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Abstract. In this paper future changes sfirface water availabilityn Austria are investigated. We use ansemble of
downscaled and iascorrected regional climate model simulations of the EURORDEX initiative under moderate
mitigation (RCP4.5) and Paris agreement (RCP2.6) emission scerBmm<limatic water balance and its components
(rainfall, snowmelt, glacier melandatmosphdc evaporative demapdre usedsindicators forsurfacewater availability
andwe focus on different altitudinal class@swland, mountainous and high alpine)depict a variety of processes in complex
terrain Apart from analysing the mean changeshesecomponentave alsopursue a hazard risk approach dstimating
future changes imeturn periods ofmeteorologicablrought events of a given magnitude observeih the reference period
The results show in general wetter conditions over the caofithe 2F century over Austria on an annual basisnpared to
the reference period 19&80D10(e.g. RCP4.5 +107 mm, RCP2.6 +63 mm for the period 2I0D) Considering seasonal
differences,winter and spring are getting wetter due to an increase inpfiegiin and a higher fraction of rainfall as a
consequence afsing temperatures. In summer orllitle changes in the meaof the climatic water balance conditioase
visible acrossthe model ensemblge.g. RCP4.5 +tOmm, RCP2:2 mm for the period 2072100) On the contraryby
analysing changes in return periods of drought ey@msncreasing risk of moderate and extreme drought events during
summeris apparenta signal emerging within the climate system along increasing warming.

Short Summary:

Future changes of surface water availability in Austria are investigated. Alterations of the climatic water balance and its
components (liquid precipitation, snow melt, potential evapotranspiration) are analysed along different levels of elevation.
Results mndicate in general wetter conditions with particular shifts in timing of the snow melt season. On the contrary, an
increasing risk for summer droughts is apparent due to increasingoygear variabilityand decreasing snow meihder

future climate conitions.
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1 Introduction

Drought and water scarcity are among the naestastating natural hazardausing damagen various natural and human
systemsAverage annual economic los$éesn drought alone are estimatedtbillion Eurasin the European UniofiEuropean
Commission 2020) Europe was struck several times inamtcyears by severe summer droughts causing enormous economic
damage, for example the drought of 2@L&aha et al., 2017; Van Lanen et al., 2016; lonita et al., 281d pf 2018Buras

et al., 2020a; Boergens et al., 2020; Bakke et al., 20Bi¢h hit Austria in particulafFuture climate change wifurtheralter
hydroclimatological conitions in various ways through e.g. shifts in rainfall distribution through intensiiice of the
hydrological cycl€Allan et al., 2020; Vargas Godoy and Markonis, 202Bjfts in seasonality of certain variab{egy. snow,
Mudryk et al., 202Pand large scale changes in the atmospheric circulation and moisture tr@Rap@mo et al., 2021}t is
therefore vital to assess possible future changes of multiple input, output and storagst thariand surface orderto
unravel critical processes and thresholds in both space and time whi¢ctmpaaysurface water availability.

Austria with its mountainous topographyg in general considered as a wateh country with freshwater resourcey far
exceeding the demangHaas and Birk, 2019; Stelzl et al., 202Recent drought yeardowever,raised concerns alt
changing water availability.rEcipitaion trends on the very long term back to th& &6ntury show no significant trerahd
changes are mostly subject to multidecadal varial{iBtyinetti et al., 2009; Haslinger et al., 202Dyring the past decades
precipitationslightly increasedthough this signadid not appeain the runoff signatui® sincet was balanced by increasing
atmospheric evaporative demafi@uethmann and Bloschl, 201&recipitation in the form of snow plays an important role
for surface water availability in mountainous areas. In Austria and the Alpine region in general a significant decliwe in sno
depth is observefMatiu et al., 2021; Olefs et al., 2020; Schoner et al., 204t8) possible impacts on consequent summer
low flows (Jenicek et al., 2016 onsidering drought conditions in partiaul meteorological droughts show no trends over
the past 200 year@aslinger et al., 2019b; Haslinger and Bléschl, 2001 the contrary, hydrological droughts exhibit
negative trends over the past 40 yeargonly over some lowland areas in the North and Southdéasigiria (Laaha et al.,
2015 Bldschl et al., 2018)

