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Abstract: Climate change affects the hydrological cycle of river basins and strongly impacts water
resource availability. The mechanistic hydrological model PROMET was driven with an ensemble
of EURO-CORDEX regional climate model projections under the emission scenarios RCP2.6 and
RCP8.5 to analyze changes in temperature, precipitation, soil water content, plant water stress, snow
water equivalent (SWE) and runoff dynamics in the Danube River Basin (DRB) in the near (2031—
2060) and far future (2071-2100) compared to the historical reference (1971-2000). Climate change
impacts remain moderate for RCP2.6 and become severe for RCP8.5, exhibiting strong year-round
warming trends in the far future with wetter winters in the Upper Danube and drier summers in
the Lower Danube, leading to decreasing summer soil water contents, increasing plant water stress
and decreasing SWE. Discharge seasonality of the Danube River shifts toward increasing winter
runoff and decreasing summer runoff, while the risk of high flows increases along the entire Danube
mainstream and the risk of low flows increases along the Lower Danube River. Our results reveal
increasing climate change-induced discrepancies between water surplus and demand in space and
time, likely leading to intensified upstream—downstream and inter-sectoral water competition in the
DRB under climate change.

Keywords: climate change; hydrology; water resources; precipitation; runoff; soil moisture;
regional climate model; hydrological model; Danube; PROMET

1. Introduction

River basins are complex hydrological systems, in which hydrological processes are
highly interconnected and highly susceptible to climate change. The recently published
Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC)
stated that the global surface temperature has already increased by +1.09 °C (+0.95 °C to
+1.20 °C) in 2011-2020 compared to 1850-1900 [1]. This recent development is already
quite rapidly reducing the remaining scope for further greenhouse gas emissions in light
of the Paris Agreement targets of limiting the global surface temperature increase to well
below +2 °C and preferably below +1.5 °C above pre-industrial levels [2].

A global average temperature increase is not equivalent to a uniform temperature
increase across the globe, but rather to a heterogeneous spatial distribution with hot and
cold spots of temperature increase [3-5]. For the Danube River Basin (DRB), for example,
the results from the IPCC AR6 suggested that a global average temperature increase of +2
°C compared to the pre-industrial level would translate into a median temperature in-
crease of +2.7 °C on spatial average across the basin [6,7].

Large and densely inhabited transboundary watersheds, such as the DRB, are espe-
cially susceptible to climate change, which directly and indirectly affects water resource
availability [8]. With the International Commission for the Protection of the Danube River

Water 2023, 15, 8. https://doi.org/10.3390/w15010008

www.mdpi.com/journal/water



Water 2023, 15, 8

2 of 34

(ICPDR) founded in 1998, the DRB has a long tradition of transboundary water manage-
ment with the main goal of achieving sustainable water resource management in line with
the EU Water Framework Directive (WFD). Moreover, the ICPDR has developed and pur-
sues a climate change adaptation strategy [9] based on recent results in climate change
impact research.

Based on an extensive review of numerous climate change case studies in the DRB
[10], the ICPDR anticipates an increase in the mean annual temperature of 4.0 °C to 5.0 °C
until 2100 in the DRB, under the Representative Concentration Pathway (RCP) emission
scenario RCP8.5 [9]. Moreover, the ICPDR identified overarching spatial and seasonal pre-
cipitation trends, according to which wet regions tend to become wetter, dry regions tend
to become drier and precipitation seasonality tends to shift toward wetter winters and
drier summers [9].

In the literature, few hydrological climate change impact modelling studies exist
which consider the whole DRB. They have mostly relied on general circulation models
(GCMs) of coarser resolution rather than regional climate models (RCMs), or on GCM-
RCM combinations of former generations. Stagl and Hattermann [11] investigated river
discharge in the DRB by using the process-based watershed model SWIM [12] driven with
ENSEMBLES GCM-RCM combinations under SRES (Special Report on Emissions Scenar-
ios) [13] based on the Coupled Model Intercomparison Project Phase 3 (CMIP3) [14]. Sub-
sequently, Stagl and Hattermann [15] investigated discharge in the DRB by driving SWIM
with a GCM ensemble of CMIP5 [16] under different RCPs. Here, coarse-resolution GCMs
were directly used as the meteorological driver instead of high-resolution RCMs. How-
ever, hydrological climate change impact assessment requires higher-resolution meteoro-
logical drivers such as RCMs, since GCMs cannot resolve circulation patterns down to the
finer scales on which hydrological processes occur [17]. Bisselink et al. [18] investigated
water scarcity in the DRB by using the process-based hydrological model LISFLOOD
[19,20] driven by a EURO-CORDEX [21] GCM-RCM ensemble under a 2 °C global mean
temperature increase according to the RCP8.5 scenario. The analyzed future periods were
not uniformly selected for the entire ensemble, but were centered on the year of exceeding
2 °C global mean temperature for each single GCM [18].

To the best of our knowledge, a systematic and comparative hydrological modelling
study using the (to date) latest-generation high-resolution EURO-CORDEX [21] GCM-
RCM simulations under different RCPs and uniformly selected future periods for the en-
tire ensemble —enabling to directly compare the development of different components of
the water cycle (e.g., precipitation, soil and snow water, discharge) in a near and far future
time frame —is not yet available for the whole DRB.

We present a hydrological climate change impact modelling study for the DRB, using
the process-based hydrological model PROMET [22], which interlinks dynamic vegeta-
tion and hydrological modelling and was chosen due to its strong physical basis and pre-
dictive power. Probst and Mauser [23] successfully applied PROMET in the DRB, driven
with meteorological reanalysis data to analyze the influence of different climatologies
used for bias correction on the quality of the simulated spatial discharge. They fully vali-
dated the PROMET model in the DRB using the observed daily discharge at major sub-
basin gauges [23].

In this study, we evaluated future projections of temperature and of different com-
ponents of the hydrological cycle, namely precipitation, soil water content, snow water
equivalent, the resulting river runoff dynamics as well as plant water stress as a water-
related vegetation variable and their respective interdependencies in the DRB. These var-
iables are of direct relevance for water resource availability, and they address the dynamic
response of vegetation development to climate change in the DRB. For this, we analyzed
simulations of the PROMET hydrological model (30" spatial resolution) driven by a se-
lected high-resolution GCM-RCM ensemble of the (to date) most recent and most high-
resolution regional climate change projections for Europe from the EURO-CORDEX initi-
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ative [21]. Within EURO-CORDEX, GCM simulations from the CMIP5 initiative were dy-
namically regionalized by RCMs. For each variable, we compared the results of the en-
semble mean of the GCM-RCM-driven simulations for the historical period (1971-2000)
with the results of the ensemble means of the GCM-RCM-driven simulations under the
two emission scenarios RCP2.6 and RCP8.5 for both the near future (2031-2060) and the
far future (2071-2100). By comparing RCP2.6 and RCP8.5, we highlighted the differences
between two very different future projections for the DRB: (i) a scenario aiming to keep
global warming likely below 2 °C above pre-industrial levels (RCP2.6); (ii) a high-end sce-
nario with very high greenhouse gas emissions (RCP8.5) [24].

2. Materials and Methods
2.1. The Danube River Basin

The DRB is the second largest river basin in Europe, covering an area of ~817,000 km?
[25]. From its source in the Black Forest to its mouth in the Black Sea, the Danube’s river
length amounts to 2857 km [26]. The DRB is a complex watershed, featuring heterogene-
ous natural characteristics in terms of topography and climate, which strongly influences
basin-wide hydrology. The watershed comprises snow-and ice-covered high mountain
ranges, forest-covered low mountain ranges, sparsely vegetated karst regions, plateaus
with river valleys and wide agricultural plains [26] (Figure 1).
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Figure 1. Map of the Danube River Basin with its river network, major gauges and the subdivision
into Upper, Middle and Lower Danube. Major sub-basins (gauges in parentheses): Upper Danube
(Achleiten), Middle Danube (Bezdan and Iron Gate), Drava (Dravaszabolcs), Sava (Sremska Mi-
trovica), Mures (Nagylak), Tisza (Senta), Siret (Lungoci) and the Lower Danube (Ceatal Izmail). Ma-
jor gauges along the Danube main course: Achleiten, Bezdan, Iron Gate, Ceatal Izmail. Data sources:
Farr et al. [27], Lehner et al. [28], Global Runoff Data Centre (GRDC) [29], International Commission
for the Protection of the Danube River (ICPDR) [30] and Esri [31].

The DRB is located in a transition zone between three Képpen—Geiger climate types.
It mainly lies in the humid continental climate (Dfb, Dfa) zone, with influences of the hu-
mid subtropical climate (Cfa) around the Dinarides and the semi-arid steppe climate (BSk)
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at the Danube delta [32]. Since the DRB closely borders the oceanic climate (Cfb) at the
very western Upper Danube and the Mediterranean climate (Csa, Csb) in the southern
DRB [32], influences of these two climate zones are found along the peripheries of the
basin [33]. The current complex interference of the different climate zones in the DRB
roughly results in a gradient of decreasing mean annual precipitation and increasing
mean annual temperature from the north-west to the south-east.

