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(and from outside) to present their research and re-network on the emerging topics of the hydrology of the Carpathians at 
the HydroCarpath Conferences since 2012. 
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Challenges to the hydrology and water management in  
the Carpathian Basin 

 
Signals of changing climate and recent extreme flood and 

drought events in the Carpathian Basin have stimulated 
scientific and public discussion on the issue of whether the 
frequency and severity of these events have been increasing, to 
what extent such changes could be attributed to anthropogenic 
influence and how to observe, monitor and model processes 
describing them. Despite the fact that a large amount of 
research has been undertaken to investigate the primary sources 
of natural drivers and societal pressures of hydrological 
phenomena globally, there is still an urgent need to achieve a 
comprehensive understanding of the impacts of current land use 
and management practices, and their changes, on runoff 
processes in general and those of extremes in particular. It is 
recognized in the Basin and globally that understanding the 
interactions of drivers and hydrological processes on local and 
regional scales is also an essential prerequisite for addressing 
practical water resources management problems (Blöschl et al., 
2019). 

The rich spatial and temporal heterogeneity of climatic  
drivers, regional and local control conditions in the Carpathian 
Basin, and the variety of active flow processes during particular 
seasons and events, makes it difficult to arrive at generalized 
descriptions of the genesis of particular types of regimes and 
events. The same applies to specific regional and local hazards 
and risk factors and to the design of generally applicable miti-
gation schemes. In this respect, the regional understanding and 
modelling of catchment hydrological processes are becoming 
increasingly important for addressing science as well as practi-
cal water resources management questions. Chances offered by 
new sources of data, based on latest developments in radar 
meteorology, experiments on hillslopes, and tracer studies in 
catchments have given hydrologists opportunities to compare 
different models of the same type (e.g., distributed) or different 
types of models (e.g., distributed vs lumped, process-based vs 
conceptual) on a regional basis (Bierkens, 2015). The confron-

tation of catchment experiments with results from catchment 
modelling has become more critical in recent years (Ceola et 
al., 2015). 

On the other hand, the new data is also supporting the study 
and generalization of hydrological regimes. All these activities 
support better process representations in both deterministic and 
stochastic models in diverse hydrological environments and 
enable more reliable predictions in ungauged basins. Interna-
tional cooperation in science within hydrologically connected 
transnational basins is essential to meet these challenges. In the 
Carpathian Basin, established hydrologic scientific networks 
have suffered due to the significant societal and economic 
changes in the last decades. Previously, flourishing experi-
mental research became underfinanced and international 
UNESCO supported education almost diminished (Brilly et al., 
2010; Prohaska et al., 2020). Other negative aspects were the 
reorganization and vanishing of some hydrology related re-
search organizations. For example, in Hungary, hydrological 
research was implemented or coordinated traditionally at the 
Water Resources Research Institute (acronym VITUKI). Which 
was Because of reorganization VITUKI has been dissolved in 
2013. Some of its main research tasks had not continued (Gri-
bovszki, 2015). Recently, it has been increasingly recognized 
that the cooperation in hydrology along the Danube needs to be 
revitalized. In the Common statement from the participants of 
the XXVII Danubian Conference on hydrological forecasting 
and hydrological base of water management (Ninov and 
Bojilova, 2017), the urgent needs of engineering hydrology and 
water resources management were summed up under 14 topics. 

Against this background, the Department of Land and Water 
Resources Management of the Slovak University of Technolo-
gy in Bratislava, the Institute of Hydraulic Engineering and 
Water Resources Management of the TU Vienna and the Insti-
tute of Geomatics and Civil Engineering of the University of 
Sopron launched an initiative to give an opportunity to young 
hydrologists in the Basin (and from outside) to present their 
research and re-network on the emerging topics of scientific 
hydrology connected to the hydrology of the Carpathians – the 
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HydroCarpath Conference series, starting in 2012 (HC, 2020). 
This conference series has continued to present results mainly 
from PhD research on problems of local and regional Carpathi-
an hydrology (and that in the surroundings) around these topics: 

• - Results from catchment experiments leading to bet-
ter process understanding and representations. 

• - The confrontation of hydrological catchment models 
with new types of data and process representation for distinct 
purposes: suitability of models for particular questions. 

• - Regionalization and generalizations of hydrological 
regimes on various temporal and spatial scales using increased 
process knowledge. 

• - Application of models and ensembles for improved 
characterization and predictions of changes in hydrological 
processes and climate change impacts on the water cycle. 

This Special Section is organized along with these topics and 
presents contributions presented at recent conferences of this 
series. 

