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A B S T R A C T

Study region: Tisza and Prut catchments, originating on the slopes of the Carpathian mountains.
Study focus: The study reported here investigates (i) climate change impacts on flood risk in the
region, and (ii) uncertainty related to hydrological modelling, downscaling techniques and cli-
mate projections. The climate projections used in the study were derived from five GCMs,
downscaled either dynamically with RCMs or with the statistical downscaling model XDS. The
resulting climate change scenarios were applied to drive the eco-hydrological model SWIM,
which was calibrated and validated for the catchments in advance using observed climate and
hydrological data. The changes in the 30-year flood hazards and 98 and 95 percentiles of dis-
charge were evaluated for the far future period (2071–2100) in comparison with the reference
period (1981–2010).
New hydrological insights for the region: The majority of model outputs under RCP 4.5 show a
small to strong increase of the 30-year flood level in the Tisza ranging from 4.5% to 62%, and
moderate increase in the Prut ranging from 11% to 22%. The impact results under RCP 8.5 are
more uncertain with changes in both directions due to high uncertainties in GCM-RCM climate
projections, downscaling methods and the low density of available climate stations.

1. Introduction

In recent decades, observed climate trends show an increase in temperature across Europe (IPCC, 2014). Precipitation totals show
regionally varying changes and have no clear continental trend compared to temperature. Since 1960, annual precipitation has
increased by up to 70mm per decade in Northern Europe and decreased by up to 90mm per decade in some parts of Southern Europe
(EEA, 2017). River discharge shows similar trends as in precipitation, with decreases in Southern and Eastern Europe and increases in
Northern Europe (Stahl et al., 2010; Wilson et al., 2010). According to the IPCC reports (IPCC, 2014; Kovats et al., 2014), there is also
a high confidence in changes in temperature extremes, heat waves and heavy precipitation events in Europe (Seneviratne et al., 2014;
Donat et al., 2013). Also, an increase in climate-related hazards and their intensity is noticed, but with a less clear signal and large
variation among European regions (IPCC, 2007). Changes in hydrological extremes are now anticipated to be more pronounced and
might be related to changing climate conditions (IPCC, 2014).

Besides such general considerations for the whole continent, it has also been shown that changes in climate and hydrological
extremes are already observed in several regions, e.g. changes in rainfall totals (IPCC, 2014), rainfall intensity (e.g. Mueller and
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Pfister, 2011), flooding rates (e.g. Huang et al., 2013) and timing and seasonality of flooding (e.g. Vormoor et al., 2015). Some
increases in extreme river discharge have been observed for a number of gauging stations over Germany (e.g. Petrow et al., 2009),
Central Europe (e.g. Villarini et al., 2011) and France (e.g. Renard et al., 2008). Also, changes in the timing of floods have been
detected in river basins around the North Sea and in Eastern Europe (Blöschl et al., 2017). For alpine catchments Kormann et al.
(2015) have shown that the hydrological regimes, including flood regimes, of high mountain rivers are changing slowly but steadily.

There were several ruinous floods in recent decades (in 1998, 2001 and 2008) in Ukraine (Kovalets et al., 2014). One of the
biggest and destructive floods occurred in the Carpathian region and surrounding areas within Ukraine, Moldova and Romania at the
end of July 2008, causing 47 fatalities and evacuation of about 40 000 people (World Health Organization, 2017). Over 40.000
houses and 33.000 ha of farmland were flooded in Ukraine (International Commission for the Protection of the Danube River (ICPDR)
(2009)).

Many studies done recently have been dedicated to future changes of climate in Europe. The climate projections under different
emission scenarios show a temperature increase over Europe in the range from 1 to 4.5 °C under RCP 4.5 and 2.5 to 5.5 °C under RCP
8.5 by the end of the century (EEA, 2017); with higher increases for Southern Europe in summer, and Northern and Eastern Europe in
winter (Kjellström et al., 2011; Mitchell et al., 2004).

Annual precipitation totals show a less clear signal of change in the 21st century compared to temperature, although there is
agreement of most projections on an overall annual increase in Northern Europe of up to 30%, and decrease in Southern Europe of up
to 40% by the end of the century (Jacob et al., 2014; Kjellström et al., 2011). An increasing trend for extreme precipitation by the end
of the century was also claimed for Northern Europe (IPCC, 2014), although the uncertainty of such projection is very high. However,
recent studies on extreme rainfall intensities over recent decades have shown that an increasing trend of high intensity rain storms
can be identified for several regions in Central Europe if one investigates short time increments, i.e. between a few minutes to one
hour (see, e.g., Mueller and Pfister, 2011 and Bürger et al., 2014).

Changing climate will affect river discharge. The future changes in the mean and extreme river discharge can be regionally
different. In some studies, there are indications of a shift in seasonality of river discharge and floods, with increases in winter and
autumn and decreases in spring e.g. in Finland (Veijalainen et al., 2010) and Norway (Vormoor et al., 2015). Also, increases in high
flow and 10-year flood level were found in France (Quintana-Seguí et al., 2011).

In contrast, the decreases in 10-year flood and mean annual flood were projected for the Alpine Lech catchment, with a significant
increase in winter floods (Dobler et al., 2012). In another study for the Alps, the mean annual floods and maximum floods are
projected to increase in Switzerland, and to decrease in the Southern Alps (Köplin et al., 2014). The study of Meresa et al., 2017
focused on a mountain catchment in Poland projected an increase in the annual maximal flow by the end of the century.