Climate change already alters some aspects of water availability in Austria, mainlydégesasing snow cover and increasing
atmospheric evaporative demar@limate projectionshow an increase in precipitation over Austriaichihis stronger in
winter andspringcompared to summéBIloschl et al., 2018)ncreasing temperatures also acttlom future snow covewith
specific impacts on drought development and predictalfllisneh and Badger, 2020; Musselman et al., 20Bby Austria

in particular,Olefset al.(2021)highlighted the sensitivity of snow cover to temperature especially below 1500 rR@isé
scenarios for meteorological drought conditions show increasing drought risk particularly during summer un@viiPEC
scenariogHaslinger et al., 2016; Laaha et al., 2048)ich is mainly driven by precipitation decrease and atmospheric
evaporative demand increaggee also Gali Reniu,2017) For river discharge IPCECMIP3 projectionspoint towards
decreasing summer low flows in lowland areas and increasing winter low flows in the alpine areas of lfasdideet al.,

2015; Parajka et al., 20163lthough the body of existing literatupmintstowards changing water availability in Austria a



comprehensive syngfs of all relevant processes altering surface water availability is not accomplishedjyst for small
spatial entitiegHanus et al., 2021Here we aim tdill this research gap laddressing following research questiossgthe

Austrian reference climate scenario dataseedaon EURGCORDEX CMIP5 regional climate simulatians

70 0] How will future suface climatic water balancehangeunder different emission scenarios and different
elevations?
(ii) How do the individual components of the surface wh#ancechange during the coursé the year?
(iii) How will the probability for exttme drought conditions changeder future climate?
2 Data

75 In this study we usgridded observations and modelled data. All datasets arecongauent,l km grid and fily cover the
Austrian domain, see Figairla for the domain boundaries as indicated by coloured topography sl@alisgieringclimate
scenarios we use thaustriannational reference scenario dataset OEK&Imani et al., 2016)hich consists of a selected
ensemble of regional climate mod8ICM) simulationsdriven by CMIP5 global climate modefioom the EURGCORDEX
EUR-11 databaseThe selection of the models is based on quantitative criteria as descritddiniani et al(2020) Three

80 different enission scenarios are availaméthin OEKS15,here we use RCP4.5 and RCP2.6. With this choice we intend to
depict on one hand a likely outcome of emission pathways during theeRiury where RCP4.5 draws a modest climate
change mitigation futurand alikely outcome,and on the other handraore favourable outcome by meeting the Paris
agreement within the scenario pathway of RCP2.6. The broadly used RCP8.5 scenario is ilhyardgtaneluded here, since
its emission pathway is highly unlikely frondiay” semissiondrajectoriesas well as current and pledgealicies and is often

85 misleadingly used as a business as usual sce(tdaasfather and Peters, 2020; Pielke and Ritchie, 2602t)om t oday
perspective an emission path following RCP4,%ideast until 280, the most likely one given current estimggblFCCC,
2022)

a)

Elevation [m a.s.l] Elevation Class Mean Annual Climatic Water Balance 1981-2010 [mm]
] High Alpine [ |

Lowland Mountainous
200 300 500 750 1000 1250 1500 2000 2500 3000 <700m, 47% 700-2500m. 50% >2500m, 3% 300 200 -100 O 100 200 300 400 500 600 800 1000 1300
Figure 1: (a) Topography of Austria, (b) altitudinal classification, (c) long term mean (19812010) annual climatic water balance

90 In total 16 model runs are availableifRCP4.5 and 8 for RCP2.6, a summary is givefdble 1 indicating the drivinglobal

climate model, RCM and member realization. The EURORDEX simulations are downscaled and fiagected using
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scaleddistribution mapping(Switanek et al., 201&yhich is an optimized quantile mapping approéthemell et al., 2011)
preserving the initial climate change signal of the RCM simulation. As reference débagbes bias correctigngridded
observations of daily maximum and minimuemiperatures of SPARTACUSatiotemporal Reanalysis Dataset for Climate

in Austrig Hiebl and Frei, 2016gre used as well as GPARDGr{dded Precipitation foAustria at Daily 1 km Resolution
Hofstatter et al., 2015pr daily precipitation sum$Both reference datasets are considering orographic effects on temperature
(e.g. cold air pool formation, foehn effects) ama precipitation (orographic precipitation) whichregher important for
interpolating climatic variables tcomplex terrain of the Austrian domairhe basic data sets for OEKS15 (EURORDEX)

were thoroughly evaluated Kotlarski et al(2014)and OEKS15 was evaluated and a comprehensive guide line given on the
usage inChimani et al(2020)