The DRB is divided into three parts: the Upper Danube, extending from the Danube’s
source to the Devin Gate in the Little Carpathians near the Austrian-Slovakian border [25]
(in some sources, the Upper Danube extends down to gauge Achleiten [34]), the subse-
quent Middle Danube, extending to the Iron Gate at the Serbian-Romanian border and
the following Lower Danube, extending down to the mouth in the Black Sea [25]. Hence,
the DRB comprises sub-basins with the full range of hydrological characteristics from
mountain to lowland watersheds. In Table 1, we show the main morphological and hy-
drographic characteristics of the Upper, Middle and Lower Danube.

Table 1. Main morphological and hydrographic characteristics of the Upper, Middle and Lower
Danube (data sources: Schiller et al. [26], Regionale Zusammenarbeit der Donauldnder (RZD) [35],
Farr et al. [27] and Global Runoff Data Centre (GRDC) [29]).

Characteristics

Upper Danube Middle Danube Lower Danube

Major geomorphological unit
(not exhaustive)

Terrain height range [m a.s.l.]
Sub region area [km?]

Major tributary rivers
(>20,000 km? basin area)
Outlet gauge

Altitude [m a.s.L.]

MQ [m?¥/s] (1971-2000) *,
MNQ [m?/s] (1971-2000)
MHQ [m?/s] (1971-2000)

Distance from estuary [km]

Swabian/Franconian Alb,
Bavarian Forest, Bohemian—
Moravian Highland, Alpine
Foreland, Northern Calcare-

Carpathians, Carnic Alps, Carpathians, Balkans, Ro-
Karawanks, Julian Alps, Di- manian/Bulgarian Plain,
narides, Pannonian Basin, = Dobrogea Hills, Molda-
vian Plateau

S

Transylvanian Plateau

ous and Central Alps

303-3676 35-3449 -2-2683
76,653 576,232 807,000

Morava, Drava, Tisza, Sava, .
Inn Velika Morava, Olt, Siret, Prut
Achleiten Iron Gate/Orsova Ceatal Izmail
287.7 44.0 0.6
2223 955 72
** 1417 5430 6401
* 659 2075 3045
* 3821 10,636 11,104

Notes: * MQ: mean flow; MNQ: mean low flow; MHQ: mean high flow. ** Orsova: MQ, MNQ, MHQ
are calculated for 1971-1990, due to end of records in 1990.

2.2. The Mechanistic Hydrological Model PROMET

The mechanistic hydrological model PROMET (Processes of Radiation, Mass and En-
ergy Transfer) is a physically-based land surface process model developed by Mauser and
Bach [22], interlinking dynamic vegetation and hydrological modelling. It simulates spa-
tially distributed fluxes of water, carbon and energy on hourly time steps while strictly
adhering to the law of conservation of mass and energy in space and time [22]. A detailed
description of the model theory can be found in Mauser and Bach [22], Hank et al. [36],
Mauser et al. [37] and Zabel et al. [38]. PROMET is structured in modules (e.g., meteorol-
ogy, land surface, vegetation, soil, groundwater, runoff formation and routing), with the
individual modules steadily exchanging information.

The dynamic vegetation module follows the approaches of Farquhar et al. [39], Chen
et al. [40] and Ball et al. [41] to simulate the net primary production and canopy conduc-
tivity. Stomatal conductance of the canopy is primarily regulated by water supply, which
is determined from the water content in the rooted soil zone [36]. According to the ap-
proach of Jarvis and Morison [42], the inhibition of the stomatal conductance is calculated
from the soil suction in the rooted zone [36]. In PROMET, this inhibition can be interpreted
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as a plant-specific water stress variable, given as a percentage reduction of potential tran-
spiration. It ranges from 0% to 100% inhibition of transpiration and primary production.
A water stress value of 0% thereby stands for completely absent water stress, meaning
that the plant’s stomata are fully open. In this case, the actual transpiration equals the
potential transpiration. In contrast, a water stress value of 100% stands for the maximum
water stress, meaning that the plant’s stomata remain fully closed. The dynamic process
description in the vegetation module allows for a full consideration of the alterations in
plant growth resulting from a changing climate.

The routing module, transferring water through the basin’s channel network, follows
the approach of Cunge [43] and Todini [44]. Due to PROMET's strong physical basis and
predictive power, a classical calibration of the PROMET parameters to fit observed dis-
charge is not appropriate [22,23]. Instead, literature sources and measurements are used
for the parametrization of the initial values within PROMET, maintaining the model’s
physical consistency [22].

PROMET is driven with hourly time series of spatially distributed meteorological
variables, which are downscaled and disaggregated within the PROMET meteorology
module in space and time (30" and 1 h in this study) according to Marke et al. [45]. Simul-
taneously, temperature and precipitation are linearly (and spatially distributed) bias-cor-
rected using long-term climatologies as a reference [23].

The fully validated PROMET model setup of Probst and Mauser [23] (30" spatial res-
olution) served as the basis for this study. Here, topographical information was taken
from the SRTM (Shuttle Radar Topography Mission) digital elevation model [27], soil
property data were derived from the Harmonized World Soil Database (HWSD) [46] and
watershed topography information was taken from the HydroSHEDS database [28]. For
land use information, we used the first existing consolidated land use map for the DRB of
Probst and Mauser [23] including the spatial distribution of agricultural crops, which is
based on a mosaic of the CORINE Land Cover 2012 [47] and the ESA CCI Land Cover
2015 [48] augmented by cultivation statistics [49]. The described input datasets are har-
monized datasets covering the entire DRB, which allows for a physically consistent and
uniform parametrization of the PROMET input parameters for soil, vegetation and hy-
drology all over the DRB. This comprehensive parametrization had successfully been val-
idated within the DRB [23]. All gridded input data come with a spatial resolution of 30"
(~0.00833333°).

2.3. Regional Climate Models As Meteorological Drivers
2.3.1. Selection of Appropriate Climate Models

In this study, we drove PROMET with EUR-11 GCM-RCM simulations from the en-
semble for Europe within the World Climate Research Program Coordinated Regional
Downscaling Experiment (EURO-CORDEX) [21]. From the EURO-CORDEX simulations,
we selected an appropriate ensemble of different combinations of RCMs driven by GCMs.

For this, we consulted the literature, such as the ensemble audit from the Bavarian
State Office for Environment authored by Zier et al. [50], in which the EURO-CORDEX
ensemble was checked for plausibility concerning circulation patterns and climate pro-
cesses within the hydrological region of Bavaria (which covers the entire Upper Danube
basin). Zier et al. [50] assessed a set of four indicators for temperature and precipitation to
identify possible biases or shifts between the GCM-RCM simulation results and the
KliRef2014 temperature and precipitation reference climatologies, which were created by
the authors based on interpolated observations. The indicators assessed by Zier et al. [50]
were (i) the deviation of the mean annual values (“quantity indicator”); (ii) the deviation
of the mean monthly values (“quantity indicator with seasonality reference”); (iii) the de-
viation of the seasonality of the mean monthly values (“seasonality indicator”); (iv) the
deviation of the spatial distribution of the mean annual values (“pattern indicator”) from
the climatologies. Zier et al. [50] rated models as implausible, particularly when a spatial
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offset of precipitation due to drift effects or insufficient and inverse annual dynamics had
been encountered. The authors considered it unlikely that these biases can be reliably re-
moved by bias correction, which makes the respective models inappropriate for hydro-
logical impact modelling in Bavarian watersheds and downstream [50]. GCM-RCM sim-
ulations with a uniform bias were considered appropriate, since this indicates that the
climatic processes are represented correctly in the climate model, but merely with an in-
correct order of magnitude that can be compensated with a bias correction [50].

Furthermore, the selected GCM-RCM ensemble had to meet a set of technical require-
ments. These were (i) 0.11° spatial resolution (EUR-11); (ii) at least 3 h temporal resolution;
(iii) availability of the “historical”, “RCP2.6” and “RCP8.5” experiments; (iv) availability
of the required PROMET meteorological input variables (total cloud cover [%], wind
speed (10 m height) [m/s], air temperature (2 m height) [K], dew point temperature (2 m
height) [K], surface pressure [Pa], total precipitation [mm], downward surface solar radi-
ation [W/m?] and downward surface thermal radiation [W/m?]).

Based on these considerations, we selected three suitable EURO-CORDEX GCM-
RCM combinations for this study:

e RACMO22Ev1 (RCM) driven with ICHEC-EC-EARTH (r12) (GCM) (denoted as
ICHEC-RACMO in this study);

e RCA4vl (RCM) driven with ICHEC-EC-EARTH (r12) (GCM) (denoted as ICHEC-
RCAA4 in this study);

e RCA4vla (RCM) driven with MPI-M-MPI-ESM-LR (r1) (GCM) (denoted as MPI-
RCA4 in this study).

These three GCM-RCM combinations have also been considered plausible and with-
out serious biases in other study regions within the DRB, e.g., in the Alps [51] or in the
Pannonian Basin [52]. Moreover, the RCMs involved have been found to be amongst the
better-performing in the Carpathian region [53].