Increasing trends in temperature were observed in Ukraine (Balabukh and Lukianets, 2015; Kynal and Kholiavchuk, 2016; Spinoni
et al., 2015). However, no changes in the observed annual maximum river discharge were found in the rainfall and snowmelt driven
rivers in mountainous areas within Ukraine for the last 60 years (Gorbachova and Barandich, 2016).

Despite the large number of papers focusing on climate change impacts on extremes in Europe, there are only a few studies on
changes in extreme precipitation and river discharge done for Eastern Europe (Meresa et al., 2017; Piniewski et al., 2017), and in
particular for Ukraine (Didovets et al., 2017; Krakovska et al., 2012). Therefore, keeping in mind the ruinous floods in the past and
expected climate change, it is necessary to conduct an assessment of current and expected trends in flood magnitude and frequency in
Ukraine under warming climate, especially in the vulnerable region of the Carpathian Mountains.

Hence, the main purpose of this research is to assess the impacts of climate change on high flows and flood frequency and
magnitude in the mountainous Carpathian region of Ukraine. In addition, the impacts based on the dynamical and statistical
downscaling methods are compared, and uncertainties related to climate projections, downscaling techniques and hydrological
modelling are discussed. The Carpathian is characterised as a data-scarce region with highly variable meteorological and hydrological
conditions, and therefore it was decided to combine regional observations with globally available data for this investigation. The
study was performed for two catchments in the region: the Upper Tisza and the Upper Prut.

The climate projections were derived from five General Circulation Models (GCMs) downscaled with a Regional Climate Models
(RCMs) and with the statistical downscaling model XDS. Two Representative Concentration Pathways (RCP), RCP 4.5 and RCP 8.5,
were applied.

The eco-hydrological SWIM model driven by the climate projections was used to simulate hydrological cycle in the basins under
study with the focus on high flows and floods. The model was calibrated and validated in advance for two outlet gauges, and
additionally checked for two extra gauges in the upstream parts of the studied basins. The results of simulations based on climate
projections under RCP 4.5 and RCP 8.5 emission scenarios in the “far future” period (2071–2100) were compared with simulations in
the reference period (1981–2010) driven by the same climate models. Finally, the uncertainty in the projected high flows and floods
was analysed.

2. Study area

The Tisza and Prut rivers are tributaries of the Danube River. Their catchment areas are shared by several countries: Ukraine,
Romania, Hungary, Slovakia, Serbia and Moldova. The catchments of the Upper Tisza and Upper Prut (in the following referred to as
Tisza and Prut) in the Carpathian region (Fig. 1) were selected as study areas. Due to data scarcity and missing data on water
management only the upper parts of the river catchments were considered. The major part of our study areas lies within Ukraine and
covers approximately a half of the mountain region of Ukrainian Carpathians. This region is also important as water source for the
whole Danube catchment. Both rivers are essential for the local population, as the Tisza catchment covers the whole Zakarpattia
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Oblast (Ukraine) and the Prut catchment partly covers Ivano-Frankivsk and Chernivtsi Oblasts with total population of more than 2
million people. They are the main sources of water for domestic, agricultural and industrial use.

The drainage areas of the Tisza and Prut catchments are 9530 km2 and 9300 km2, respectively. The climate in both catchments is
temperate, with average annual precipitation of 1100mm in the Tisza catchment and 758mm in the Prut catchment. In the period
from 1980 to 2000, the mean monthly temperatures in January/July were -3.9/+16.9 °C in the Tisza, and+3.9 °C /+ 17.5 °C in
the Prut catchment. The average discharge at the Vilok gauge in the Tisza is 206 m3/s (1992–2010), and it is 80m3/s at the Radauti
gauge in the Prut (1980–2000).

The hydrological regimes of both catchments are snowmelt and rainfall-driven. The minimum runoff is observed in the fall–winter
period for the Prut catchment, and in the summer-fall period for the Tisza catchment. The basins have different flood regimes and
timing: in recent years the majority of floods occurred in November-December and spring months in the Tisza, and in the late spring
and summer months in the Prut (Fig. 2). This can be explained by differences in the catchments' shapes, climate conditions, topo-
graphy and land use.

The average annual precipitation is higher in the Tisza compared to the Prut catchment. This can be explained by prevailing of
western air masses coming to the region, and the windward and leeward side conditions that take place in the catchments. The
western air masses bring wet conditions firstly to the Tisza catchment, and after that, partly retained by mountains, to the Prut
catchment. Also, the percentage of area covered by mountains in the Tisza catchment is much higher. The altitudes of both catch-
ments range between 90–95m a.s.l. at the outlets and 2100m a.s.l. in the headwaters. However, the percentage of area with an
elevation above 600m a.s.l. is over 70% in the Tisza catchment, and only 34% in the Prut catchment. The Tisza catchment stretches
from north-west to the south-east along the Carpathian Mountains. It allows to accumulate more water from precipitation compared
to the Prut, which stretches from west to east.

Also, the prevailing land use types in the catchment (forest in the Tisza and crops in the Prut) play important roles in defining
their hydrological regimes and flood timing. In the mountainous areas forest can delay hydrological responses of river runoff after
intense precipitation events and slow down snowmelt process in case of a rapid increase of air temperature in spring. But in the case
of deforestation there could be opposite effects and an additional risk of erosion.