To account for different processes considering changes in water availabilityetdoatjonwe stratified the Austrian domain

in three different classes of ghtion (Figure 1b). The fitslenotes for the lowland areas below 700 m a.s.l. (47% of the entire
domain), which are mostly comprised of agricultural land and also encompasses the major settlement areas and large urbz
areas. The second elevation classnésf mountainous areas between 700 and 2500 m a.s.l. (50% of the entire domain). These
are mostly covered by forests and alpine pastures. The third elevation class denotes for high alpine areas above.2500 m a.
with some alpine pastures and mostly uretated terrain and glaciers at the highest altit@#&sof the entire domain)

Table 1: RCM simulations used in the present study

ID Institute Global Climate Model Regional Climate Model Member realization RCP4.5 RCP2.6
1 Météo France CNRM-CM5 CCLM4-8-17 rlilpl X

2 Météo France CNRM-CM5 CNRM-ALADINS3 rlilpl X

3 Météo France CNRM-CM5 SMHI-RCA4 rlilpl X

4 Irish Centre for HigkFEnd Computing EC-EARTH CCLM4-8-17 r12ilpl X X
5 Irish Centre for HigfFEnd Computing EC-EARTH RACMO22e ri2ilpl X
6 Irish Cerire for HighEnd Computing EC-EARTH RCA4 r12ilpl X X
7 Irish Centre for HigkFEnd Computing EC-EARTH RACMO22e rlilpl X

8 Irish Centre for HigkFEnd Computing EC-EARTH HIRHAMS r3ilpl X X
9 Institut Pierre Simon Laplace IPSL-CM5A-MR WRF331f rlilpl X

10 Institut Pierre Simon Laplace IPSL-CM5A-MR RCA4 rlilpl X

11 Met Office Hadley Centre HadGEM2ES CCLM4-8-17 rlilpl X

12 Met Office Hadley Centre HadGEM2ES RCA4 rlilpl X X
13  Max Planck Institute for Meteorology =~ MPI-ESM-LR CCLM4-8-17 rlilpl X

14  Max Hanck Institute for Meteorology =~ MPI-ESM-LR REMO2009 rlilpl X X
15 Max Planck Institute for Meteorology =~ MPI-ESM-LR RCA4 rlilpl X X
16  Max Planck Institute for Meteorology =~ MPI-ESM-LR REMO2009 r2ilpl X X
17 Norwegian Climate Center NorESM1:M HIRHAMS rlilpl X

3 Methods

3.1 The Climatic Water Balance

In this paper we use the climatic water balance (CWB) as the basic foefrigsessing surface water availabitityd drought
conditions In principal, the CWB is the difference between precipitationaambpheric evaporative demartdED) and is
therefore able to depict both atmospheric supply and dentaisl.often used to derive thgtandardizedprecipitation
evapotranspirationindex (SPEIlVicenteSerrano et al., 201y fitting a probability distribution fuction to the CWB and
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afterwards transforming it into a unit normal distribution. This enables a rather intuitive assessment of the moistorescondit
115 (negative/positive values dryer/wetter than normal) and has made the SPEI a broadly applied indextibmtbroitoring
and forecasting but for research purposes as(eiglHaslinger et al., 2014, 2016jere we stick to the basic CWB to be able
to give absolute values of change rather changing index values mhichedifficult to interpret.The annual mean CWB for
the 19812010 period is displayed in Figure 1c. It shows a ratfieerse spatial pattern, with positive values in the
mountainous, western parts of Austria in contrast to distinct negative values in ttenlateVation part in the nortast of
120 the country In general this pattern is mainly driven by spatial pastesf precipitatiorwith largest precipitation amounts
occurring in the so called Northern Stau regiand the decrease of AED along higher elevations
For analysing the impacts of future climate change on CWB evolution we extended this corumsidlging the effects of
snow accumulation and ablation as well as phase conditions of precipitation (liquid versusTb@iénables to assess the
changing snow cover conditions along projected temperature increases and potential shifts of water yadaitaiglithe
125 course of the year and across differelletvationzones Hencefor this analysis CWB is given by the following equation:
0wbé Y O 000
WhereR standdor liquid precipitationor rainfall, M for snow melt andAED for atmospheric evapative demandFor the
special case of the High Alpine area (c.f. Figure 1b) we also consider glacier melt as an individual positive terrmitithe cli

water balance equation.