 
Recent advances in the hydrology of the Carpathian Basin 

 
Experimental research, after years of starvation and stagna-

tion, has been revived recently in the Basin. Results from ongo-
ing research from three research stations, the Hydrological 
Open Air Laboratory (HOAL) in Petzenkirchen in Austria 
(Blöschl et al., 2016), the Jalovecky creek catchment in Slo-
vakia (e.g., Holko et al., 2020a; Krajčí et al., 2016) and the 
Hidegvíz Valley experimental watershed in Hungary (Csáfordi 
et al., 2012) are presented in this Special Section. 

Evapotranspiration plays an important role in the estimation 
of the water balance on many hydrologically relevant spatial 
and temporal scales (Casper et al., 2019). Without measuring 
evaporation and transpiration on the field scale, which is com-
plicated due to the extreme heterogeneity of the whole relevant 
factors in the environment, the upscaling of point measure-
ments to hillslope, catchment and regional scales cannot be 
completed (Burt et al., 2005). Without the parameterization of 
the evapotranspiration process in hydrological modelling 
(Széles et al., 2018), including its partitioning into the two basic 
components, we cannot succeed in many water management 
decisions (e.g. scheduling and determining water requirements 
for irrigation) or in capturing land surface-climate interactions 
in climate modelling (Wang and Dickinson, 2012). Therefore, 
research conducted even under particular conditions is a valua-
ble contribution to the knowledgebase. Hogan et al. (2020, this 
issue) used an eddy covariance device to measure the evapo-
transpiration of a growing maize field in the HOAL research 
catchment in Austria. Using the concentration and isotopic ratio 
of water vapour within the canopy, the performance of two 
partitioning methods, the stable isotope technique and a La-
grangian near field theory (LNF), was compared in partitioning 
the evapotranspiration into evaporation and transpiration. The 
two methods gave overall similar results, and the measured 
values were in line with those from similar experiments with 
maize. Given the complicated nature of the phenomenon, rec-
ommendations for follow-up research are not straightforward, 
because the robustness and the much larger amount of useable 
data of the stable isotope method, as well its lower variance, are 
offset by the need for additional measurements and analyses. 

The confrontation of hydrological catchment models with 
new types of data and process representation for distinct pur-
poses, including testing the appropriateness of models for  
particular questions are also preferred topics at the HydroCar-
path conferences. Formation of runoff on the hillslope and 
catchment scale during intense precipitation is one of the inten-

sively discussed and researched topics in this respect (e.g. 
Scherrer et al., 2007; Silasari et al., 2017). The response of 
catchment runoff to precipitation is highly non-linear due to 
heterogeneity in inputs and catchment characteristics, threshold 
behaviour depending on catchment wetness and storage states, 
varying relative contributions of different landscape units, etc. 
Besides infiltration excess (Hortonian) and surface flow, sub-
surface stormflow is generally recognized as a dominant factor 
in flood generation (e.g., Bachmair and Weiler, 2011). Soils 
play an important role in runoff formation. Preferential flow in 
the soil/subsoil/hillslope system through subsurface networks 
that have developed from a range of botanical, faunal and geo-
physical processes, also contribute to the transport of fine parti-
cles, water and solutes and to soil degradation (Band et al., 
2014). Preferential flow in the soils (Beven and Germann, 
2013), instability-driven flow (Tesař et al., 2001) or the fill and 
spill mechanism (Tromp-van Meerveld and McDonnell, 2006) 
are commonly used to explain the rapid formation of subsurface 
flow that eventually contributes to catchment stormflow. Soil 
stoniness can also contribute to rapid flow response as it reduc-
es the soil retention capacity. This phenomenon is still not well 
studied, and it is often neglected in runoff formation theories 
and is not included mathematical models (Hlaváčiková et al., 
2018). Mujtaba et al. (2020, this issue) used measured catch-
ment runoff of the Jalovecký Creek experimental catchment 
(West Tatra Mountains, Slovakia) generated by moderate and 
high-intensity rainfall as a basis for comparison with modelled 
responses from the HYDRUS 2D model, which accounts for 
stoniness (Šimůnek et al., 2018). Comparisons of simulated 
lateral subsurface flow hydrographs with catchment runoff 
hydrographs have indicated that the shapes of both were similar 
for about one-half of the examined rainfall events. These find-
ings call for increasing the efforts in obtaining good field and 
laboratory data characterizing soil stoniness and its variability, 
since the central idea of this study, the notion that reduced 
retention of stony soils can have a similar effect on catchment 
runoff formation as the commonly accepted and more often 
studied preferential flow, needs to get serious attention in the 
future. 