Most floods that occur in fall-winter seasons in the Tisza river are generated by a combination of rapid increase in the air
temperature, causing snow melt, and heavy precipitation events. In the Prut catchment, such conditions are also possible, but there is
no such a pronounced overarching response of snowmelt and rainfall generated floods due to lower elevation and more narrow and
long shape of the catchment.

Fig. 1. Two catchments under study in the Carpathian region, and the location of selected climate stations and discharge gauges.
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The main land cover classes in the Tisza catchment are forest (deciduous, evergreen and mixed, 56.2%) and cropland (8.5%). The
Prut catchment has a different structure: the main land cover classes are cropland (47%), evergreen forest (22%) and grassland
(8.8%). Both rivers are regulated by dams and ponds. There are nine reservoirs, with a total volume of 60.5 hm3 in the Ukrainian part
of the Tisza catchment, and they are mostly used for seasonal water regulation, fishing and amelioration purposes. There are no big
reservoirs in the Prut catchment, but many ponds in the downstream part. It was not possible to include water management in the
modelling due to the lack of adequate management data for these catchments.

3. Data and methods

3.1. SWIM

The eco-hydrological model SWIM is a process-based semi-distributed model. SWIM is based on two previously developed models:
MATSALU (Krysanova et al., 1989) and SWAT (Arnold et al., 1993), and implements the hydrological cycle, nutrients cycles (nitrogen
and phosphorus), vegetation growth and sediment transport at the river basin scale.

The model was developed mainly for impact studies in mesoscale and large river basins. SWIM has a three-level disaggregation
scheme: basin – sub-basins – hydrotopes. Hydrotopes are homogeneous spatial sets of units within sub-basins obtained by overlapping
land use, soil and sub-basin map layers. The climate data are interpolated to centroids of sub-basins, and are considered homogeneous
at the sub-basin level. The inverse distance method was implemented for the climate data interpolation. The model SWIM considers
the climate data on the sub-basin level homogenously, but precipitation and temperature were corrected at the hydrotope level
during calibration of the model based on simple elevation dependencies and applied for all period of modelling.

The model was intensively tested and has been applied for impact assessments in more than 50 catchments worldwide, parti-
cularly in Europe (Hattermann et al., 2008; Huang et al., 2013), Asia (Krysanova et al., 2015), America (Huang et al., 2016; Koch
et al., 2015), and Africa (Aich et al., 2014). The model continues to be developed further, e.g. glacier and reservoir modules were
recently included and tested (Koch et al., 2013; Lobanova et al., 2017; Wortmann et al., 2016).

To assess the model performance for simulation of river discharge, the Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970)
and percent bias (PBIAS) (Gupta et al., 1999) criteria were used in the study. Also the annual maxima and return levels of floods were
compared for the Tisza and Prut river catchments.

The SWIM model was calibrated and validated for the Tisza and Prut river catchments for the period from 1980 to 2000. In both
cases, the first half of the period was taken for calibration, and second for validation. The observed river discharge from the Vilok and
Tiszabecs gauges in the Tisza and from the Radauti and Chernivtsi gauges in the Prut was used. Data for the Vilok and Tiszabecs
gauges were available only for a part of the whole period: from 1990 to 2000 and from 1980 to 1992, correspondingly. Therefore, it
was decided to combine data and to calibrate the model for the Tiszabecs, and validate it for the Vilok gauge, because the gauges are
located very close to each other on the Hungary–Ukraine border. For the Prut catchment, the model was calibrated and validated for
the Radauti gauge, and additionally verified for the Chernivtsi gauge.

Since both catchments are located in the mountains, they are snowmelt and rainfall driven. The sensitivity analysis was performed
in advance for the curve number parameters of soils, groundwater and evapotranspiration related parameters. The most sensitive
parameters during the calibration were related to snowmelt, runoff generation and routing processes.

3.2. Input data

For the SWIM model setup the following data are needed: land use, digital elevation model (DEM), soil map with the soil profile
parametrisation, and climate data (daily minimal, maximal and average temperature, precipitation, solar radiation, air humidity and

Fig. 2. Seasonality of current flood regimes in the catchments under study displayed by flood roses, indicating the magnitude and timing of the
observed annual maximum floods in the period from 1980 to 2000.
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solar radiation).
For this study, a DEM was obtained from the Shuttle Radar Topography Mission (SRTM) of the CGIAR Consortium for Spatial

Information. The spatial resolution of the DEM is 90m with appropriate correction (CGIAR-CSI, 2017).
Due to the absence of land use maps in digital form, the data was derived from different open sources (Open Street Map con-

tributors, 2017; Patterson and Kelso, 2016; U.S. Dept. of the Interior, 2005) and also by classification of satellite images (U.S.
Geological Survey, 2016). The 30m resolution map derived for the catchments under study was reclassified to the SWIM required
format (15 classes: water, settlement, industry, road, bare soil, cropland, meadow, pasture, set-aside, evergreen forest, deciduous
forest, mixed forest, wetland, heather, and glaciers).