130 3.2 Atmospheric Evaporative Demand

Atmosphericevaporativedemand (AED), or reference evapotranspiratiorefers to the maximum moisture fluo the
atmospherdrom a standardizethnd surfacggrass) under continuous moisture supgaylgiven meteorologicatonditions
(Lhomme, 1997)It is therefore independent from soil propertleEnce itis widely used to assess crop water requirements for
example. In this studwe useAED estimates following the approachlgéslinger and Bartsc{2016) The authors used the

135 method of HargreavefHargreaves and Allen, 2003; Hargreaves and Samani, 1@86h requires daily maximum and
minimum air temperature and latitude as input data. The authosadibeated the original Bfgreaves parameter against FAO
PenmarMonteith (Allen and Food and Agriculture Organization of the United Nations, 1888nates on sevdrstations
across Austria. This new parameter set was then interpolated in space and time (during the course of the year) which was the
used along the other input dataset for calculaAE.

140 The final griddedAED product(ARET, Austrian Reference Evapranspiration datasetyasforced by daily minimum and
maximum temperature grids of SPARTACUS andiluated against station based FR&hmarMonteith estimates. The
results indicate a considerable reduction of the bias particularly during winter actesslalbf altitude and during summer
especially at higher elevated locations between 500 and 1000 m a.s.l. (c.f. Figurmaiiger and BartscR016) Averaged
over all stations where Penmatonteith AED is available (42 in total) monthly mean biases range bet®eEh mm day

145 (February) and +0.80 mm dayApril) and Root Mean Squared Errors are largestlineJ(1.42 mm daj¥). However,

calculating the reference data using station t&mees, only shortwave net radiation was considered. Omitting the mainly
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outgoing longwave radiation leads to an overestimation of available energy on the surface andabheiestimation of
potential evapotranspiration. To account for this incorrect representation of the energy balance in the initial ARET dataset,
correction fields were applied. These were derived as the expected value (median per day of the yeariffef eladg<ifrom

150 2013 to 2021 to Penmavionteith reference evapotranspiration fields based on INCA input fields (Haiden et al. 2011), also
considering outgoing longwave radiation.
A crucial part in this assessment is the observed treA&EDf with respectad the given changes in atmospheric forcing over
the reference period. In a recattidyby Duethmann and Bl6scli2018)the authors estimatech @nnualPenmarMonteith
AED trend acrossnanyriver catchmenti Austriaof 18 + 5 mm yeat decadé for the period 1972014. Furthermore, they

155 concluded that nearly 80% of the ebsed trend is attributable to changes in surface radiation, whilst temperature changes
forced 20% of the trend. Changes in specific humiditg wind speetiad no impact in observe®ED trends.When using
the ARET datasefor the entire Austrian domaithe trendof annualAED sumsfrom 19772014 is178 + 3.0 mm year
decadé. We furthermore assessed thelationship between changes in AED and temperature, applied both for the
observational and scenario data. The temperature trend over the entirenAdmtnizin from 1972014 is +0.47 °C decade

160 (SPARTACUS data), which relates to an AED trend of 17.2 mntygecadd (see above)This yields a AED increase of
+36.6 mm yeat °C™. For the climate scenarios, based exemplarily on RCP4.5, from2Z8la temperature increase of
+0.28 °C decadeis apparent, compared to an AED increase of +10.1 mmt yimadé. These results indicate a scaling of
+36.1 mm yeat °C* of AED with a given temperature forcing, which is in very close agreement wittbtfeeved value of
36.6 mm yeat decadé. These results of the temperature scaling anddboe agreememif the observetrendsbetween AED

165 of Duethmann and Bl6schl (2018hd the one followinghe approach of Haslinger and Bartsch (2016) usingcalibrated
Hargreaves formulatioproves that this simpler AED methiglableto provide a physically sound representation of the main
processes drivinghanges irAED.