For each of the three GCM-RCM combinations, we used the historical experiment for
the reference period (1971-2000) (the time frame was selected due to EURO-CORDEX data
availability) as well as the RCP2.6 and RCP8.5 experiments for both the near future (2031-
2060) and the far future (2071-2100) as drivers for the PROMET hydrological simulations.

2.3.2. Bias Correction of Climate Model Simulations

Climate model simulations typically exhibit systematic biases in climate variables
[54], which introduce additional uncertainties to future climate projections. Hence, we ap-
plied a spatially distributed linear bias correction of temperature and precipitation based
on reference climatologies to the downscaled (30" spatial resolution) and disaggregated
(1 h temporal resolution) climate model forcing data. As reference climatologies, we used
the compiled climatologies (30" spatial resolution) from Probst and Mauser [23], which
had already been used for the generation of the historical ERA5-GPW forcing dataset [23]
and had been successfully validated within the PROMET setup for the DRB in the men-
tioned study. The compiled climatologies are: (i) the global WorldClim 2 temperature cli-
matology [55] for the bias correction of temperature; (ii) a mosaic of the global WorldClim
2 precipitation climatology [55] and the Alpine precipitation climatologies GLOWA
(Globaler Wandel; engl. Global Change) [56] and PRISM (Parameter-elevation Regression
on Independent Slope Model) [57] for the bias correction of precipitation. These climatol-
ogies are based on interpolated observations, whereby the two Alpine precipitation cli-
matologies, GLOWA and PRISM, are derived from a particularly high-resolution station
density [23]. The other meteorological variables apart from temperature and precipitation
were not bias-corrected.

The hindcast in Figure 2 shows the performance of the bias correction. Here, we show
the long-term mean monthly temperature and precipitation (1980-2000) on spatial aver-
age over the DRB and the resulting long-term mean monthly discharge (1980-2000) at the
outlet gauge Ceatal Izmail. The simulations driven by the three bias-corrected GCM-RCM
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ensemble members (ICHEC-RACMO, ICHEC-RCA4 and MPI-RCA4) were compared
with the simulation driven by the ERA5-GPW forcing dataset of Probst and Mauser [23].
As can be seen, the correspondence between ERA5-GPW long-term temperature and pre-
cipitation seasonalities with their counterparts from the bias-corrected GCM-RCM simu-
lations is very high. The same holds true for discharge: the long-term discharge seasonal-
ities of the simulations driven by the bias-corrected GCM-RCM ensemble members are in
good agreement to the long-term discharge seasonality of the ERA5-GPW-driven simula-

tion.
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Figure 2. Hindcast of long-term mean monthly temperature [°C] (a) and precipitation [mm] (b)
(1980-2000) on spatial average over the Danube River Basin as well as long-term mean monthly
discharge [m3/s] (c) at outlet gauge Ceatal Izmail (1980-2000). The simulations driven by the bias-
corrected GCM-RCM ensemble members ICHEC-RACMO, ICHEC-RCA4 and MPI-RCA4 were
compared with the ERA5-GPW-driven simulation of Probst and Mauser [23].

3. Results
3.1. Temperature and Precipitation
3.1.1. Basin-Wide and Regional Trends

The interplay between temperature and precipitation is one of the main determinants
of the hydrological cycle in a watershed. Climate change-induced alterations in tempera-
ture and precipitation are major drivers for changes in the hydrological cycle and water
resource availability in both space and time. In Figure 3, we show the development of the
mean annual temperature and precipitation on spatial average over the whole DRB as a
result of the following simulations: the simulation driven with the historical ERA5-GPW
forcing dataset [23], the historical GCM-RCM-driven simulations (ensemble mean) and
the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the
near and far future.
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Figure 3. Mean annual temperature [°C] (a) and precipitation [mm] (b) according to the historical
ERA5-GPW-driven simulation (1980-2000) [23] (green) and to the historical GCM-RCM-driven sim-
ulations (ensemble mean; 1971-2000) (black) as well as according to the GCM-RCM-driven simula-
tions (ensemble mean) under RCP2.6 (blue) and RCP8.5 (red) for the near future (2031-2060) and
the far future (2071-2100) on spatial average over the whole Danube River Basin. Lines: ensemble
mean; shadings: standard deviation of the ensemble.

In Table 2, we additionally show the changes in the long-term mean annual and sea-
sonal temperature and precipitation on spatial average for the Upper, Middle and Lower
Danube as well as for the Danube overall according to the GCM-RCM-driven simulations
(ensemble mean) under RCP2.6 and RCP8.5 for the near and far future compared to the
historical GCM-RCM-driven simulations (ensemble mean).

Table 2. Changes in the long-term mean annual and seasonal temperature [°C] and precipitation
[%] on spatial average for the Upper, Middle and Lower Danube as well as for the Danube overall
according to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the
near future (2031-2060) and the far future (2071-2100) compared to the historical GCM-RCM-driven
simulations (ensemble mean, 1971-2000).

Temperature [°C] Precipitation [%]

Emission Scenario Upper  Middle Lower Danube Upper  Middle Lower Danube
Danube Danube Danube Overall Danube Danube Danube Overall
RCP2.6 (2031-2060)
Annual +1.3 +1.2 +1.3 +1.2 +4.6% +3.7% +6.5% +4.5%
DJF * +1.5 +1.4 +1.6 +1.5 +13.4% +11.7% +15.0% +12.6%
MAM * +1.2 +1.2 +1.4 +1.3 +6.4% +7.2% +5.6% +6.7%
JJA* +1.2 +1.1 +1.1 +1.1 +1.1% +0.6% +6.6% +2.1%
SON * +1.3 +1.1 +1.0 +1.1 +1.4% -1.6% +1.1% -0.7%
RCP2.6 (2071-2100)
Annual +1.2 +1.2 +1.3 +1.2 +5.5% +7.1% +8.6% +7.2%
DJF +1.3 +14 +1.5 +14 +16.7% +12.9% +11.8% +13.2%
MAM +1.2 +1.4 +1.6 +1.4 +5.4% +8.6% +4.7% +7.3%
JJA +1.1 +1.0 +1.0 +1.0 -0.1% +3.3% +7.8% +3.8%
SON +1.1 +0.9 +0.9 +0.9 +5.3% +6.6% +12.5% +7.6%
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RCP8.5 (2031-2060)

Annual +2.1 +2.2 +2.3 +2.2 +7.1% +5.1% +2.8% +4.9%
DJF +2.6 +2.5 +2.5 +2.5 +26.6% +13.3% +16.9% +15.9%
MAM +1.9 +2.2 +2.4 +2.2 +5.5% +8.6% +8.2% +8.1%
JJA +2.0 +2.1 +2.3 +2.2 +0.2% -1.9% -6.5% -2.6%
SON +2.0 +2.0 +2.0 +2.0 +3.8% +4.7% +1.0% +3.8%
RCP8.5 (2071-2100)

Annual +4.2 +4.2 +4.4 +4.3 +9.8% +7.0% +0.4% +5.9%
DJF +4.6 +4.7 +4.8 +4.7 +23.8% +27.3% +19.8% +25.3%
MAM +3.8 +3.9 +4.3 +4.0 +16.2% +12.0% +3.9% +10.7%
JJA +4.3 +4.4 +4.8 +4.5 -2.4% -7.4% -12.6% -7.9%
SON +4.1 +3.8 +3.9 +3.9 +11.1% +6.0% +2.9% +6.1%

Notes: * DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON:
September, October, November.

While Figure 3 shows that the historical mean annual temperature and precipitation
developments from the ERA5-GPW-driven simulation and from the historical GCM-
RCM-driven simulations are in good agreement, the future developments under RCP2.6
and RCP8.5 reveal very different trends. In particular, basin-wide temperatures differ sig-
nificantly between RCP2.6 and RCP8.5. While temperature rise remains on a relatively
low and constant level under RCP2.6 (+1.2 °C on long-term basin-wide average for both
the near and far future compared to the historical period; Table 2), the RCP8.5 temperature
rise features a significant increasing trend especially for the far future (+2.2 °C and +4.3 °C
on long-term basin-wide average for the near and far future compared to the historical
period; Table 2), culminating in a temperature rise of +5.1 °C by 2100. Concerning annual
precipitation, we identified no such clear trends as for temperature. For both RCP2.6 and
RCP8.5, a slight increase in annual precipitation can be observed (RCP2.6: +4.5% and
+7.2% on long-term basin-wide average for the near and far future compared to the his-
torical period; RCP8.5: +4.9% and +5.9% on long-term basin-wide average for the near and
far future compared to the historical period; Table 2). In addition to the long-term average
increase in precipitation, strong variability is visible in Figure 3.