The soil map and a partial parametrization of soil layers were obtained from the Harmonized World Soil Database created by the
Food and Agriculture Organization of the United Nations with 1 km resolution (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). The data were
prepared and converted to the SWIM format, and some missing parameters such as porosity, field capacity, saturated conductivity
and erodibility factor were estimated with pedotransfer functions (Wosten et al., 2001).

Some of the necessary climate data (daily minimal, maximal and average temperatures and precipitation) were obtained for the
period 1980–2000 from 12 climate stations located in the area under study (Fig. 1). The majority of stations are located in lowland,
and only one station is located at elevation above 900m a.s.l. The average climate station density is 1 station per 2500 km2. Other
necessary climate variables (air humidity, solar radiation, wind) were not available. Therefore it was decided to add these variables
from the reanalysis data “WATCH Forcing Data ERA-Interim” (WFDEI) (Weedon et al., 2014), and to combine them with the observed
ones.

Also, precipitation data obtained from WFDEI and Global Precipitation Climatology Centre (GPCC) were considered as potential
inputs to the SWIM model. But GPCC and WFDEI data showed underestimation during the whole year in comparison to the observed
data. Due to that and low spatial resolution (in case of GPCC – 1× 1 °) it was decided to use the observed precipitation data. The
discharge data were obtained from the Global Runoff Data Centre (GRDC, 56068 Koblenz) for three runoff gauges, and from the
Ukrainian Hydrometeorological Center for one gauge. The Prut River dynamics are represented by the daily discharge from the
Radauti gauge located in Romania for the period from 1960 to 2008. River discharge for the Tisza catchment was obtained for the
Tiszabecs gauge in Hungary for the period 1937 e1995 and the Vilok gauge in Ukraine for the period 1992 e2010. The Tiscsabecs
and Vilok gauges are located close to each other on the Ukrainian-Hungary border, and have very similar hydrographs.

3.3. Climate scenarios

3.3.1. Climate scenarios downscaled by RCMs from the European IMPRESSIONS project
A set of seven climate scenarios provided by the European IMPRESSIONS project (“Impacts and Risk from High-End Scenarios:

Strategies for Innovative Solutions”, www.impressions-project.eu) was used in this study. The scenarios are based on five General
Circulation Models that have been dynamically downscaled using the Regional Climate Models and bias corrected to the reanalysis
data WFDEI (Kok et al., 2015a) (Fig. 3, upper part). The climate projections are represented by the GCM-RCM climate simulations
under RCP 4.5 and RCP 8.5 pathways with resolutions of 0.5°. The climate scenarios were selected to cover the magnitude of
temperature change for period 2071–2100 compared to 1981–2010 in the range from 1 to 1.4 to above 4° (Kok et al., 2015), and
include not all combinations of GCMs and RCPs. The applied climate scenarios for RCP 4.5 are: GFDL-ESM2M/RCA4, HadGEM2-ES/
RCA4 and MPI-ESM-LR/CCLM4; and for RCP8.5: GFDL-ESM2M/RCA4, HadGEM2-ES/RCA4, CanESM2/CanRCM4 and IPSL-CM5A-
MR/WRF.

For the bias correction, the empirical quantile method was used (Kok et al., 2015b). The period from 1981 to 2010 was taken as
the basis for the correction. Each climate variable (precipitation, mean, maximum and minimum temperatures, solar radiation and
specific humidity) was corrected independently, one by one (Themeßl et al., 2012). For this study, two emission scenarios were
chosen, RCP4.5 and RCP 8.5, and all seven climate scenarios were applied (denoted as: GCM-R-45 or GCM-R-85, see Fig. 3, in the
following referred to as GCM-RCM scenarios).

Fig. 3. The structure of climate projections based on five GCMs downscaled with RCM and with the XDS model under the RCP 4.5 and RCP 8.5
emission scenarios.
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3.3.2. Four scenarios downscaled by the statistical-empirical method
The Expanded downscaling method (XDS) (Bürger, 1996) is a statistical-empirical technique for downscaling which extends the

method of multiple linear regression (MLR) in a way aimed in generating more realistic multivariate local statistics. The idea is to
reproduce the local meteorology as close as possible to the simulated general atmospheric circulation but at the same time taking into
account the local co-variability aspects. Like MLR, the method determines a multivariate linear function between the large scale
variables and the local data. The preservation of local covariance is conditioned on the (observed or simulated) global covariance, so
that when driven by global data whose statistics may be altered, e.g. by climate change, the local covariability would change
accordingly. This aspect of preservation and alteration of local covariances makes the technique particularly suited for the simulation
of extreme events.

We used the ERA interim reanalysis data (WFDEI) and local data from climate stations for the XDS calibration. After that, XDS was
applied to the GFDL-ESM2M and HadGEM2 projections under the RCP4.5 and RCP8.5 pathways (Fig. 3, lower part) to produce the
following atmospheric variables: minimum, maximum and average daily temperatures, specific humidity at the 850 hPa level and
surface precipitation. The period 1981–1990 was selected for calibration, and period 1991–1999 for validation. Local observations
were taken from 12 local climate stations and from the WFDEI data for the considered catchments.

The XDS technique produced good results when driven by reanalysis and the GCM simulations (in the following referred to as
GCM-XDS) for the period 1981–1999, based on the comparison of downscaled daily average, maximum, and minimum temperatures
and precipitation for 12 climate stations with actual observations. The correlation of the modelled variables with the measurements
for the calibration and validation periods is presented in Table 1. The correlation was calculated for all 12 climate stations for two
periods: calibration and validation by using daily data and averaged over 12 stations. The high correlation obtained for precipitation
in the mountainous area is quite surprising.