3.3 Snow accumulation and snow melt

SNOWGRID (Olefs et al., 2013)s a physicallybased and spatially distributed snow model, ugwgblied for operational
170 forecast andiriven by gridded meteorological output from the integrated nowcasting model [N&élen et al., 2011)
Recently, a climate version of the mod®NOWGRIDCL (SG-CL) has been developed and was applied to historical gridded
meteorologial data(SPARTACUS)in Austria(Olefs et al., 2020)SG-CL uses an adapted and extended dedegescheme
based on Pellicciotti et al.(2005)to calculate snow ablation, accounting for air temperature and the shomadiaton
balance.The latter is calculated from clesky solar radiation model output, a cloudiness correction based on the diurnal
175 temperature ranges well as surface albedo (weighted average of snow) andfse@albedo using CORINE ladver types
andrelated values given in the literatufEhe actual incoming shortwave radiation is computed as a product ofsklear
incoming shortwaveadiationand a cloud transmission factor, representing the attenuation of solar radiation by clouds. The
clearsky incoming shortwave radiation is calculated as the sum of direct, diffuse and reflected shortwave radiation and requires

knowledge of the exact position of the Sun and its interaction with the surface topography, as well as the transmfssivity of

6
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atmophere(Olefs et al., 2020)This snow ablation schenie especially appropriate for climatological simulations (historical
runs and future soarios) as several studies showedrtt@nporal robustneg&abbi et al., 2014; Carenzo et al., 20@8jch

is key for a vigorous trend analysnow accumulation is derived from daily fresh snow water etgrivéaken as the solid
fraction of daily precipitation sum. The solid fraction of precipitation is calculated using the daily average air temperatur
a calibrated hyperbolic tangent functiocBnow sublimation is calculated froaaily potential evapotmspiration fields
(Haslinger and Bartsch, 2016) usipigecipitation as a dampening factor. It uses a simyidgy@ scheme, considering settling,
the heat and liquid water content of #r@w coveland the energy added by rélefs et al., 2013). Precipition undercatch

is corrected for and a simple schethataccounts for the effect of lateral snow redistributiderein, SGCL is driven by
gridded observations and the historical simulations of OEKS15 for the reference period and with scenariorsnodlati

OEKS15 considering near and far future time periods.

3.4 Glacier runoff

In order to assess thhanging impact of glacier melt on water resources we appi@ti@GEM model results frontluss and

Hock (2018, 2015)to all Austrian glaciers that are included in the Randolph Glacier Inventory V6.0 (RGI2017) for the
scenarios RCP2.6 and RCP4.5 on a monthly b@si®GEM computes glacier mass balance and associated geometry changes
for each glacier individally as described comprehensiveHass and Hock2015)andHuss and Hock2018) The climatic

mass balance is calculated at a monthly resolution based osur&are air temperature and precipitation time series. Total
mass changea r e used to adj ust each gl aci er és surface el eve
parameterizatiofHuss et al., 2010We use theidischarge product that accounts for changing glacier area and derive the rate
of changing area from the model output of the same source for considteexplicitly represents the runoff that is made
available from theneltedice volume (Huss and Ho&015).We then accumulate time series of total discharge for all glaciers

in Austria and derive specific discharge for the entire (glacier anfilde area >2500 m a.s.l. (2.308%182). 2500 m a.s.l.

is used as a threshold for areas potentially impdngeglaciers as this is approximately the elevation above which glaciers can
occur in the study aregrischer et al., 2015)Temporal averaging of this value allows for assessing changes of specific
discharge in mm/monttor the future time periods with respect to the reference pefioggative value of this change means

a reduction of discharge in the latter period.

3.5Methods of analysis
3.5.1 Climate Change Signal

In this paper we assess future changgswo metrics. Fist, the absolute change of a variable in the future compared to a
reference perigdvhich werefer to aghe Climate Change (CC) sign#tlis given bythe difference between a future and a

reference time periodf a given variableln this paper we defenthe period 1982010 as the reference period and distinguish
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between a near future period: 262050 and a far future period: 262100. All CC signals are calculated as absolute
differences on a monthly, seasonal or annual besis either displayed spally (maps) or aggregated to spatial means
following the defined classes of elevation

3.5.2 Frequency Analysis Return Periods

As a second metric we use the concept of return periods to assess changing probabilities of drought occurrences under futu
climate change. As in classical extreme value statistics when the data are sampled as an annual series, the return period
defined as the inverse of the occurrence probability of an eVeaditional applicatioa of frequency analysis in hydrology

and neteorologyconsidered upper extremsgch as floods or heavy precipitation evemtsere the return period is defined

as the inverse of the exceedance probalifitthe event. For the case of drought magnitude of the CWB we are interested in
guantities athe lower tail of the distribution. We therefore estimate the return period of a given event as the inverse-of its non
exceedance probabilityp imanalogy to low flow eveni®.g.Coles, 2001; Laaha et al., 2017)