In Figure 4, we show regional differences in temperature and precipitation. Here, we
show boxplots of annual temperature and precipitation change for the Upper, Middle and
Lower Danube according to the simulations driven by the three individual GCM-RCM
ensemble members under RCP2.6 and RCP8.5 for the near and far future compared to the
historical reference.
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Figure 4. Boxplots of the annual temperature change [°C] (a—c) and the annual precipitation change
[%] (d—f) on spatial average for the Upper, Middle and Lower Danube according to the simulations
driven by the three individual GCM-RCM ensemble members under RCP2.6 and RCP8.5 for the
near future (2031-2060) and the far future (2071-2100) compared to the long-term mean of the GCM-
RCM-driven simulations for the historical period (1971-2000). The boxplots show yearly simulation
results of the three individual GCM-RCM ensemble members. Whiskers: 1.5-fold interquartile
range; black dots: minimum and maximum values.

According to Figure 4, the future temperature development uniformly points to an
increase in median temperature for both emission scenarios, both future periods, and for
all three Danube sub regions. Especially the RCP8.5 median temperature increase (far fu-
ture) points to high values of +4.2 °C to +4.5 °C across the sub regions. While for RCP2.6
(near and far future) and RCP8.5 (near future), single colder years still occur in which
annual temperature is lower than the long-term mean annual temperature of the historical
period, no single colder year occurs for RCP8.5 (far future). The future precipitation de-
velopment points to a slight to negligible increase in median annual precipitation for both
emission scenarios and both future periods in all sub regions, with a range that extends
from +0.2% (RCP8.5 far future, Lower Danube) to +11.0% (RCP2.6 far future, Lower Dan-
ube). In the Lower Danube, median annual precipitation under RCP8.5 remains nearly
unchanged for both the near and far future. At the same time, the variability of the annual
precipitation is especially large for the Lower Danube compared to the Upper and Middle
Danube.

3.1.2. Changes in Seasonality

To thoroughly assess the impacts of climate change, it is also necessary to take a closer
look at possible seasonal changes. In Figure 5, we show seasonality plots of the long-term
mean monthly developments of temperature and precipitation on spatial average for the
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Figure 5. Long-term mean monthly developments of temperature [°C] (a—c) and precipitation [mm]
(d-f) according to the historical GCM-RCM-driven simulations (ensemble mean, 1971-2000) and the
GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near future
(2031-2060) and the far future (2071-2100) on spatial average for the Upper, Middle and Lower
Danube.

Figure 5 shows that the future temperature increases more or less evenly throughout
the year in the Upper, Middle and Lower Danube without shifts in seasonality. In all sub
regions, however, a greater warming trend occurs in the winter season than during the
rest of the year in all scenarios (e.g., RCP8.5, near future: +2.5 °C to +2.6 °C in the winter
season versus +1.9 °C to +2.4 °C during the other seasons) (Table 2). Especially the warm-
ing trend according to RCP8.5 (far future) is stronger in the winter season (+4.6 °C to +4.8
°C) and the summer season (+4.3 °C to +4.8 °C) in all sub regions than during the other
seasons (+3.8 °C to +4.3 °C) (Table 2).

For precipitation, the plots reveal more distinct shifts in seasonality: for the Upper
Danube, the increase in the mean annual precipitation under RCP2.6 and RCP8.5 (near
and far future; Figure 5 and Table 2) is mainly attributable to an above-average increase
in the winter and spring season. For RCP8.5 (far future), for example, the long-term mean
seasonal precipitation is projected to change by +23.8% and +16.2% in the winter and
spring season, versus —2.4% and +11.1% in the summer and autumn season in the Upper
Danube. In addition, a shift of peak precipitation in the Upper Danube from July to June
is projected in both RCP2.6 and RCP8.5 (near and far future), which is associated with a
shift of the summer precipitation regime forward by one month. For the Lower Danube,
there is an increase in precipitation visible in the summer season for RCP2.6 (+6.6% and
+7.8% for the near and far future), but a moderate to strong decrease throughout summer
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(May—September) for RCP8.5 (e.g., —6.5% and —12.6% in the summer season for the near
and far future). For the winter season, the simulations point to an increase in precipitation
in the Lower Danube for all scenarios and all future periods, ranging from +11.8% (RCP2.6
far future) to +19.8% (RCP8.5 far future). For the Middle Danube, the major trends from
the Upper Danube (especially the increase in winter precipitation) and the Lower Danube
(especially the decrease in summer precipitation) blend, particularly under RCP8.5 (far
future).

3.1.3. Changes in Spatial Patterns

Given the natural heterogeneity of the DRB, it is expected that climate change effects
will also be spatially distributed in a very heterogeneous manner. In Figures 6 and 7, we
show maps of the long-term mean seasonal temperature and precipitation (ensemble
mean) in the DRB according to the historical GCM-RCM-driven simulations as well as the
mean seasonal (absolute or relative) changes (ensemble mean) according to the GCM-
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Figure 6. Maps of the long-term mean seasonal temperature [°C] for the historical GCM-RCM-
driven simulations (ensemble mean, 1971-2000) as well as the long-term mean seasonal temperature
change [°C] according to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and
RCP8.5 for the near future (2031-2060) and the far future (2071-2100) in the Danube River Basin.
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Figure 7. Maps of the long-term mean seasonal precipitation [mm] for the historical GCM-RCM-
driven simulations (ensemble mean, 1971-2000) as well as the long-term mean seasonal precipita-
tion change [%] according to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6
and RCP8.5 for the near future (2031-2060) and the far future (2071-2100) in the Danube River Basin.

Figure 6 shows a relatively uniform spatial distribution of the mean seasonal temper-
ature rise under RCP2.6 and RCP8.5 for both the near and far future. Especially for RCP8.5
(far future), however, the spatial patterns hint at a relatively stronger temperature increase
in the mountains (e.g., +6 °C up to +8 °C during the winter season) compared to the basin
overall (e.g., +4.7 °C on spatial average during the winter season). The historical simula-
tions show that the highest long-term mean temperatures in the summer season occur in
the basins of the Middle and Lower Danube (e.g., the Romanian Plain with an average
summer temperature of >22 °C). For RCP8.5 (far future), a particular hot spot of summer
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temperature rise of +5 °C and beyond lies in the Lower Danube, additionally amplifying
hot summer temperatures.

Figure 7 shows a gradient of decreasing mean seasonal precipitation, roughly from
the north-west to the south-east of the DRB. The change maps show different spatial hot
spots of precipitation increase or decrease depending on the scenario. For RCP2.6 (near
and far future), precipitation increases in almost every season nearly throughout the ba-
sin, ranging from —-1% (RCP2.6 near future, autumn season) to +14% (RCP2.6 far future,
winter season) on spatial average. For RCP8.5 (near and far future), precipitation gener-
ally increases in the winter season and decreases in the summer season in large parts of
the basin, ranging from -9% (RCP8.5 far future, summer season) to +26% (RCP8.5 far fu-
ture, winter season) on spatial average. For RCP8.5 (near future), a tendency of increasing
winter precipitation in the Upper Danube basin, across the northern Carpathian ridge and
in the Moldovan Plain of +20% up to +40% and decreasing summer precipitation in the
southern Lower Danube basin of —20% down to —26% is visible. For RCP8.5 (far future),
the winter precipitation increase extends almost over the entire DRB (with hot spots of up
to +57%) and the summer precipitation decrease intensifies and extends over large south-
ern parts of the Middle and Lower Danube basin with -20% down to -36%, additionally
amplifying drier summers in this region.

3.2. Soil Water Content, Plant Water Stress and Snow Water Equivalent
3.2.1. Changes in Seasonality

In Figure 8, we show seasonality plots of the long-term mean monthly developments
of available soil water content in the rooted zone, plant water stress and snow water
equivalent (SWE) on spatial average for the Upper, Middle and Lower Danube. The de-
velopments result from the historical GCM-RCM-driven simulations (ensemble mean)
and the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for
the near and far future.
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Figure 8. Long-term mean monthly developments of soil water content in the rooted zone [mm] (a—
¢), plant water stress [% reduction of potential transpiration] (d—f) and snow water equivalent [mm]
(g-i) according to the historical GCM-RCM-driven simulations (ensemble mean, 1971-2000) and the
GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near future
(2031-2060) and the far future (2071-2100) on spatial average over the Upper, Middle and Lower
Danube.

Figure 8 shows that the long-term mean monthly soil water content decreases in late
summer and early autumn in both the Upper and Middle Danube for all scenarios and
particularly strong for RCP8.5 (far future), with the most severe percentage soil water re-
duction occurring in September. For RCP8.5 (far future), for example, soil water reduction
in September amounts to 28 mm (-10.2%) in the Upper Danube and —25 mm (-9.6%) in
the Middle Danube. In the Lower Danube, soil water decreases more or less uniformly
throughout the year with a likewise considerable reduction for RCP8.5 (far future) and
the comparatively strongest percentage reduction in July with -30 mm (-9.4%) for RCP8.5
(far future).
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The depleting soil water storages directly translate into rising water stress experi-
enced by vegetation (especially agricultural crops, grasslands and forests) in the DRB. Our
simulations show that the long-term mean monthly plant water stress intensifies in the
Upper, Middle and Lower Danube, especially during the summer and autumn months of
diminished soil water toward the end of the period of maximum forest transpiration and
toward the end of the vegetation period of dominant agricultural summer crops such as
maize, sunflower, soybean, potatoes and sugar beet. The historical simulations show the
maximum monthly plant water stress values in late summer for all the sub regions, result-
ing in 3% for the Upper Danube in September, 13% for the Middle Danube in August and
14% for the Lower Danube in August. For RCP8.5 (far future), plant water stress intensi-
fies to maximum values of 9% for the Upper Danube, 22% for the Middle Danube and
22% for the Lower Danube in the same months.

