant that shipping virtually ceased to exist, and rail transport, which had dominated until then, became the almost exclusive mode. The other two objectives were practically fully achieved; despite the periodic threats of exceptionally high floods, which were relatively rare, the old floodplain, including the historic wetlands, became protected from floods, but they are now agricultural areas. In the 20th century, partly due to natural market processes and the former land tenure structure, and later, under the communist regime, due to state and collectivized farming, farming became and is still almost entirely industrialized, large-scale farming.




6. The Consequences of River Regulation


The most obvious effects of river regulation and drainage have been those on land use and vegetation. It has been estimated that prior to regulation, up to two-thirds of the area of the GHP was covered by water during floods. Even in a basically continental climate, regular flooding allowed for the development of forest vegetation. Model calculations conclude that the soil and climatic conditions would allow for the establishment of forest vegetation, at least in the form of forest steppe, on 77% of the GHP. In contrast, it has been estimated that 37% of the area of the GHP was covered by forests [38]. As a result of thousands of years of deforestation and drainage, the total area of forests has now shrunk to only 1% [38]. Before water regulation, the felled floodplain forests were replaced by swamps and floodplain meadows. The total extent of all floodplain meadows and ancient marshes and swamps in the plain was about 44%. By 1960, this had shrunk to 3–6% [39] (Figure 5).



From a water management point of view, this system is radically different from its former natural or near-natural state. The annual flooding levels did not reach the former floodplains [42,43]. The evaporation of the croplands was, therefore, reduced to a fraction of what it had been, and even the contemporaneous renowned engineers of this period involved in planning pointed out that unless a network of irrigation canals and irrigation systems was built to somewhat model the old system, the area would dry out in the long term and become less and less suitable for agricultural production [44]. In addition to water management, the balance of sediment transport and deposition in the region has also changed [45]. The natural recharge of the plain has been halted by the inability of floods, especially in their initial stages, and especially of waters with high sediment loads to reach areas far from the rivers. Consequently, sedimentation no longer compensates for natural subsidence. This has the added significance that induced compaction due to drinking water and hydrocarbon extraction increases the rate of subsidence [46]. In the last ca. 150 years, this has not yet had many practical consequences, although inland excess water is slowly becoming more frequent in areas of faster subsidence.



The present water network in the flood-protected areas of the GHP mainly consists of irrigation and drainage canals. The course of these channels has often preserved the original watercourse traces because they formed by deepening the ancient channels (e.g., Kórógy, Veker-ér and Száraz-ér). However, the watercourses of the lowlands before water regulation differed fundamentally in their structure, function and effects from those of today. They were extremely wide (30–100 m) and shallow (1–1.5 m) and had no definite course. They could flow in opposite directions depending on local precipitation conditions or the water levels of the associated rivers [47]. These lowland watercourses were navigable, albeit intermittently, by rafts in the Middle Ages and were involved in inland transport of goods (e.g., salt). The shallow, slow-flowing water recharged the water levels and contributed to the rising of the groundwater levels. The channels formed in their place are narrow (5–10 m) and deep (2–3 m) and have a definite course. The channels cut deep into the ground drain surface water during periods of rainfall and groundwater during periods of drought.



From a regional hydrological perspective, however, perhaps the most important consequence is the drastic reduction in the landscape’s capacity to retain water. Ecosystems with high water-retention capacity have disappeared, and as we will see in the next section, large-scale agriculture has seriously affected soil structure, significantly reducing its water-holding capacity.




7. Changes in Soil Structure Due to Industrialized Agriculture


The typical soil sequence of the central part of the GHP is as follows: The dominant soil of the upper level is chernozem. In the river floodplains and lower areas, fluvisols are typical: meadow soil, histosol and peat soil (cf. [48], p. 97). Between the above two levels, there is saline (solonetz) soil, as seasonal fluctuations in groundwater accumulate salts here. The flood-free levels were already used for arable farming before river regulation. In most of the temporarily waterlogged areas, meadow soil was used for agriculture after the water control works. Here, the loss of water effect results in the formation of meadow chernozem, and in lower areas, the accumulation of salts leads to the formation of secondary solonetz. There are also extensive areas of sandy soil on the somewhat elevated former alluvial fan remnants.



As a result of river regulation, large areas of arable land, totaling tens of thousands of square kilometers, have been created. Some of these areas were formerly regularly or intermittently watered meadows and pastures, but following regulation, extensive wetland drainage has also occurred. Most of these have also become arable farmland.