The calculation of CWB return periodsllfovs the general approach of statistical frequency analysis, where a theoretical
distribution is fitted to the empirical distribution of the data to provide a robust estimate of the probability of esehés. A

CWB is a random variable which is unboumdthe direction of both extremes, we assume a normal distribution to be a
reasonable model. The model is fitted using thmdments approach, which providesobust estimate of model parameters

in the case of outliers and observation uncertdidtysking, 1990)

a) b)

Lowland Mountainous

Observations Histarical RCP4.5 RCP2.6 Observations Historical RCP4.5 RCP26

1.0 1.0

0s8f— — 0.8

06 ® 06 Time Period
© _ B 20212050

04 4 04 20712100

0.2 0.2

DJFMAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON DJF MAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON  DJF MAM JJA SON
Season Season

p-value

Figure 2: p-values of the Shapio-Wilk test for normality considering seasonal CWB values for a) lowland and b) mountainous areas
for observations (based on SPARTACUS and ARET datahown as short segmentand the historical runs of the selected RCMs as
well as for scenarios RCP4.5 and ®P2.6 for the near future (20212050) and the far future (207312100) displayed as boxplots
denoting for the distribution among the different model realizations

We tested the assumption that thenual series of CWBndices (of different seasos, and strafied by lowland and
mountainous area$dllow a normal distribution, using the ShapWdilk test for normality(Shapiro and Wilk, 1965)The
Null-hypothesis ighat the data sample is following a normal distributiowafues below the 5% threshold indicate that the

Null-hypothesis is rejected and that the data is coming from another distribution.
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The respective palues are displayed in Figure 2 for the lowdg@a) and the mountainous (2b) areas for observations and
RCM simulations. Considering the observations, thalpes are mostly well above the 5% levels, only autumn in the lowland
shows a pvalue closer to the significance threshold. Considering theatdi simulations during the historical period there is

a considerable spread ofvalues among the different models, some of them even below the 5% level. Particularly during
winter in the mountainous areas half of the model ensemble the distributiostidikaty not normal. However, in general
median pvalues are ranging between 0.3 and 0.6 indicating normality for the majority of the model runs. During the scenario
time periods, a similar picture emerges, mediaralpes are way above the 5% significanevel. However, again in winter

in the mountainous areas there is a considerable number of modelswaitrep below the 5% level. Although the CWB of
some model runs is most likely not following a normal distribution as observed, the majority ahtiiatisins does and
therefore enables a direct comparison of distribution features between the reference and future timé&qeti@dsinter,

higher uncertainties have to be taken into account.

Similar results are obtained assessing the stationaritiyeotlifferent 36year time periods considered, which is a general
assumption of classical frequency analy€isles, 2001) We tested the observations as well as the climate soditae
periods for significant trends as an indication for+stationarity. In the observations all-$6ar time periods investigated (for
each season and for lowland and mountainous areas) do not show significant trends of the CWB following-enti&dhn

trend test. These results are in line with similar investigatio®dwchl et al(2018)who could show thahcreasing AED is
balanced by an increase in precipitation. Considering the climate simulations, 13% of all indivigeal @riods (576 in

total given by 24 individual runs times 4 seasons times 3 time periods times 2 different areas) show sigeifitsaat the

5% level, thereby indicating nestationarity. However, since this is only a minor fraction, angler timeslices are relatively

short for assessing the stationarity of climate simulations, we consider classical extreme value theeni@ihgapplicable,

while the related uncertainties are taken into account when interpreting the results.