3.4. Extreme value analysis of flood level

To analyse climate induced changes in flood level, the Generalised Extreme Value distribution (GEV) (see more details in Coles,
2001) was applied in this study. The GEV distribution was used to fit the annual maximum discharges, and estimate changes in the
30-year flood levels. The GEV distribution incorporates three probability distributions (Gumbel, Frechet and Weibull), and has three
parameters: location parameter, scale parameter and shape parameter. We employ a block-maximum approach, which means that for
each year we pick the maximum flow event, and neglect all other high flow events. The GEV distribution function is commonly used
for climate impact assessment on floods, and was applied in other studies (e.g. Dankers et al., 2007; Huang et al., 2013).

In addition, the means and 98 and 95 percentile values were estimated for the reference (1980–2010) and far future (2070–2100)
periods and compared to evaluate future changes in river discharge.

4. Results

4.1. Model calibration and validation

The obtained results of calibration are between “good” and “very good” (according to thresholds proposed by Moriasi et al.
(2007). The NSE for the Tisza (Tiszabecs gauge) is 0.69 and PBIAS -15.2% in the calibration period, and 0.78 and -11.3% (Vilok
gauge) in the validation period, correspondingly. The results of model calibration and validation for the Prut (Radauti gauge) are:
NSE=0.81, PBIAS=0.2% for the calibration, and NSE=0.67, PBIAS=6.8% for the validation period.

Fig. 4 shows the GEV plots of the annual maxima for the simulated and observed discharge in the control period from 1980 to
2000 for the Tisza and Prut River catchments. As one can see, the agreement is quite good in both cases.

4.2. Analysis of climate model outputs in the historical and far future periods

The uncertainty, which is inherent in coupled climate simulations, contributes strongly to the uncertainty in simulated river
discharge. The climate models uncertainty can be clearly shown by the differences between the simulated and observed climate
variables in the historical period.

Table 2 presents these differences for the means and 95 and 98 percentiles of annual precipitation, average, maximum and
minimum annual temperatures estimated for the Pozhezhevska climate station located in mountains. For both downscaling schemes,
RCMs and XDS, differences vary from small to large, and they are (naturally) smaller for the means than for the extremes. For
precipitation, Tmax and Tave the bias in 98 and 95 percentiles is smaller for climate simulations downscaled by XDS than by RCM. The

Table 1
Correlations of XDS-downscaled reanalyses to observed data, based on the mean over 12 climate stations, for the calibration and validation
periods. (Tavr, Tmax, Tmin – average, maximum and minimum temperatures).

Period Tavr Tmax Tmin Precipitation

Calibration 0.97 0.95 0.94 0.82
Validation 0.96 0.94 0.93 0.81
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simulations downscaled by XDS have generally lower differences (except for mean P and Tmin).
The larger differences between climate simulations downscaled by RCMs and observations, despite bias correction of the pro-

jections to the WFDEI, can be explained by poor data availability in mountainous areas (e.g. low gauge density, stations are mostly
located in valleys) (Weedon et al., 2014). The lower differences produced by model runs downscaled by XDS can be explained by
different approach used for downscaling. This technique calculates climate variables for the points, i.e for the locations of observation
stations, and in the case of simulations downscaled by RCMs it is done for grid cells. Also, the XDS approach uses the observed climate
data for historical period, and thus better performance in this period is evident. The bias of simulated climate variables for the
lowland stations is lower but still moderate. The analysis for the lowland stations was done, but results are not shown in the paper.

As the next step, we analysed climate projections in the far future (2071–2100), and compared them with simulations of the same
models in the reference period (1981–2010) for three representative stations: Chernivtsi and Hust in lowland and Pozhezhevska in
mountains. Table 3 summarises the results of comparison. Shown are the differences in simulated temperature and precipitation
characteristics: the long-term means and the 98 and 95 percentiles, obtained from the GCM-RCM and GCM-XDS model combinations
under RCP 4.5 and RCP 8.5 emission pathways.

The mean temperature shows increases in all projections for both emission pathways ranging from 0.8 °C to 6.2 °C. The HadGEM2
downscaled with XDS model projections show higher increases in mean temperature compared to other projections. Changes also
depend on the emission pathway: the temperature increases under RCP 8.5 are higher compared to RCP 4.5. The higher changes in
annual temperature under RCP 8.5 were expected. These GCM-RCM models were chosen in the IMPRESSIONS project to represent
the “high-end” scenarios with changes of annual temperature from 1 to 1.5 to more than 4 ° in the period 2071–2100 compared to
1981–2010 (Kok et al., 2015). The similar changes in annual temperature were found for the GCM-RCM scenarios under RCP 8.5 for
other catchments in Ukraine (Didovets et al., 2017).

Regarding seasonal changes in temperature, the median projections show warming during the whole year under both RCPs. The
increase in fall/winter is more significant than in spring/summer, but the former one has also wider ranges of models spread.