Furthermore, the simulations show a reduction in the long-term mean monthly SWE,
which indicates that the amount of water stored in snow decreases for all scenarios and
especially for RCP8.5 (far future). In the winter season (DJF), simulated future SWE de-
creases all over the DRB, with SWE reductions of —-14.7 mm (-80%) in the Upper Danube,
-5.9 mm (-85%) in the Middle Danube and -3.2 mm (-78%) in the Lower Danube on spa-
tial average for RCP8.5 (far future). Summer snow cover in the high mountain ranges of
the Alps in the Upper Danube vanishes almost completely for RCP8.5 (far future).

3.2.2. Changes in Spatial Patterns

In Figures 9-11, we show maps of the long-term mean seasonal soil water content in
the rooted zone, plant water stress and SWE in the DRB according to the historical GCM-
RCM-driven simulations (ensemble mean) as well as the mean seasonal values or changes
according to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and
RCP8.5 for the near and far future.
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Figure 9. Maps of the long-term mean seasonal soil water content in the rooted zone [mm] for the
historical GCM-RCM-driven simulations (ensemble mean, 1971-2000) as well as the long-term mean
seasonal soil water change [mm] according to the GCM-RCM-driven simulations (ensemble mean)
under RCP2.6 and RCP8.5 for the near future (2031-2060) and the far future (2071-2100) in the Dan-
ube River Basin.
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Figure 10. Maps of the long-term mean seasonal plant water stress [% reduction of potential tran-
spiration] for the historical GCM-RCM-driven simulations (ensemble mean, 1971-2000) as well as
for the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near fu-
ture (2031-2060) and the far future (2071-2100) in the Danube River Basin.
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Figure 11. Maps of the long-term mean seasonal snow water equivalent (SWE) [mm] for the histor-
ical GCM-RCM-driven simulations (ensemble mean, 1971-2000) as well as for the GCM-RCM-
driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near future (2031-2060) and
the far future (2071-2100) in the Danube River Basin.

Figure 9 reveals that almost all scenarios and future periods (except for RCP2.6 far
future in the winter and spring season) show negative changes in soil water on spatial
average for the four seasons. For RCP2.6 (near and far future), the seasonal soil water
change ranges between -8 mm (RCP2.6, near future) in the autumn season and +2 mm
(RCP2.6, far future) in the winter season. Here, the change maps only show local altera-
tions of soil water, with a concentration of refilling soil water storages around the Panno-
nian Basin in winter and spring and depleting soil water storages in some forested areas
of Transylvania in summer and autumn. For RCP8.5 (near and far future), the seasonal
soil water change ranges between -3 mm (RCP8.5, near future) in the winter and spring
season and -22 mm (RCP8.5, far future) in the summer season. For RCP8.5, hot spots of
more significant changes can be encountered, in which the soil water particularly in-
creases in the Pannonian Basin during winter and spring and decreases in the forested
areas of Transylvania, the Carpathian foothills and the southern Dinarides during sum-
mer and autumn (near and far future).

Figure 10 shows that the patterns of increasing plant water stress follow the patterns
of depleting soil water storages. Long-term mean seasonal plant water stress is largely
restricted to the summer and autumn season. In the historical simulations, the mean plant
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water stress amounts to 7.1% on spatial average during both summer and autumn. During
summer, the extensive croplands in the lowlands of the Middle and Lower Danube are
especially affected by water stress values of >25%, which can be interpreted as serious
water shortages reducing agricultural yields. During autumn, hot spots of the plant water
stress shift to areas of deciduous forests, with values of >30%. For all scenarios and future
periods, summer and autumn water stress intensifies on spatial average. Especially for
RCP8.5 (far future), the maps point to a more widespread and more intense plant water
stress of 13.8% during summer and 11.0% during autumn on spatial average. Distinct hot
spots occur in the Pannonian Basin, the Romanian Plain (water stress values of >40% for
agricultural crops in the summer season) and around the Carpathian foothills (water
stress values of >50% for deciduous forests in the autumn season).

Figure 11 shows that the long-term mean seasonal SWE concentrates in the mountain
regions during winter and spring. For the historical period, the long-term mean SWE in
the winter season amounts to 7.35 mm on spatial average, with SWE values of >100 mm
in the Alpine mountain ranges. The change maps reveal significant reductions in the sea-
sonal SWE for all scenarios all over the DRB. The strongest reduction is again projected
for RCP8.5 (far future), for which the SWE decreases considerably in the Alps, Carpathi-
ans and Dinarides during autumn (from 0.89 mm to 0.08 mm), winter (from 7.35 mm to
1.28 mm) and spring (from 3.62 mm to 0.83 mm), and almost completely vanishes during
summer (from 0.65 mm to 0.05 mm).

3.3. Discharge
3.3.1. Annual and Seasonal Trends in Danube Sub-basins

The future projections of the temperature and the components of the hydrological
cycle, such as precipitation, soil water and snow water, hold direct consequences for the
runoff dynamics in the DRB. In Table 3, we show the changes in the long-term mean an-
nual and seasonal mean discharge (MQ) in the entire DRB and its major sub-basins (Figure
1) according to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and
RCP8.5 for the near and far future compared to the historical simulations (ensemble
mean).

Table 3. Changes in the long-term mean annual and seasonal mean discharge (MQ) [%] in the Dan-
ube River Basin and its major sub-basins (at respective gauges in parentheses) according to the
GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near future
(2031-2060) and the far future (2071-2100) compared to the historical GCM-RCM-driven simula-
tions (ensemble mean, 1971-2000).

Lower
iddl D
.. ] Upper Middle rava Sava Mures Tisza Siret Danube
Emission Scenario Danube Danube (Dravasza- (Sremska (Nagylak) (Senta) (Lungoci) (Ceatal
(Achleiten) (Bezdan) bolcs) Mitrovica) 8y 8 Tzmail)
RCP2.6 (2031-
2060)
Annual +4.6% +4.8% +6.4% -0.9% -0.8% —4.0% +4.4% +2.8%
DJF * +9.2% +7.8% +11.6% +2.1% -1.8% -8.3% +16.3% +3.4%
MAM * +4.6% +5.5% +7.4% +0.6% +5.0% +2.5% +9.5% +4.4%
JJA * +5.9% +7.9% +8.9% -0.3% —2.8% -2.5% —0.8% +5.1%
SON * -1.8% -3.1% -1.9% -8.0% -3.3% -9.3% +0.5% -3.1%
RCP2.6 (2071~
2100)
Annual +6.9% +9.5% +12.7% +9.6% +7.4% +5.6% +20.0% +10.7%
DJE +20.4% +20.2% +16.6% +13.5% +14.7% +7.8% +37.6% +16.9%
MAM +3.0% +6.8% +10.7% +8.0% +7.1% +8.1% +11.6% +8.8%

JJA +3.8% +7.8% +13.0% +8.5% -0.2% +3.5% +16.0% +9.5%
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SON +0.6% +2.8% +10.9% +7.4% +14.9% +3.3% +23.9% +7.4%
RCP8.5 (2031-

2060)

Annual +7.2% +8.1% +9.0% -2.0% -3.9% +0.1% -4.3% +3.1%
DJF +22.5% +21.1% +17.3% +3.1% +9.8% +5.7% +11.5% +12.1%
MAM +4.4% +6.2% +6.1% +0.5% +7.2% +5.4% +13.0% +6.0%
JJA +2.8% +4.7% +5.9% -7.1% -13.5% -2.7% -16.5% -1.5%
SON —0.2% +0.0% +8.1% -6.7% -14.1% -9.2% -10.6% -4.4%
RCP8.5 (2071-

2100)

Annual +10.5% +11.5% +9.4% —0.2% +0.6% +4.5% -5.2% +5.2%
DJF +26.4% +27.7% +33.3% +14.7% +13.2% +13.1% +9.5% +19.1%
MAM +9.2% +10.0% +8.5% +7.4% +17.3% +18.3% +13.0% +11.8%
JJA +3.3% +6.2% +0.8% -16.7% -11.1% -3.5% -14.7% —2.9%
SON +4.1% +2.0% +0.6% -11.9% -11.5% -10.8% -17.1% -7.2%

Notes: * DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON:
September, October, November.