For assessing changing probabilities of extreme drought events under climate conditions wefaxanmatanges on return
periods for a given eve threshold At first we use a 1§ear event return period under historical climate conditions as a
referenceWe fitted a normal distribution to the historical climate simulations usiMpmentsfor obtaining the distribution
parametersThen the samerpcedure is carried out for the future climate simulations, however this time we usedytar 10
event threshold from reference period to estimate the return period for this event from the fitted distribution. Thiseyields
change in return period ofl@®-year event und future climate conditiokd¢e applied the same method for assessing the change
in event return period of the 2003 summer drought event. This severe event is still a benchmark in terms of severihgconsider
the past centurighaaha et al., 2017; Haslinger et al., 2018a; Haslinger and Bléschl, 2017; lonita et al., 2016)
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3 Results
3.1 Future change in averagelimatic water balance conditions

Average annual and seasonal CWB values over the Austrian ddroainobservationsaand respective CC signals are
summarized in Table 2. During the reference period 2880 the annual CWB from observations+#66 mm year, in
winter lowest values are apparent (+42 mm se#ste to lower precipitation rates in geal and the buildip of snow pack.

In the transition seasons spring and autumn values are rather similar with +110 and 133 mrhrespsotively. Largest
values of the CWB is apparent during summer with an average of +181 mmseason

For the future priods the CWB is expected to increase in winter, with a larger increase for RCP4.5 (+&&asum in the

near future and +50 migeasor in the far future) compared to RCP2.6 (+25 rseason in the near future and +32 mm
season in the far future). Arincrease is projected for spring as well, ranging betwddmamnd +26 mnseasort in RCP4.5

for near and far future respectively and are equal with +21seasort for RCP2.6 in both future time periods. For these two
seasons the ensemble spread is ranginghly betweed0 and 17mm seasont. For summer the CC signal is rather smdll,

and 0 mmseason for both periods respectively in RCP4.5 compareebtand-2 mmseasort in RCP2.6. In contradiction,

the uncertainty of this CC signal is rather lagieen the wide range of the ensemble spread which is specifically large in
RCP4.5 reaching CC signalé+40mm season during the far future period. The ensemble spread is much smaller in RCP2.6,
which might be also related to the smaller number ofiddal model runs, but still the ensemble spread is one half to a third
of the RCP4.5 spread. Autumn is showing a moderate increase of the CWB with +13 and $8asorfor RCP4.5 and

the near and far future periods and +19 and +12seeson for RCP26 respectively.

Table 2: Climate change signal of the climatic water balance, average values over the Austrian domain and ensemble spféad
standard deviation of the ensemble distributionpn a seasonal (winter: DJF, spring: MAM, summer: JJA, autumn: SQ) and annual
(ANN) basis

Observations RCH.5 RCP2.6
CC signal and uncertainty CC signal and uncertainty
mm seasoh mm seasoh mm seasoh

DJF 19812010 +42
2021-2050 +30 (£11) +25(+8)
20712100 +50 (11) +32(+12)

MAM 19812010 +110
20212050 +17 (+15) +21 (+17)
20712100 +26 (+11) +21 (+13)

JIA 19812010 +181
20212050 -4 (+24) -5 (+14)
20712100 +0 (£40) -2 (£19)

SON 19812010 +133
20212050 +13(+15) +19(+19)
20712100 +31(%13) +12(£18)
mm year mm year mm year

ANN 19812010 +466
2021-2050 +56 (£30) +61 (£30)
20712100 +107(+56) +63(+34)
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On an annual basis the simulations project a wetter future, CWB is about to increase by +56 hand/ed07 mm yedr

for the near and future time periods respectively under RCP4.5 whige RCP2.6 these values are somewhat lower with +61

mm year* and +63 mm yea.

A spatial assessment of the CC signal of the CWB as well as its components (rainfall, snow melt and atmospheric evaporativ
demand) for both emission scenarios and future f@riods is given in Figure 3. The changes in the CWB (Figure 3a) are
rather heterogeneous in spaceeating a diverse pattern. Under RCP4.5 in the near future we see slightly increasing CWB
north of the main Alpine crest whereas in the southern patte afomain there is a signal of decreasing CWB apparent. This
signal shifts towards the end of the century towards increasing CWB mostly over the entire domain, with exceptions in the
western, central alpine parts of Austria. RCP2.6 shows a somewhaguliffesponse, with increasing CWB throughout the
domain in the near as well as in the far future. Exceptions here are as well some parts in the western most areas of Austr
showing slightly decreasing CWB.