Experimental data on runoff formation can be useful when a 
typology of flooding phenomena is sought. Indicators for the 
intensity of flood generation for different runoff mechanisms 
can be either direct or indirect. The direct indicators are directly 
linked to catchment properties, whereas the indirect indicators 
are linked to flood and flooding properties. The threshold val-
ues of these indicators are of a local nature, as they depend on 
the hydrology of the plot/hillslope/river basin in question. 
Three specific spatial scales are important for understanding the 
lateral movement of water on or below the soil surface: the plot, 
the hillslope, and catchment/river scales (e.g. Smith and Red-
ding, 2012). There cannot be a unique set of indicators for all of 
these, even under equal environmental/social settings. 

Among direct indicators on the catchment scale, which can 
capture the character of runoff concentration, typically are 
morphometric parameters (such as stream density, catchment 
shape, size and distribution of wetlands and sealed surfaces, 
etc.), anthropogenic disturbances (cross-drain frequency or 
density of roads, the density of stream crossings, drainage sys-
tems, etc.), runoff concentration indices (time of concentration, 
time to the peak, catchment lag time, etc., see Fang et al. (2005) 
for a review), landcover (vegetation, land use types and evolu-
tion) or geology (Viglione et al., 2018). 

As indirect indicators on the catchment/regional scale one 
could typically use descriptors of flood typology, such as runoff 
generation process typology (Viglione et al., 2010), the propor-
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tion of events of different origins and typical flood time scales 
(Gaál et al., 2012). 

Among these indicators, the event runoff coefficient and the 
recession coefficient are of special theoretical importance for 
understanding catchment response and also of practical im-
portance in hydrological design. Both can be regarded as im-
portant characteristics of hydrologic response on the event 
scale. The study of Chen et al. (2020, this issue) aimed at iden-
tifying factors which control the variability of event runoff 
coefficients (and the recession coefficient) in the HOAL re-
search catchment and evaluating the relative importance of the 
controls in different subcatchments representing different run-
off generation mechanisms. Besides that, also the predictive 
power of three regression-based machine learning techniques 
was evaluated with respect to their potential for estimating the 
event runoff coefficient (and the recession coefficient) from 
their controls. Overall, it was possible to demonstrate that both 
the performance of estimating the runoff coefficient (and the 
recession coefficient) and the relative importance of explanato-
ry variables depend on the type of hydrological system, i.e. the 
runoff generation mechanism. The study, therefore, motivates 
further research into understanding their controls and their 
variability, since it has the potential for improving predictions 
of runoff in ungauged basins. 

The estimation of event-based flood events is one of the 
most important parts of the design process for a large number 
of engineering projects and studies.  A significant problem may 
arise in small catchments that are poorly gauged or when no 
recorded data exist. As an indirect indicator of flooding intensi-
ty, the CN parameter is important in this respect, which is usu-
ally directly used in direct runoff and design discharge estima-
tion. Since its introduction in 1954, the Soil Conservation  
Service curve number (SCS-CN) method is generally consid-
ered a standard tool in practice. It has an empirical origin, 
lumped character, and even though the SCS-CN method is 
restricted to certain geographic regions and land use types, it is 
widely used (Bartlett et al., 2016). 

In this method, the relationship between soil and land use 
characteristics and antecedent rainfall conditions are represent-
ed by a Curve Number (CN) parameter, which is tabulated in 
the original method. With this simple parameter, a rainfall 
depth is transformed into a runoff depth. Testing of the method 
under various hydrological conditions, unfortunately, showed 
several limitations, which were pointed out, e.g., by McCutch-
eon et al. (2006). Despite rising criticism due to the lack of 
European data for its verification, see Soulis et al. (2009), in 
engineering studies (and also in some rainfall-runoff models 
and, in some cases, even in mitigation policies), the SCN meth-
od has remained popular in the Carpathian Basin. 