Table 3 shows that the trends of the future MQ changes (increasing or decreasing)
generally follow the precipitation development, although some time lag is visible. Sur-
prisingly, despite the decreasing soil water content in the root zone and the increasing
plant water stress, the long-term mean annual MQ increases for all scenarios and all future
periods at the Danube outlet gauge in Ceatal Izmail (+2.8% and +10.7% for RCP2.6 in the
near and far future; +3.1% and +5.2% for RCP8.5 in the near and far future). For RCP2.6
(near future), the MQ tends to increase in winter and spring, and to decrease in summer
and autumn across a majority of sub-basins. Interestingly, for RCP2.6 (far future), in con-
trast, the MQ increases in all seasons for almost all sub-basins. For RCP8.5 (near and far
future), Table 3 hints at a clear dichotomy: on the one hand, the MQ increases for all sea-
sons in the Upper Danube, Middle Danube (Bezdan) and Drava basin (e.g., +22.5% and
+26.4% for winter MQ in the Upper Danube for RCP8.5 in the near and far future). On the
other hand, the MQ increases for the winter and spring season (+0.5% to +19.1%) and de-
creases in the summer and autumn season (-1.5% to —17.1%) in the downstream sub-ba-
sins (Sava, Mures, Tisza, Siret and the Lower Danube). Hereby, the reduction in the sea-
sonal MQ according to RCP8.5 is more severe for the Sava, Tisza and Lower Danube basin
for the far future. Concerning the annual MQ, the increase in the winter and spring MQ
over-compensates for the decrease in the summer and autumn MQ in most sub-basins. At
the Danube outlet, the winter and spring surplus outweighs the summer and autumn def-
icit for all scenarios.

In Figure 12, we show seasonality plots of the long-term mean monthly develop-
ments of discharge for the Upper Danube (gauge Achleiten), Middle Danube (gauge Iron
Gate) and Lower Danube (gauge Ceatal Izmail). The developments result from the histor-
ical GCM-RCM-driven simulations (ensemble mean) and the GCM-RCM-driven simula-
tions (ensemble mean) under RCP2.6 and RCP8.5 for the near and far future.
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Figure 12. Long-term mean monthly developments of discharge [m3/s] according to the historical
GCM-RCM-driven simulations (ensemble mean, 1971-2000) and the GCM-RCM-driven simulations
(ensemble mean) under RCP2.6 and RCP8.5 for the near future (2031-2060) and the far future (2071-
2100) for the Upper Danube at gauge Achleiten, the Middle Danube at gauge Iron Gate and the
Lower Danube at gauge Ceatal Izmail.

The changes in the future discharge regimes are a direct response to the changes in
the precipitation regimes. In the Upper Danube, the increase in winter precipitation, the
slight decrease in summer precipitation (especially for RCP8.5, far future) and the forward
shift of the precipitation peak directly translates into corresponding changes in seasonal
discharge regimes at gauge Achleiten. Here, the long-term mean monthly MQ at gauge
Achleiten increases by +26.4% on average in the winter season and decreases by -7.1%
during August and September (RCP8.5, far future). The same tendencies can be observed
for the Middle Danube (gauge Iron Gate) and Lower Danube (gauge Ceatal Izmail), where
especially the strong decrease in summer precipitation (RCP8.5, far future) translates into
a decrease in the summer discharge. Here, the long-term mean monthly MQ increases by
+21.9% at gauge Iron Gate and +19.1% at gauge Ceatal Izmail in the winter season and
decreases by —12.1% at gauge Iron Gate and —11.3% at gauge Ceatal Izmail during August
and September. However, the decrease in summer discharge blends with the discharge
changes of the Upper Danube (especially with the increase in winter discharge) that are
transferred to downstream reaches.

3.3.2. Changes in Spatial Patterns

In terms of discharge, smaller tributary rivers in drier regions are expected to be par-
ticularly affected by climate change. In Figure 13, we show maps of the changes in the
long-term mean seasonal MQ in the DRB according to the GCM-RCM-driven simulations
(ensemble mean) under RCP2.6 and RCP8.5 for the near and far future compared to the
historical GCM-RCM-driven simulations (ensemble mean).
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Figure 13. Maps of the long-term mean seasonal MQ change [%] in the Danube River Basin accord-
ing to the GCM-RCM-driven simulations (ensemble mean) under RCP2.6 and RCP8.5 for the near
future (2031-2060) and the far future (2071-2100) compared to the historical GCM-RCM-driven sim-
ulations (ensemble mean, 1971-2000).

Figure 13 shows that the changes in the long-term mean seasonal MQ under different
scenarios and future periods are very heterogeneously distributed across the DRB. On
basin-wide average, the range of seasonal MQ change varies between -8% (RCP8.5, far
future, summer season) and +19% (RCP8.5, far future, winter season). An interesting find-
ing for the MQ changes under RCP2.6 is that negative MQ changes occur much more fre-
quently for the near future than for the far future. Shortages in water resource availability
in rivers under the RCP2.6 scenario are more frequently projected in the near future and
are compensated by higher precipitation in the far future. For RCP2.6 (near future), the
mean seasonal MQ change ranges from -3% (autumn) to +5% (winter) on basin-wide av-
erage. Here, local hot spots of runoff reductions are especially found in the Pannonian
Basin and the Tisza basin in winter, summer and autumn. Cold spots (regions with runoff
increase) are particularly found in the Alps in the winter season and the Danube delta
region in autumn and winter. For RCP2.6 (far future), the mean seasonal MQ change
ranges from +8% (summer) to +18% (winter) on basin-wide average. Here, cold spots of
an increasing MQ predominate the map, especially in the Pannonian Basin (all year), the
Upper Danube (winter season) and the Danube delta region with the Romanian and Mol-
dovan Plain (autumn and winter).

For the RCP8.5 scenario though, significantly greater reductions in the MQ occur
throughout the basin. For RCP8.5 (near future), the mean seasonal MQ change ranges
from -5% (summer and autumn) to +12% (winter) on basin-wide average. Here, wide-
spread hot spots of an MQ decrease can be found in the entire Lower Danube and the
Sava basin in summer and autumn. Simultaneously, winter precipitation and thus, MQ is
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increasing in the Upper Danube, especially in the Alpine region. For RCP8.5 (far future),
the mean seasonal MQ change ranges from -8% (summer) to +19% (winter) on basin-wide
average. Here, severe decreases in the MQ (changes of up to —50%) can be observed for
smaller tributary rivers scattered almost all over the basin in summer and autumn.
Around the Carpathian Mountains, the MQ decreases all over the year. Likewise, winter
precipitation and thus, MQ increases in the Upper Danube (especially in the Alps) and the
Pannonian Basin, and spring precipitation and thus, MQ increases in the Pannonian Basin.

3.3.3. Changes in the Risk of High and Low Flows

To thoroughly analyze the impacts of climate change on runoff dynamics, it is also
necessary to take a closer look on the development of high and low flows. In Figure 14,
we show flow duration curves for the Upper Danube (gauge Achleiten), the Middle Dan-
ube (gauges Bezdan and Iron Gate) and the Lower Danube (gauge Ceatal Izmail) (sub
panels a—d). The flow duration curves show the average number of days in a year, in
which the discharge values are exceeded. The colored curves in Figure 14 refer to the en-
semble mean of the historical GCM-RCM-driven simulations as well as to the ensemble
mean of the GCM-RCM-driven simulations under RCP2.6 and RCP8.5 for the near and
far future. Figure 14 additionally zooms into the flow duration curves of the respective
gauges in two intervals: (i) the interval of the flow duration curves near the historical long-
term mean annual low flow (MNQ) values (thereby showing the number of undershoot
days; sub panels e-h); (ii) the interval of the flow duration curves near the historical long-
term mean annual high flow (MHQ) values (thereby showing the number of exceedance
days; sub panels i-l) at the respective gauges.
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Figure 14. Flow duration curves for different gauges along the main course of the Danube (gauges
Achleiten, Bezdan, Iron Gate and Ceatal Izmail) for the historical GCM-RCM-driven simulations
(ensemble mean, 1971-2000) as well as for the GCM-RCM-driven simulations (ensemble mean) un-
der RCP2.6 and RCP8.5 for the near future (2031-2060) and the far future (2071-2100). The graphs
in subplots (a—d) show the average number of days in a year in which the daily discharge values are
exceeded. The graphs in subplots (e-h) are zoomed-in near the historical long-term mean annual
low flow (MNQ) values and the graphs in subplots (i-1) are zoomed-in near the historical long-term
mean annual high flow (MHQ) values at the respective gauges.

According to Figure 14, the parts of the flow duration curves that lie beyond the his-
torical long-term mean annual MQ values show a distinct trend: the curves from the fu-
ture GCM-RCM-driven simulations generally lie above the curves from the historical sim-
ulations. This means that on average, a selected discharge value is exceeded on more days
in a year. This points to a development, in which a greater water volume is in the river
system on an increasing number of days in a year. The zoomed-in plots near the historical
MNQ values and near the historical MHQ values at the respective gauges provide insight
into the development of low and high flows. For the Upper Danube (gauge Achleiten) and
the Middle Danube (gauge Bezdan), the historical MNQ values (631 m3/s and 1216 m?3/s)
are on average not undershot in an average year according to all scenarios and future
periods (RCP2.6 and RCP8.5, near and far future). For the Middle Danube (gauge Iron
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Gate) and the Lower Danube (gauge Ceatal Izmail), the historical MNQ is on average un-
dershot on some days of the year according to most scenarios and future periods. For
example, the historical MNQ values at gauges Iron Gate and Ceatal Izmail (2948 m?3/s and
3689 m?/s) are undershot on 6 and 11 days (RCP8.5, far future). This means that low flow
conditions along the Middle and Lower Danube River are projected to become more fre-
quent in the future.