The majority of projections show an increase in mean, 95 and 98 percentiles precipitation for the highland area (station
Pozhezhevska), but there is no clear trend for the lowland stations. In all three stations changes in mean, 95 and 98 per-
centiles precipitation simulated by Had-R-45, Had-R-85, Can-R-85 and IPSL-R-85 are positive, and for the last one greater
than 20%. Two projections under RCP 4.5 (Had-X and Had-R) and three projections under RCP 8.5 (GFDL-X, Had-X, IPSL-R)

Fig. 4. Return level plots of the observed and simulated discharge levels based on the GEV distribution fit to the annual maxima discharges.

Table 2
Differences between the simulated and observed climate variables in the historical period (1981–2010), considering the means and 95 and 98
percentiles of precipitation, average, maximum and minimum temperatures for the Pozhezhevska climate station.

Scenarios Precipitation, % T max, °C T ave, °C T min, °C

0.98 0.95 mean 0.98 0.95 mean 0.98 0.95 mean 0.99 0.98 mean

GFDL-X −25.7 −20.9 −15.3 −0.2 0.0 0.1 0.0 0.0 0.2 −0.4 0.0 0.1
Had-X −21.5 −17.4 −13.3 −0.8 −0.5 0.0 −0.5 −0.3 0.1 −0.5 −0.3 0.0

GFDL-R −31.0 −29.1 −17.3 5.1 5.0 4.3 2.1 2.5 2.3 −0.3 −0.1 0.0
Had-R −29.5 −29.7 −16.2 5.2 5.2 4.3 2.1 2.4 2.4 −0.9 −0.4 0.1
Can-R −33.0 −31.4 −19.3 4.9 5.2 4.4 2.3 2.6 2.4 −0.8 −0.3 0.0
IPSL-R −32.6 −31.4 −17.3 4.2 4.3 4.3 2.2 2.5 2.4 0.0 0.0 0.0
MPI-R −34.1 −30.9 −16.7 5.4 5.3 4.5 2.4 2.7 2.6 −0.7 −0.5 0.3
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show significant increases in all three variables in mountains exceeding 10–20% (for Had-X: 48%). Three projections under
RCP 4.5 (GFDL and MPI) show small changes not exceeding 6.5% for three variables in all stations. Regarding changes in
seasonality, mean precipitation under both RCPs scenarios increases during almost all months, except August and September
under RCP 8.5.

Changes in the mean precipitation over sub-basins of the Prut and Tisza catchments are presented on maps in Annex 1, Figure
A1 and A2. The IPSL-R-85 shows the greatest increase among all scenarios: 25–26% in both catchments. Also, the HadGEM2
projections show increases by 10–18% under RCP 4.5 in both catchments and by 12% under RCP 8.5 in the Tisza (one projection of
two); this is in agreement with change signals for two stations presented in Table 3 (except Hust). And the Can-R.85 projects 10%
increase in precipitation for the Prut. All other projections indicate small average changes in precipitation over the catchments not
exceeding 5%.

4.3. Simulated changes in high flows and floods

Table 4 presents changes in the means, and 95 and 98 percentiles of the simulated discharge for the Tisza and Prut River

Table 3
Changes in the means and 95 and 98 percentiles of the daily temperature and precipitation simulated by climate
models and downscaled with RCMs and XDS for RCPs 4.5 and 8.5 in the far future (2071–2100) compared to the
reference period (1980–2010) for three gauges: Chernivtsi, Hust and Pozhezhevska. Changes in precipitation in-
dices exceeding 10% are marked by bold (positive) and underlined italic (negative) values.

Table 4
The percentage changes in the means and 98 and 95 percentiles of simulated discharge under RCP 4.5 and RCP
8.5 emission scenarios in the far future period compared to the reference period for the Tisza and Prut River
catchments (light grey colour: significant decrease (≤-10%); dark grey colour – significant increase (≥10%)).
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catchments driven by GCM-RCM and GCM-XDS climate projections under RCP 4.5 and RCP 8.5 emission scenarios for the far future
period compared to the reference period.

Projections largely disagree on the direction and magnitude of changes in all variables for both catchments. The largest positive
changes for all variables were simulated under Had-R-45 and IPSL-R-85 projections for both basins, and this agrees well with
precipitation trends in Table 3 and on maps in Annex 1, Figure A1 and A2. The largest negative changes are simulated for all three
variables under GFDL-X-85 for both catchments and under Had-X-85 for the Prut catchment. All GFDL-based projections show
negative trends under both RCPs for both catchments, ranging from -1 to -25%. Both HadGEM2-based projections show small to large
positive changes under RCP45, and mostly negative changes under RCP85 (except under Had-R-85 for the Prut catchment).

Based on the simulated discharge time series in both catchments, flood frequency analyses were performed for all eleven scenario
combinations. The results are shown in Table 5 for the 30 year floods and in Figs. 5 and 6 for flood return periods up to 100 years.
However, due to the pronounced uncertainty resulting from climate scenarios and downscaling techniques, as well as limited
durations of the observed discharge time series for estimation of flood levels in the reference period, it was decided to constrain the
comparison of different scenario results to the 30-year flood level only.