Recently, to address these limitations, the use of empirical 
CN values calculated from recorded rainfall-runoff events, 
instead of the tabulated ones, was proposed and tested in the 
Basin. Banasik et al. (2014) and Rutkowska et al. (2015) intro-
duced a probabilistic approach to the variability of empirical 
CNs. The main objective of the Kohnová et al. (2020, this 
issue) is to continue along this line by proposing and evaluating 
the performance of a regional approach to treat empirical CN 
values in homogeneous regions statistically and to test the 
sensitivity of such estimation to different initial abstraction 
ratios. The popular method of Hosking and Wallis was com-
bined with the ANOVA test to delineate homogenous groups of 
catchments with similar empirical CN values. The 50% quantile 
of the regional theoretical regional distribution function of CN 
estimated from all catchments in the region, was chosen as the 
regionally representative CN. The regional treatment and intro-

duction of a common regional CN open up the opportunity to 
pool the information content of the rainfall-runoff process in 
homogenous catchments and to apply it to similar catchments. 
Confronting the landuse-based tabulated CN values with the 
statistically derived counterparts in the region contributes to 
more reliable estimation of design discharges in small catch-
ments. The paper could, therefore, give rise to an alternative 
way of estimating CN values in forested catchments and 
catchments with a lack of data or without observations. 

Regionalisation and generalisations of hydrological regimes 
on various temporal and spatial scales using increased process 
knowledge was a traditional strength of the hydrology of the 
Carpathians in the past (e.g. Brilly et al., 2010). The scale and 
intensity of slow changes in land-use/management due to eco-
nomic reasons and new political priorities (following changes 
in 1989, such as the abandonment of land, a new paradigm in 
the management of forests, increasing protection of ecosystems 
and introduction of natural water retention measures, changes 
in agricultural policies, etc.) call for studying the changes of 
hydrological regimes. Numerous attempts were therefore un-
dertaken to use distributed rainfall-runoff models to assess 
regime changes resulting from such effects (e.g. Rončák et al., 
2016) and to detect signals indicating irregular behaviour of 
hydrological time series in the Basin (e.g. Pekárová et al., 
2011). Less common, and indeed more difficult to conduct, 
were attempts to explain regularities or potential irregularities 
in time series by causative factors (e.g. Longman et al., 2019). 
In this respect, Kundzewicz and Robson (2004) reminded that 
analyses of time series data should include stages of explorato-
ry data analysis, application of statistical analysis and interpre-
tation of tests results, warning that natural variability could 
appear like trends and other changes. Merz et al. (2012) sug-
gested that detection only is not sufficient, it should always be 
accompanied by the more challenging attribution, and both 
should be positioned within in a hypothesis-testing framework. 
Holko et al. (2020a, b, this issue) in two companion papers, 
guided by such principles, analysed the water balance, hydro-
logical response, runoff and snow cover characteristics as well 
as isotopic data in precipitation and catchment runoff (oxygen 
18) in search for changes in the hydrological cycle of a moun-
tain catchment representative of the hydrology of the highest 
part of the Western Carpathians. Both studies differ from simi-
lar studies by the fact that they are conducted in an experi-
mental catchment, where the hydrological cycle is relatively 
well understood, and many different data series were available 
for the analysis to identify causal factors. The authors did not 
restrict themselves to the use of one analytic method. Instead, 
they focused on the consistency of results from different meth-
ods. Even though no clear signals for relating the observed 
behaviour of the respective time series were found, new in-
sights were gained into the complexities of the components of 
the hydrological cycle and the behaviour of hydrologic phe-
nomena. At the same time, they stated that despite better data 
availability and deeper knowledge of the hydrological cycle in 
the research catchment compared to other, less-studied catch-
ments, the attribution analysis remained uncertain due to the 
unavailability of data on other possible drivers. 

Application of models and ensembles for improved charac-
terisation and prediction of changes in hydrological processes 
and of climate change impacts on the water cycle is naturally a 
hot topic for hydrology research in the Basin, too. Diverse 
approaches on how to assess the impact of changes in climate 
on the hydrological regime exist. Credible data, methods and 
tools are needed to evaluate the uncertainty in the projections 
(Olsson et al., 2016). Regional climate models (RCM) domi-
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nate the climate scenarios in regional or local assessments in 
hydrology either as single- or multi-model studies using again 
single or ensemble downscaled RCM outputs (e.g. Krysanova 
and Hattermann, 2017). While a single scenario and model 
studies were dominating in the past, recent methodical im-
provements have advanced the quantification of uncertainties in 
the modelling chain. Past scenario-based climate change impact 
modelling with rainfall-runoff models in the Carpathian Basin 
Slovakia rarely accounted for uncertainties due to various cli-
matic models. These assessment methods have limited potential 
today when various regional climate model outputs with short 
time steps under several emission scenarios are available. The 
majority of present studies uses downscaled RCM cli-
mate/emission scenarios to drive rainfall-runoff models (Stagl 
and Hattermann, 2015). Csáki et al. (2020, this issue) conduct-
ed a systematic intercomparison of climate change impacts on 
evapotranspiration and runoff in a catchment supplying water to 
the largest lake in Central Europe using multiple regional cli-
mate change models and a robust climate-runoff model built 
around a modified Budyko hypothesis. The Budyko framework 
was extended for areas (e.g. in the lowlands of the Carpathian 
Basin) where an additional amount of water is available for 
evapotranspiration above that which the area receives from 
local precipitation (water bodies or storages with allochthone 
inflows). The main advantage of the proposed model is its grid-
based spatial structure, simple parameterisation and modest 
requirements for inputs. A complex validation methodology of 
the climate-runoff model was proposed, which extends the 
methodology to climate change impact assessments. The trade-
off for its robustness is that its present version cannot handle 
significant changes in the areas receiving allochthone inflows 
for future climates. Still, it is possible to extend this model in 
the future. 