For all considered gauges of the Danube River (gauges Achleiten, Bezdan, Iron Gate
and Ceatal Izmail), the historical MHQ is on average overshot on some days of the year
according to all scenarios and future periods. For example, the historical MHQ values at
the gauges Achleiten, Bezdan, Iron Gate and Ceatal Izmail (3081 m?/s, 4611 m3/s, 10,612
m?/s and 11,907 m3/s) are overshot on 8, 20, 11 and 11 days (RCP8.5, far future). This means
that high flow conditions all along the Danube main course are projected to become more
frequent in the future.

4. Discussion
4.1. The Big Picture
4.1.1. Trends of Temperature and Precipitation

On basin-wide average, we find a very significant and continuous warming trend
with rising mean annual temperatures for RCP8.5, which begins in the near future and
continues to strengthen in the far future (Figure 3 and Table 2). For RCP2.6, the tempera-
ture slightly increases from the historical baseline but soon saturates at a constant level in
both the near and far future (Figure 3 and Table 2). The maps of the temperature increase
under RCP2.6 and RCP8.5 in the near and far future (Figure 6), as simulated by the GCM-
RCM ensemble, are very similar in their magnitude to the corresponding maps of Stagl
and Hattermann [15], as simulated by a GCM ensemble. However, our maps show a much
stronger spatial differentiation, especially in mountainous terrain, due to the higher spa-
tial resolution of the RCMs used in this study. Especially for RCP8.5 (far future), we found
a relatively stronger temperature increase in the mountains compared to the remaining
basin. These findings are in agreement with a widely recognized phenomenon of eleva-
tion-dependent warming, according to which mountain areas are subject to (in most cases)
stronger or weaker warming trends than the surrounding lowlands [58]. This is due to the
varying responses of different land covers to climate change and to the snow-albedo feed-
back, which accelerates warming where snow cover retreats, and thus exposes surfaces of
lower albedo [58].

Concerning precipitation, our results show an increase in the basin-wide, mean an-
nual precipitation for both RCP2.6 and RCP8.5 in the near and far future (Figure 3 and
Table 2), which may be surprising at first glance. This finding is very much in line with
the results of Bisselink et al. [59], who found a considerable increase in precipitation under
RCP8.5 in the far future over large parts of the Upper and Middle Danube, and a large
uncertainty of precipitation development in the Lower Danube, as simulated by a GCM-
RCM ensemble. In fact, we find that the variability of future annual precipitation is con-
siderable, especially for the Lower Danube (Figures 3 and 4). This may add some degree
of uncertainty to the precipitation projections.

Especially interesting is the future development of precipitation seasonality in the
DRB. We find a general trend of winter precipitation increase, which is most pronounced
in the Upper and Middle Danube, and a general trend of summer precipitation decrease,
which is most pronounced in the Middle and Lower Danube (Figure 5). This is in line with
the findings of Stagl and Hattermann [11] (ENSEMBLES near future) and Bisselink et al.
[59] (RCP8.5, far future), who also identified more winter rainfall and less summer rainfall
in a roughly north-western to south-eastern gradient in their future simulations in the
DRB. Our findings are also in accordance with the key trends summarized by the
International Commission for the Protection of the Danube River (ICPDR) [9], according
to which wet regions will become wetter, dry regions will become drier and a seasonality
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shift will occur toward wetter winters and drier summers. In our simulations, the increase
in winter precipitation outweighs the decrease in summer precipitation in the annual
budget so that the mean annual precipitation on spatial average increases both basin-wide
and over each of the different sub regions, namely the Upper, Middle and Lower Danube
(Table 2).

This development can be traced back to the geographical location of the DRB in the
transition zone between the humid continental climate dominated by the westerlies in the
northern part, and the Mediterranean-influenced climate in the southern part, for each of
which diverging climate change effects and impacts are predicted. According to IPCC-
AR5 and ARG, (winter) rainfall is projected to increase for the DRB’s northern part of hu-
mid continental climate, whereas (summer) rainfall is projected to decrease in the DRB’s
southern part of Mediterranean-influenced climate, leading to more frequent and intense
summer droughts [6]. Case studies for the Mediterranean region find a very clear warm-
ing trend with, at the same time, equivocal trends for precipitation [60-62]. Between these
two climate zones, and thus in large parts of the DRB, there is a broad transition zone,
where even the sign of future precipitation change (positive or negative) is of high uncer-
tainty [6].

4.1.2. Trends of Soil Water Content, Plant Water Stress and Snow Water Equivalent

Our simulation results for the soil water content are a direct consequence of the tem-
perature and precipitation developments in the basin and hold direct implications for
plant water stress. Although our results show an increase in the annual precipitation for
both scenarios and future periods, the soil water content tends to decrease for both sce-
narios and future periods during the summer and autumn season in the Upper and Mid-
dle Danube, and during the whole year in the Lower Danube, especially for RCP8.5 (near
and far future, Figure 8). Our projected strong increase in the winter MQ for the three
gauges draining the Upper, Middle and Lower Danube (Figure 12) suggests that soil wa-
ter storage does not benefit much from the increase in (especially winter) rainfall. In fact,
much of this surplus water seems to be directly passed on to runoff formation without
effectively refilling soil water storage (Figure 9). Furthermore, multiple interacting pro-
cesses lead to the decrease in the soil water content, particularly in the late summer and
early autumn: decreasing precipitation in the Middle and Lower Danube, which goes in
line with decreasing cloud cover and increasing shortwave radiation input, the highest
temperature (which increases particularly strongly for RCP8.5, far future), and thus, the
highest saturation deficit, amplifying evapotranspiration. Collectively, these processes
cause the soil water storage to continuously be drained by vegetation during the summer.
By the late summer and early autumn, the soil water content drops to its seasonally lowest
level due to high evapotranspiration rates, which are particularly observed for agricul-
tural crops and forests during their most active phases in the vegetation period. Therefore,
the projected decreasing soil water contents are particularly noticeable in agricultural or
forested areas (Figure 9).

Directly related to the decreasing soil water content, we find an increasing tendency
for plant water stress in the summer and early autumn months, which becomes most pro-
nounced for RCP8.5 (far future) (Figures 8 and 10). During summer, agricultural crops are
particularly affected by water stress due to high (potential) transpiration rates. This de-
velopment will most likely increase the pressure on expanding irrigation of staple crops
throughout the Middle and Lower Danube, with adverse consequences on the volume of
water available for runoff. During the late summer and autumn, deciduous and conifer-
ous forests are affected by heavy water stress after they have drained the soil water stor-
ages through strong transpiration over the summer. This will most likely increase the risk
of forest fires in the future.

Moreover, we find a severe basin-wide reduction in the SWE for all scenarios and
future periods, but most significantly for RCP8.5 (far future) (Figures 8 and 11). Most
likely, this is attributable to the strong increase in (winter) temperature for all scenarios,
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especially for RCP8.5 (far future). Here, we find a stronger relative increase in winter tem-
peratures in the mountains than in the remaining basin, leading to a reduced and delayed
snow cover formation of likely shallower snow thicknesses and covers, as well as to an
earlier and accelerated snowmelt. Consequently, the contribution of water from snowmelt
might become increasingly insignificant for the runoff dynamics in mountain watersheds
and for the water supply within the DRB, leading to a shift of river regimes from snow-
to precipitation-dominated.

4.1.3. Trends of Discharge

Our projections of precipitation are directly reflected in the projections of discharge.
Our results show a tendential increase in the mean annual MQ in the Upper Danube and
the mountain watersheds of the Middle Danube in all scenarios and a decrease in the
mean annual MQ in the lowland watersheds of the Middle and Lower Danube for RCP2.6
(near future) and RCP8.5 (near and far future) (Table 3). Following the precipitation trends
with some time lag, we see a tendency of an increasing winter MQ (especially in the Upper
and Middle Danube) and a decreasing summer and autumn MQ (especially in the Middle
and Lower Danube) (Table 3 and Figures 12 and 13). Our results show less severe de-
creases in the mean annual and seasonal MQ across the sub-basins than the results of Stagl
and Hattermann [15], who simulated stronger decreases in the MQ across the sub-basins
and seasons (except for the Upper Danube and the mountain watersheds of the Middle
Danube, where the winter MQ increases). Our more moderate MQ decreases might be
traced back to a generally wetter precipitation development, especially in winter. Our re-
sults are more in line with the findings of Bisselink et al. [59], who showed a basin-wide
winter MQ increase for a 2 °C warmed-up climate and widespread uncertainties for the
development in the other seasons. However, the spatial patterns of the MQ development
in our maps for RCP2.6 and RCP8.5 in the near and far future (Figure 13) are quite similar
to the corresponding maps of Stagl and Hattermann [15] and Bisselink et al. [59].