The simulated changes in the 30-year flood for the Tisza River show a small to strong increase ranging from 4.5% to 61.7% for
four projections under RCP 4.5, except one decrease by 7.8% under MPI-R-45. However, the signals of change show larger dis-
agreement for projections under RCP 8.5: two projections indicate a decrease up to 22%, three – an increase up to 99.6% (under IPSL-
R-85), and one – negligible change. The simulated changes in the 30-year flood for the Prut River are similar. Three projections show
a moderate increase ranging from 11% to 22% under RCP 4.5, and one a decrease by 9% under GFDL-R-45. The changes in the Prut
catchment under RCP 8.5 are also similar to those in the Tisza. Two projections show a decrease up to 22% (Had-X-8.5), three
indicate an increase up to 93%, and one – small changes. In both catchments the largest change is driven by IPSL-R-8.5, and this
agrees well with precipitation changes in Table 5 and Annex 1, Figs. A1 and A2.

Comparing projected changes in the 30-year flood based on the XDS and RCM approaches it is clearly visible that simulations
based on RCM scenarios show larger mean positive changes for the Tisza (both RCPs) and Prut (RCP 8.5) and generally larger ranges
of uncertainty than simulations based on XDS in both catchments (Fig. 5,6). The model runs based on the XDS downscaling produce
much smaller signals of change, which are positive for RCP 4.5 and negative for RCP 8.5 for both catchments. The difference in
spreads could be partly explained by the different numbers of scenarios in two groups. This is also in agreement with the model
spreads presented in Tables 4 and 5 by comparing the same GCMs (Had and GFDL) for both catchments.

5. Discussion

Mountains belong to the most sensitive regions to climate change, and it is very important to study climate change impacts there,
because mountain ecosystems are sources of major rivers, biodiversity and providers of vital resources to population (Kohler et al., 2010).

The climate impact assessments with the focus on floods in Europe, in particular for mountain regions, were presented by Köplin et al.
(2014); Roudier et al. (2016) and Meresa et al. (2017) using different methods and climate projections. The results obtained in the study of
Roudier et al. (2016) for Europe could be analysed together with our results for the Carpathian region, though a direct comparison is
hardly possible due to differences in settings and methods. Anyway, some projections in both studies show similar tendencies.

The procedure for assessment of climate change impacts on hydrological extremes is usually the following: GCMs are run for
different greenhouse gas emission scenarios, downscaling techniques are used to downscale GCM outputs to a region, a hydrological
model is run with different downscaled climate scenarios, and statistical tools are used for the extreme value analysis (Meresa et al.,

Table 5
Changes in the 30 year flood levels based on the GEV distribution fit to the annual maxima in the
reference and far future periods for the Tisza and Prut catchments (Ref – reference period, FF – far
future period, Dev – percent deviation).
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2017). All these steps involve certain ranges of uncertainty in their outputs. Our study includes five different GCMs, two emission
scenarios and different downscaling techniques: dynamical models and statistical-empirical approach, which were applied for two
major Carpathian mountain river systems.

One of the issues affecting overall uncertainty can be related to the limited number of ensemble members. In our case, we used
five GCMs (in total 11 scenarios – five under RCP 4.5 and six under RCP 8.5) to cover the range of temperature changes from 1 to 1.5
to more than 4° for the future period. In the paper of Dalelane et al. (2017) authors investigated approaches for decreasing the
number of ensemble members. Their results show a decrease from 15 to 7 ensemble members, which still represent 90% of the
original climate change signals (temperature and precipitation) in the future period compared to 1971-2000. We did not use method
that has been mentioned above, but we can expect that the number of our ensemble members may be sufficient to include potential
climate change signals.

Being an essential source area of freshwater for the Danube River, and due to its significance for tourism and recreation, the study
region is very important for Ukraine, Romania and Moldova. Nevertheless, the region has been rarely investigated in the context of
climate change until now.

Fig. 5. Flood frequency curves of simulated discharge rates for a) GCM-XDS and b) GCM-RCM projections, based on the GEV distribution fit to the
annual maxima in the reference and far future periods for the Tisza catchment.
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The quality of observational data plays a prominent role for the reliability of climate impact assessment. In the area under
consideration, the number of climate stations is quite limited (12 stations in total, one station per 2500 km2 on average), and the
majority of stations are located in the lowland parts (only one station is located at an elevation above 900m a.s.l.). The required
interpolation of meteorological data to sub-basins in highlands can deteriorate the quality of input climate data for hydrological
modelling. In addition, interpolation over relatively large distances may result in disregarding local extreme precipitation events.
Uncertainty in precipitation, due to the lack of meteorological observation data in combination with specific climate conditions in the
mountainous regions is a big issue. One of recommendations for reducing the uncertainty can be using additional climate data sources
for improving calibration. Also, Pluntke et al. (2014) recommended to use alternative precipitation inputs and the ensemble approach
to reduce the uncertainty. Nevertheless, the deviations of more than 2 °C in Tavr and 15% in precipitation for climate scenarios in the
historical period after a bias correction are large. In case of RCM scenarios, one of possible source of uncertainty can appear from
inconsistency between climate elements when doing an independent correction for each variable.

The relatively short duration of hydrological observations could increase uncertainty of estimation the return flood levels.
Therefore, we did not explicitly analyse the 50 and 100 year floods but focused on the 30-year floods only. Uncertainty can also

Fig. 6. Flood frequency curves of simulated discharge rates for a) GCMs-XDS and b) GCMs-RCM projections, based on the GEV distribution fit to the
annual maxima in the reference and far future periods for the Prut catchment.
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originate from methods of river discharge measurements. In the case of extreme events, it is more difficult to estimate the specific
peak rate correctly. For example, in our case data from the Tiszabecs and Vilok gauges, which are located close to each other, show
inaccuracies, as during some high flow events the upstream gauge showed higher discharge values than the downstream one.