In the 20th century, the role of smallholdings was subordinate. In the first half of the 20th century, in addition to concentrated land ownership, a small part of the arable land was farmed manually and on small plots, but mechanized farming appeared at the end of the 19th century and gained momentum in the 1930s. After WW II, the main aim of the agricultural policy of the communist political regime was collectivization and the introduction of large-scale, intensive board agriculture with mechanized farming. As a result, most of the arable land has been ploughed and harvested by machine since the 1950s and 1960s. The size of the small plots of land cultivated individually was negligible by comparison. Although the proportion of land owned by individuals began to rise again after the fall of communism, the landscape is still characterized by large-scale farming, with small plots in places.



It is not the large plots that cause these problems; it is regular machine cultivation that is causing a major change in soil structure. Repeated compaction by heavy machinery and deep ploughing result in a compacted soil layer at the bottom of the plough line [49,50]. Arable farming inherently inhibits rainfall infiltration. The primary reason for this is the crusting of the soil, which inhibits infiltration. As a result, the water-storage capacity of a ploughed soil is decreased, resulting in significantly lower available water supply [51]. Indeed, a series of comparative rainfall simulator experiments over the whole growing season [52] provide evidence that ploughing results in inhibited soil precipitation uptake for all soil conditions. The long-term effect of ploughing, which is known as plough pan [53] reduces the permeability of the compacted soil to infiltrating water.



The bulk density of chernozem and meadow chernozem soil is 0.9–1.4 g/cm3, depending on the tillage status. The typical ploughing depth in Hungary is 25–27 cm [54]. The resulting plough pan thickness is 5–15 cm, and its bulk density is cca. 1.8 g/cm3, resulting in reduced water permeability. This layer stores significantly less water than in its previous, uncompacted state [55,56]. This significantly reduces the amount of precipitation water that can be stored in the soil [57,58,59]. Deep infiltration of infiltrated water is inhibited by the plough pan; indirect evidence of this can be found in [60], where it is shown that low-molecular-weight humic matter in soil moves mostly parallel to the surface in the uppermost layer of topsoil, indicating a strong limitation on deep infiltration. As a result of the plough pan, originally good topsoil becomes similar to solonetz soil with a shallow impermeable layer [48]. Some 5–10 years after abandonment of cultivation, soil fauna and vegetation remove this pan [60]. This time can be reduced by using crops sown specifically for this purpose (e.g., oil radish; Figure 6).



However, a little amount of precipitation water remains above this compacted layer, and the soil dries out rapidly even under average summer weather conditions. During periods of severe precipitation deficit or during periods of drought such as in 2022, there is virtually no groundwater above the compacted soil layer. This results in the complete destruction of crops that rely on water stored in the pores of the topsoil layer under such conditions, as happened in eastern Hungary in 2022.




8. Drought of 2022 in Eastern Hungary


In the summer of 2022, a severe drought hit several regions of Europe. The Iberian Peninsula, parts of France and northern Italy were the worst hit [61], but the local impact on crops was devastating in parts of Europe, including eastern Hungary. It is estimated that drought has so far caused between EUR 1.5 and 2.5 billion of damage to agriculture. In lowlands, maize yield losses were close to 100 percent. The area affected by drought damage declared to the compensation scheme exceeded 10,000 km² (Figure 7).



To assess the components that contribute to precipitation in a normal year, we can use a proxy. An estimate of the water sources of precipitation in Hungary was made using isotope data from the station “K-puszta” (for its location, cf. Figure 2) installed in the central part of the country (and the area affected by the 2022 drought) over a one-year interval in 2012–2013. The results show that evaporation from the local area contributed 15% of the local precipitation; the Mediterranean area, 57%; and the Atlantic source, also 15%. Within this, the local sources mainly contributed to precipitation during spring snowmelt, as well as the convective events (thunderstorms) in June and August [11]. Compared with the multi-year average annual precipitation of 450–500 mm in the region, the value measured from September 2021 to August 2022 was around 250 mm [3], meaning that the 7 driest months of the last 90 years were recorded. A comparison of the 20-year average and the 2022 monthly data for a station in central Hungary is shown in Figure 8. Until the end of August 2022, the total rainfall in parts of the Great Hungarian Plain somewhat exceeded 100 mm this year. While the European drought of 2022 was caused by prolonged anticyclonic periods in the western part of the continent [62], Hungary also experienced a significant lag of the early summer precipitation maximum and thus a complete absence of local evaporation [2] (Figure 8 and Figure 9). There were two heat waves with record temperatures above 40 °C. In natural grasslands, the growing season was shortened to 1 month, and in many places, Quercus and Robinia forests became leafless unusually early.