Our findings on low flows along the Danube main course, which become less fre-
quent along the Upper Danube River and more frequent along the Middle and Lower
Danube River (Figure 14), are only partly in line with the general tendency of the results
of Stagl and Hattermann [15]. Instead, they projected decreasing low flow levels in the
whole Danube for RCP8.5 (far future). In contrast, Bisselink et al. [59] projected rising low
flow levels in the winter season for the whole basin, but indicated major uncertainties for
the rest of the year (RCP8.5 far future; although here, the authors included the effects of
changing land use and water demand in addition to climate change).

Our findings on more frequent high flows all along the Danube main course (Figure
14) confirm a general conclusion in hydrological climate change impact research that ex-
tremes are likely to become more frequent and more extreme with future climate change.
However, our results contradict the results of Stagl and Hattermann [15], who projected
decreasing high flow levels for the whole Danube for all scenarios. In contrast, Bisselink
et al. [59] projected rising high flow levels in the winter half for the whole basin, with
again, major uncertainties for the rest of the year (RCP8.5 far future).

Our results on more frequent low flows along the Middle and Lower Danube River
have direct implications on the future seasonal navigability of rivers. This is of special
interest for sectors such as the shipping industry, which are particularly susceptible to low
flows. However, the increasing winter discharges expected from our results, together with
the large installed hydropower plants, e.g., at the Iron Gate, might have the potential to
stabilize future renewable energy systems in the region by increasing hydropower pro-
duction in winter, when solar potentials are and will remain low.

4.2. Sources of Uncertainties

As models provide a simplified representation of reality, modelling studies are inev-
itably subject to uncertainties. Uncertainties in hydrological modelling studies on climate
change impacts on water resources typically arise from (amongst others) the GCMs, the
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RCMs and the hydrological model itself [63]. Uncertainties due to the hydrological model
are related to the model’s structure, the parametrization and the input data used [63]. Un-
certainties due to the climate models are related to the many degrees of freedom in the
modelling of feedbacks between the atmosphere and the hydrosphere [64]. In climate
change impact studies, the influence of the sources of uncertainties varies according to the
future period considered. In the near future (roughly until the middle of the 21st century),
uncertainties due to the climate models may overweigh, whereas in the far future (roughly
until the end of the 21st century), uncertainties due to the selected RCP scenarios may be
more influential [15,63]. In general, uncertainties arising from the climate models are
viewed to override uncertainties arising from the hydrological model [64].

Strategies to reduce uncertainties arising from the hydrological model imply a proper
validation of the model, which is a prerequisite for hydrological climate change impact
modelling [63]. We used the fully validated PROMET model setup for the DRB described
in Probst and Mauser [23]. Here, we took full advantage of the physical consistency of
PROMET, which—assuming that hydrological processes will remain unchanged under
climate change —should equally predict both the present and future states of hydrological
systems [22]. Therefore, we did not calibrate the hydrological model using historical dis-
charges to avoid distortions of the model’s predictive power, but rather we used a com-
prehensive and proven parametrization based on measurements and values within the
literature [22,23].

Strategies to reduce climate model uncertainties imply a wise selection of appropriate
GCM-RCM drivers and their bias correction. We chose a selected ensemble of EURO-
CORDEX climate change projections, consisting of three GCM-RCM combinations, which
meet the criterion of realistic model dynamics in the mountain watersheds of Bavaria [50],
in the entire Alpine region [51], in the Carpathians [53] and in the Pannonian Basin [52].
Especially the Bavarian watersheds completely cover the Upper Danube, with a signifi-
cant part located in the Alps. We argue that it is of particular importance to represent the
hydrological processes and runoff dynamics in these mountain (head) watersheds as cor-
rectly as feasible. However, correctly representing the atmospheric dynamics and small-
scale circulation patterns in mountains such as the Alps is challenging, and mountain hy-
drology is especially sensitive to biases introduced by the meteorological inputs such as
temperature or precipitation.

Among the GCM-RCM combinations that were approved as plausible and used in
this study, no GCM-RCM combination is completely bias-free. Kotlarski et al. [54] found
a cold bias of temperature for the reanalysis-driven RCMs RCA4 and RACMO across Eu-
rope during winter and summer (at least, winter cold biases are quite common among
RCMs) and a cold bias exceeding -3 °C in the winter temperature across the Alpine ridge
for RCA4 and RACMO. Additionally, RCA4 typically features wet precipitation biases
across Europe during the winter season [54]. However, since these biases are compara-
tively small and occur uniformly throughout the year without compromising the seasonal
dynamics, this can be compensated with a bias correction [50]. The hindcast of tempera-
ture, precipitation and discharge in the DRB (Figure 2) demonstrates the effectiveness of
the applied bias correction.

5. Conclusions

In this study, we performed a detailed hydrological climate change impact modelling
study on different components of the hydrological cycle in the DRB, for which the future
developments of temperature and precipitation are the main drivers. For this, we ana-
lyzed the future projections of temperature and different components of the water cycle,
namely precipitation, soil water content, snow water equivalent and river discharge, as
well as plant water stress, using the mechanistic hydrological model PROMET. The
PROMET model was driven by a selected ensemble of EURO-CORDEX GCM-RCM com-
binations under the emission scenarios RCP2.6 and RCP8.5 for the near future (2031-2060)
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and the far future (2071-2100). The results were compared to the GCM-RCM-driven sim-
ulation results of the historical reference period (1971-2000).

The basin-wide mean annual temperature is projected to rise considerably in the DRB
(RCP2.6: +1.2 °C in near and far future; RCP8.5: +2.2 °C and +4.3 °C in near and far future)
with the Lower Danube and the mountain regions experiencing the strongest temperature
rise. The strongest seasonal temperature rise is projected in the winter and summer sea-
son. The basin-wide mean annual precipitation is projected to slightly increase (RCP2.6:
+4.5% and +7.2% in near and far future; RCP8.5: +4.9% and +5.9% in near and far future),
although strong variability can be observed. The rise of the mean annual precipitation is
the combined effect of a temperature rise and a significant shift in precipitation seasonal-
ity with rising winter rainfall and declining summer rainfall, with the winter surplus
slightly over-compensating for the summer loss. This seasonality shift follows a north-
western to south-eastern gradient, with the highest winter rainfall increase occurring in
the Upper Danube and the highest summer rainfall decrease occurring in the Lower Dan-
ube. For RCP8.5, this development intensifies in comparison to RCP2.6.

However, increasing precipitation is not capable to refill the soil water storage in
winter, as much of the water goes directly into runoff. Soil water content is projected to
decrease particularly in summer and autumn, due to the combined effect of decreasing
precipitation, increasing temperature and thus, increasing saturation deficits. Therefore,
soil water storage is depleted by the amplified evapotranspiration, particularly by forests,
grasslands and crops, which increases the plant water stress risk. The role of snow water
storage for water resources in the DRB, however, is declining sharply, due to the rising
winter temperatures, especially in the mountains.

The mean annual MQ at the Danube outlet is projected to slightly rise (RCP2.6: +2.8%
and +10.7% in near and far future; RCP8.5: +3.1% and +5.2% in near and far future), but
the picture varies for different sub-basins and seasons. Generally, the winter MQ tends to
rise in the Upper Danube and the mountain watersheds of the Middle Danube (e.g.,
Drava, Sava), whereas the summer and autumn MQ tends to fall in the lowland and low
mountain watersheds of the Middle Danube (e.g., Mures, Tisza) and the Lower Danube
(e.g., Siret). This holds direct consequences for the risk of low flows in the DRB, which is
of special interest along the main course of the Danube for navigability reasons. Along the
Upper and Middle Danube River (gauges Achleiten and Bezdan), low flows become less
frequent in an average year, whereas along the Middle and Lower Danube River (gauges
Iron Gate and Ceatal Izmail), low flows become more frequent in an average year. In the
future, this development is expected to hamper shipping along the Lower Danube River
on more days of the year, presumably during dry episodes in the summer and autumn
seasons. In contrast, the risk of high flows is projected to rise, as high flows become more
frequent in an average year, all along the Danube main course.

Our results show that the hydrological impacts of climate change will not follow na-
tional borders, but are of a transboundary nature, connecting the downstream with the
upstream regions of the Danube. Hence, they are highly relevant for formulating and up-
dating state-of-the-art basin-wide climate change adaptation strategies for the DRB under
the leadership of a coordinating water management entity, such as the ICPDR. Climate
change trends in the DRB can indeed be broken down to a simplified tendency, according
to which temperature increases strongly, wet regions become wetter and dry regions be-
come drier [9]. More winter rainfall in the Upper Danube and less summer rainfall in the
Middle and Lower Danube will lead to an increasing discrepancy between the largest wa-
ter surplus and the largest water demand —which is mainly due to agriculture—in space
and time. Thus, the present water competition between upstream and downstream coun-
tries and between different sectors is very likely to increase with intensifying water short-
ages.

Further research needs to be undertaken to assess the dynamics of the upstream-—
downstream and inter-sectoral water competition in the present, and under climate
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change scenarios, to provide important insights for future-oriented basin-wide water re-
source management in the DRB.
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