The impacts of water management in the catchments could also have significant effects on river runoff, particularly on droughts
and to a lesser extent on extreme floods. In our study area there are no large reservoirs that could be modelled by SWIM, and the
existing small ones are used for agriculture and fishing purposes. Most of them do not affect flood peaks notably. There are also dikes
constructed as a part of flood protection measures. The abstracted water is distributed mainly among domestic uses and agriculture,
and partly for industrial enterprises in both catchments under study. Unfortunately, missing information about water management
during flooding periods did not allow us to take water management into account in this study. The uncertainty analysis related to
climate projections showed that the scenarios have smaller biases for mean precipitation in the historical period, but the bias is much
higher in the case of the 98 and 95 percentiles. This confirms that average conditions can be reflected much better by the combined
climate and downscaling models than the extreme conditions (Bronstert et al., 2007).

As floods in the Tisza catchment occur in the fall-spring months, snow melt may play a prominent role in flooding processes. The
bias in temperature in future climate projections can lead to uncertainties in the projected flood timing and magnitude, especially for
the GCM-RCM driven scenarios, where bias in the historical period is up to 5 °C. Nevertheless, the type of the applied downscaling
method is quite important, as the uncertainty due to such methods can be much higher compared to emission scenarios. In our study,
there are inconsistent trends and different signals of change in projections obtained using RCMs and XDS, as well as among five
GCMs.

6. Conclusions

In this work, we attempted to assess the potential climate change impacts on floods in the Carpathian region, considering the
Upper Tisza and Upper Prut River catchments as case studies, which can be considered representative for western and eastern hydro-
meteorological conditions in the high Carpathians.

The climate projections indicate on increase in the mean annual temperature under two RCPs in both catchments. The projected
changes in precipitation show increases in the highland area in the majority of scenarios but for lowland the signal is not clear.

Based on the simulated time series for the future climate conditions, the analysis of changes in the magnitude of 30-year floods
was done. The results show an increase of flood level for the majority of projections under RCP 4.5, ranging from 4.5 to 62% in the
Tisza, and from 11 to 22% in the Prut. The moderate decreasing trends by 8–9% were detected just in one of five projections for each
basin.

However, the projections under RCP 8.5 for both catchments are more uncertain: two of six projections indicate a decrease (up to
22%), three – an increase (up to 93–99%), and one shows negligible changes. The largest increases in the 30-year flood level
exceeding 92% were simulated under IPSL-R-85 in both catchments, and exceeding 40% under Had-R for the Tisza (both RCPs) and
Prut (RCP 8.5).

More significant changes in flood level were found for two projections driven by IPCL-R-85 and Had-R-85 in both catchments and
for one projection driven by Had-R-45 in the Tisza catchment.

This study demonstrated the influence and sensitivity of different elements of the scenario and model chain on the projection of
floods for the future. We want to emphasize that it is essential to include and analyse those uncertainties in the model-based impact
assessment. In our case study, the choice of a particular GCM and downscaling technique has shown the strongest influence on the
outputs. Due to the GCM-related uncertainty it was not possible to produce a clear and consistence picture of the future expected
impacts on floods in the region. A bit surprising was that RCPs had a comparatively smaller influence, and were not consistent with
the simulated changes, which were sometimes higher under RCP 4.5 than under RCP 8.5.

The annual mean change in precipitation was rather small, within±5% in 64% of all projections (7 from 11) in both catchments,
and it was ranging from +10 to +26% in four scenarios. Similar increasing trends for Eastern Europe were projected with different
RCMs from the EURO-CORDEX (EEA, 2017)

Regarding simulation of the historical climate conditions, the GCM-XDS model combinations showed much lower bias in simu-
lating temperature, and a bit lower in simulating precipitation compared to GCMs with the dynamical downscaling models. This can
be explained by the method of downscaling and correction to data of climate stations. Regarding the future changes driven by GCMs
downscaled by dynamical models and XDS, the impacts often show different patterns (see Figs. 5 and 6).

Furthermore, from our results we can conclude that the empirical/statistical downscaling method employed here produced
smaller signals of change in flood levels and a smaller uncertainty compared to the dynamical downscaling method. This finding
partly supports the conclusion of Bronstert et al. (2007) who found that methods like this, which were developed specifically to
represent the climatological variance and/or anomalies, are particularly suitable for impact analysis of hydrological extremes.
However, along with it the statistical methods can give an additional uncertainty in future projections in case of statistical re-
lationship changes.

The emission and climate scenarios do not show a coherent and consistent picture regarding changes in precipitation in the case
study region, leading to analogous uncertain results of impact assessment on river discharge and floods. In presented research the
higher emission scenario (RCP 8.5) does not show a stronger trend in simulated river discharge than the moderate scenario (RCP 4.5).

In our opinion, the major reason for the generally large uncertainty of projections in this region is uncertainty stemming from the
GCM simulations and low density of climate observations. Reducing uncertainties due to input data is a particular challenge for the
Carpathian region, and it is essential for more reliable projections of floods in the future. So, it is important to improve the modelling
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process by including additional data, more reliable climate scenarios and techniques.
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