We can describe the situation with a gross oversimplification: due to insufficient local evaporation, the thunderstorms that were otherwise the main source of summer precipitation were absent, and the cold fronts that closed the anticyclonic periods passed through without precipitation and with dry winds, further worsening the drought situation. Although the local source of precipitation is inferior to the vapor from the sea, it acts as an important trigger for thunderstorm formation; near-surface water saturation is a prerequisite for thunderstorm formation [63,64]. Soil with reduced water-holding capacity dries out to the point where the soil can no longer provide the near-ground moisture needed to support thunderstorms in the very early stages of drought. In the historical context, however, the drought of 2022 is not unprecedented but very rare [3,65,66,67].




9. Discussion: A Corrective Option and a Proposal


Eliminating the spatial structure that was created after river regulation is no longer an option. Any correction can only involve land use and cultivation changes affecting a small part of the area. This is proposed below.



The strategy has two phases:




	
To increase the water-retention and water-storage capacity of the soil;



	
To use the surplus water stored; in this way, the elongated transpiration of water by vegetation will provide sufficient near-soil moisture during summer.








The latter measure is necessary to allow the summer heat storms and frontal thunderstorms that do not occur with a completely dry ground layer to develop when other conditions (convective elements caused by natural warmth and wind shear at high altitudes due to the passage of fronts or local effects) occur. This would allow for the reintroduction into the water balance of the region of the mid-level marine (Mediterranean and Atlantic) sources of evaporation, the precipitation of which does not currently occur here in the absence of thunderstorms.



In the literature, the artificial enhancement of cloud cover and precipitation is referred to and discussed under the term of cloud seeding [68,69]. In our case, however, this term would be misleading. Our proposal does not aim at artificially accelerating cloud formation. The aim is to restore the natural cloud-seeding capacity that existed in the past and still exists today in the case of summers that are not very dry. In particular, during summer heatwaves, the aim is to trigger the formation of thunderstorms, which are the main source of precipitation during this period. The lack of thunderstorms is the main cause of droughts, but when they do occur, they help not only to irrigate but also to sustain the cloud and storm formation process itself by circulating water locally between the atmosphere and the ground (Figure 10).



The restoration of drained peatlands for water storage is of increasing importance worldwide, not only for hydrological reasons but also for nature conservation, tourism and agriculture [70,71,72,73,74]. Because of their significant water capacity, peat soils are highly suitable for groundwater storage, a function that has been fulfilled for thousands of years by the marshes associated with lowland rivers. The lowland plains of the GHP were once covered to a considerable extent by various types of peaty soils. These have suffered severe losses over the last century due to drainage, peat extraction and climate drying. Peatlands in the Hungarian part of the Great Hungarian Plain may have covered more than 29,000 ha, with an estimated peat volume of 205 million m3 [75]. The largest peatland basins were Ecsedi-láp and Kis-Sárrét, with peat reserves being estimated at 120 and 100 million m³ at the beginning of the 20th century. The extent of degradation is indicated by the fact that by the 1980s, there was nothing left of these peatlands [75,76]. Today, 96% of Hungary’s peat reserves are found in the hilly areas of the Transdanubian region, for example, in the swamps along the shores of Lake Balaton [76]. The example of Lake Tisza also shows that after artificial flooding, the formation of peatlands, floating reed islands and peaty soils can start in stagnant wetlands within a few decades.



The above set of proposals are not particularly novel in themselves; they are now considered standard elements of landscape reconstruction. In our case, however, the aim is to allow for the evaporation of the water stored in the soil in these areas by plant communities optimized for this purpose. This evaporation capacity is maintained for weeks to ensure that enough moisture is released into the near-surface air layers to enable frontal or convective thunderstorms to form.