 
Future challenges of hydrological research in the Basin 

 
In order to support the needs of integrated water resources 

management in this transnational Basin, the process-oriented 
modelling of hydrological processes and parameterization of 
models need to remain an essential part of future research  
concerning this set of problems (Wahren et al., 2009). Conse-
quently, there is a continuing necessity to conduct field studies 
for identifying and quantifying processes of catchment response 
and assembling field-based evidence for testing the assump-
tions underpinning model design and for addressing the uncer-
tainties and controversies that continue to frustrate our  
understanding of catchment behaviour (Bathurst et al., 2018). 
As an extension of the necessary field experimental research of 
site-related runoff generation and erosion processes, this also 
requires the further development of hydrological models that 
are capable of taking into account the effect of various land 
uses and agricultural land management practices on the for-
mation of surface and subsurface flows (Montanari et al., 
2015). Moreover, this new generation of hydrological models 
should provide scientifically-based correct answers about run-
off generation processes under changed conditions and have the 
ability to assess the efficiency of currently preferred near-nature 
management practices of agricultural land aimed at the reduction 
of floods, erosion and transport processes (Blöschl et al., 2019). 

One of the key problems is an appropriate parameterization 
of the physiographical environment of hillslopes in headwater 
catchments and process-oriented schemes of extreme runoff 
and erosion formation. These would comply with the require-
ments of models and would take into account extremely varia-
ble local conditions of runoff generation processes, especially 

in small catchments and under extreme conditions. A combina-
tion of state-of-the-art experimental terrain measurements with 
a modelling approach is required, as well as the development of 
methods for the transferability of the results from an experi-
mental site scale to the scale of hillslopes and small headwater 
catchments. These and other research gaps in understanding 
flood changes caused by changes in land and forest manage-
ment, agricultural practices, artificial drainage and terracing 
have been identified in Rogger et al. (2017). Potential strategies 
in addressing these gaps were also proposed. Solutions may 
include complex systems approaches which would link pro-
cesses across time scales, embedding and upscaling outcomes 
from experimental research on physical-chemical-biological 
process interactions on a plot to catchment scales. A focus on 
connectivity and patterns across spatial scales should be in the 
centre of interest. This, in turn, calls for interdisciplinary re-
search that will coherently deal with problems across hydrolo-
gy, soil and agricultural sciences, forest engineering, forest 
ecology and geomorphology (Rogger et al., 2017). Natural 
water retention measures, which are a new paradigm in flood 
hazard mitigation, are a potential integrative agent of these 
coupled processes. Actions proposed to reduce erosion on 
hillslopes and store water may decrease the flood risk by over-
land flow, but will increase infiltration and soil moisture, and 
thus increase the risk of subsurface stormflow, soil mass 
movement, the temporary flooding of meadows and agricultural 
soils, and waterlogging. 

Managers and decision-makers have perhaps not fully rec-
ognized the associated risks and chances in practice in the 
Basin (Ninov and Biljaeva, 2017). This, therefore, calls for the 
introduction of an integrated assessment of methodologies, 
drivers and impacts. Although scientific advances for develop-
ing integrated methodologies are evident, developing robust 
tools remains a significant challenge. A connected issue is an 
integration of existing and newly available data and information 
bases for this purpose with implications for data and monitoring 
requirements and the selection of new sets of indicators. In 
order to develop an integrated strategy for addressing the inter-
actions of threats on different spatial and temporal scales, more 
detailed knowledge of the interactions needs to be gathered for 
all these threats, including an evaluation of potentially counter-
productive impacts of mitigating measures. This knowledge has 
to be incorporated into water and mass flow generation models 
to better predict not only water-related processes but also all 
related ecohydrological aspects (e.g., Band et al., 2014). 
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