To achieve this, a total area of around 5000 to 7000 km2 (about one-fifth of the total area covered by the scheme) will need to be restored to marsh vegetation or at least be converted to farming practices that restore and maintain soil water-holding capacity and ensure continuous summer evaporation. However, due to the ownership of the site, it is not envisaged that this area be contiguous but that it be restored to near-natural conditions in a mosaic (Figure 11). The work of Pinke et al. [29] was used as a guide for the proposed spatial extent and spatial proportions, and this is an obvious direction of future research.



The optimal areas for returning to near-natural conditions are:




	
The lowest-lying areas in a given region (e.g., the administrative area of a municipality);



	
The areas with the lowest production value (according to the Hungarian cadastral system, the lowest value of the “technical gold crown”) in the same area;



	
The areas whose owners are willing to sell or lease them to the coordinating state agency;



	
The areas whose size is greater than a minimum value (to be defined) or, if not, equal to the minimum value together with the neighboring or nearby areas which may be included in this system.








In the land included in the correction system, the secondary impermeable layer formed by large-scale agriculture should be broken at some points or broken by temporary planting vegetation capable of doing so.



The water supply of the near-natural landscape mosaic fragments to be created in the above ways and locations can be achieved using gravity-based channels and channels using old watercourses and reaches that can still be traced according to the topography, wherever possible. As snowmelt floods (Figure 12), or almost any type of flood, no longer occur every year in the main rivers in the area, water can only be supplied to these feeding watercourses by damming the rivers. For this purpose, in particular, the construction of an additional dam on the Tisza may be justified. Another option for efficient groundwater recharge that can also be considered is managed aquifer recharge (MAR; for applications in the region, see [77,78]).




10. Conclusions


Based on the long-term (historical) experience and especially on the lessons learned from the 2022 centennial drought, it is imperative that the conclusions of this study are followed up with various actions. In order to ensure that the parched Great Hungarian Plain receives more rainfall during the critical summer period and, parallel to that, that the water-retention capacity is restored, we propose to implement the following:




	
Abandoning arable farming in areas that were regularly or intermittently inundated prior to the water control works.



	
In these areas, political and financial regulators should designate landscape mosaic fragments where the primary objective is to increase soil water-retention capacity, autumn–winter–spring water storage and summer evaporation of stored water.



	
The temporary planting of suitable vegetation (e.g., oil radish; Raphanus sativus var. oleiferus) should be used to reduce the secondary impermeable layer compacted through the use of heavy agricultural machinery. This should again increase the water-retention capacity of the upper part of the regolith (Figure 6).



	
In the low-lying parts of the selected mosaic fragments, marsh vegetation should be used to promote local summer evaporation in the lower parts and meadow and pasture land use in the more elevated parts.



	
These areas need to be supplied with additional water from rivers, typically in autumn and early spring or during possible extreme flood events. To achieve this, it is proposed to upgrade existing excess water drainage channels, reversing their flow direction. As the length of the high-water periods of the feeding rivers is much reduced, the construction of one dam on the Tisza and another on the Berettyó to partially return the water to its original course should be considered in addition to the existing dams.








The aim of all these measures is to ensure that during the critical summer months, at least parts of the currently driest central region of the Great Hungarian Plain will have water vapor in the lower atmosphere during summer. This is necessary to trigger thunderstorms associated with summer cold fronts in addition to heat showers in June, thereby increasing precipitation. In addition to the above strategic objectives, the transition also raises other issues of various nature, e.g., socio-economic, environmental, health, disaster management, etc., which are not addressed here. In addition, the scale of the intervention means that it must be preceded by a socio-professional debate. Without this, the necessary local social support or, ideally, identification cannot be hoped for. Nevertheless, intervention seems to be urgent.




11. Further Directions


In order to refine the concept outlined above and put it into practice, further research is needed in two main directions.



Firstly, it is necessary to clarify and quantify the water-storage capacity of the typical soils of the Great Hungarian Plain in their natural soil conditions before the formation of the plough pan. In other words, how much precipitation could be stored in soil layers at depths still available for summer evaporation? Likewise, it is necessary to quantify this water-storage capacity today, after the development of the plough pan. These questions have only indirect answers (mainly [58]).



There are no precise estimates yet (for the first estimates, see [29]) of the minimum and optimal extents of the area that should be devoted to water storage in the landscape and to permanent evaporation in summer. Also, an important question of this research is the minimum field size for land use change in mosaic design when designing alone and/or in clusters. The contribution to the triggering of summer storms should be tested on a smaller area first.



Last but not least, research should be carried out on the social impact of the proposed changes, on how the affected people would react and on how the necessary steps might be accepted.
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Figure 1. An old, dried-up watercourse in autumn 2022 with some renewed vegetation after the September rains, showing the severity of the 2022 drought (photo by Gusztáv Jakab). 
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Figure 4. The “pond map”, a well-known piece of Hungarian cartography from 1938. It shows a conceptual map of the permanent (dark blue) and temporary (light blue) water cover of the Hungarian lowlands prior to the water control measures (cf. e.g., [30]). Note that the permanently or temporarily water-covered regions (blue) correlate well in extent with the subsiding part of the GHP (cf. Figure 3). 
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Figure 5. Land cover changes in the Sárrét (translation: muddy meadow) region, a large swamp at the center of the Great Hungarian Plain prior to the water control measures. The 1785 situation is shown in a map sheet mosaic of the First Military Survey of the Habsburg Empire (top panel; cf. [40]), while the modern data are from the CORINE Land Cover 2018 dataset (bottom panel; [41]). Note that the former swamplands (cross-hatched area in the 2018 map) were almost totally turned into agricultural fields, while the original land use of a higher proportion of meadows and pastures has been maintained. For the location of the area, check Figure 2. 
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Figure 6. Changes in the soil structure. (A) Original state after temporary inundation, (B) current structure (heavy machine ploughing) and (C) proposed solution using special plants (e.g., oil radish (Raphanus sativus var. oleiferus)) that can penetrate the impermeable layer. (1) Original soil structure, with appropriate soil moisture distribution. (2) Topmost cultivated layer. (3) The plough pan, a less permeable layer due to heavy-load machines. (4) Dry layer below the less permeable layer. (5) Partly saturated soil owing to plants penetrating the impermeable layer. This solution is only suitable for breaking through the secondary impermeable layer; it is not an immediate solution to restore the soil structure. 
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Figure 7. Severity of the drought occurred in Europe in the extremely hot 2022 summer heat wave [1]. While the western and eastern parts of the continent were damaged by elongated anticyclonic periods, in the Great Hungarian Plain, the fronts occurred at almost normal rates, but they passed without precipitation. 
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Figure 8. Monthly averages of precipitation, temperature and relative humidity: twenty-year averages and data for the severely droughty year 2022 are shown separately for the station “K-puszta”, central Hungary (in a forest, not affected by urban influences). The measurement location is on the western edge of the severely drought-prone part of the GHP. Notable is the partial and almost complete absence of precipitation in June and July and the resulting drastic drop in humidity. The present work suggests that this drop is not only a consequence but also partly a cause: one of the conditions for the development of thunderstorms in summer is the humidity in the near-surface air layers, which was practically absent at that time. Data source: HungaroMet. 
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Figure 9. A typical situation of summer 2022: there were clouds and medium-to-high levels of moisture in the atmosphere but no precipitation. The topsoil was completely dry, and the crops to be harvested in autumn had 100% yield loss in many places (26 July 2022; photo by Gusztáv Jakab). 
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Figure 10. The proposed concept is to recreate the conditions for summer thunderstorms even in years of low precipitation: the passage of summer cold fronts in the past and in humid years (A); today, in arid years (B); and as planned (C). (A) Natural state of the landscape with extensive floodplains and marshes: high evaporation causes fronts to pass through with thunderstorms, maintaining the landscape’s moisture. (B) The current state in drought years: no thunderstorms due to dryness of the near-surface air layers and persistent lack of rainfall. (C) The evaporation areas that we propose will replace some of the near-surface moisture, allowing thunderstorms to reappear in arid years, also bringing additional rainfall to agricultural areas. 
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Figure 11. Potential evaporation areas (dashed areas) on the northwestern edge of the Sárrét. The black and white satellite image shows that now, the whole area is under arable cultivation. The area has extremely low relief, and the color-coded elevation differences (strongly stretched to become visible) illustrate where it is possible to change the land use from crop fields to meadows or wetland to increase water retention and evaporation; the optimum locations for this are the bluish-green hue (lower elevation) areas. For the location of the area, check Figure 5. 
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Figure 12. Evapotranspiring vegetation can be found today almost only on the floodplains of rivers. Photo taken on 26 March 2023 during the spring flood on the floodplain of the Körös River: water cover and evapotranspiring vegetation (photo by Gusztáv Jakab). 
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