Figure 3b shows the spatial patterns of chanmgesinfall (liquid precipitation), which is generally increasing across both
scenarios and both future time periods. However, subtle differences are apparent, for example in RCP4.5 the incrafise in rainf
is larger bythe end of the ZLcenturycompare to the near futugeand whilst the southern areas are showing smaller CC
signals in the near future, this is no more the case for the far future period. On the other hand, in RCRE2stgthegdis not

changing significantly over the 2tentury
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Figure 3: Median ensemble climate change signal of RCP4.5 and RCP2.6 for the near future (2€2150) and the far future (2071
2100) of (a) the mean annual CWB and ¢dl) the mean annual components of the climatic water balance: (b) liquid precipitation,
(c) sow melt and (d) AED (note that the signal is inverted, negative values indicate an increase in AED)

For the changes in snow melt, rather different patterns emerge as displayed in Figure 3c. The overall temperature increas
following future global warmingdads to a subsequent reduction in snow melt. This is caused by a decreasing fraction of solid
precipitation compared to the total precipitation sums and therefore a decreasing snowpack, which in turn is leading to
declining snow melt. This CC signal is reqeronounced in RCP4.5 following the stronger temperature increase. Considering
spatial patterns, largest decreases are found in the Alpine fringes where precipitation in absolute terms is alsof.highest (c.
Figure 1c). Only in the high Alpine areas alofig main alpine crest snowmelt is increasing, which is due to generally
increasing precipitation and meteorological conditions still cold enough to build up a persistent snow pack during winter. In
RCP2.6 these changes are similar in their spatial patt#hough smaller. There is nearly no CC signal in the lowland areas

in the near and far futurexceptions are songibtle increases in some eastern mountainous areas, which are most likely due

to increasing total precipitation in the region.
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Figure 4: Monthly climate change signal of the CWB for lowlands in the upper panel and mountainous areas in the lower panel;
(a,d) observed average monthly CWB in the reference period 198010, where the shading denotes for the spatial variability of the
CWB climatology, (b, €) ensemble median monthly climate change signal of the CWB for RCP4.5 (blue) and RCP2.6 (turquoise) for
the near future in bold colour and the far future in pale colour, the shading denotes for the ensemble spread given by théhléhd
90th, (¢ f) ensemble median monthly climate change signal of the individual CWB terms; rainfall: blue, snow melt: magenta, AED:
green.
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The CC signal of AED as displayed in Figure 3d and shows a more homogeneous pattern in space than the other variable
Smallerincreases are visible in RCP2.6 due to the smaller temperature forcing. On the other hand, the signal is stronger ir
RCP4.5 with a slightly stronger signal in the mountainous areas.

In the light of this spatial assessment of changes in average CWB amdnjt®nents it is important to consider seasonal
variations of change as well. Figure 4 shows these with regards to lowlands and mountainous areas. The results for lowlan
areas are summarized in Figuresc4avhere 4a displays the spatially averaged mgnttean CWB during the reference

period 19812010based on observatiorls shows somewhat larger values during winter and autumn with a small snow melt
induced peak in March, lower values are apparent from May to August. On average on an annual@a&ssish€254 mm

year' in the lowlandsConsidering future CWB changes (Figure 4b) there is a mostly coherent CC signal of increasing CWB
during the cold season months for both time periods and emission scenarios. An exception is early spring (Mardh and Apr
where a negative CC signal is visible under RCP2.6 in the far future. Positive CC signals are apparent during the beginning o
the warm season (May and June) as well, particularly under RCP4.5 (both time periods) and RCP2.6 (far future). On the
contray, negative CC signals appear during July, August and September (both time periods and emission scenarios) which ar
largest mostly in August$ to-10 mm). The contributions to these changes from the individual terms of the CWB equation
are displayed ifrigure 4c. Two things are obvious at first sight, on one hand larger changes during the far future period and
on the other hand slightly larger changes for RCP4.5, although foremost during the far future period. Biggest changes ar
apparent for rainfallhere a positive CC signal is seen during all months (largest during spring and autumn) except for July to
September where negative CC signals are visible to some extent. Seasonally punctuated changes are visible for snow me
where positive changes aresidle in the winter months (December, January, and February) and negative deviations mostly
during spring. These are most likely caused by seasonally shifted snow accumulation and ablation processes with highe
temperatures causing earlier snow melt wigdacking during those months were snow melt mostly occurred in the reference
period. Reasons for increasing snow melt during winter might arise from higher temperatures as well, causing snow packs t
more often melt during the winter months in futurediperiods than was observed in the reference periods. In contrast to
these rather large changes of these two variable§;@hsignalof reference evapotranspiration is rather small. It is of course
largest in the far future and RCP4.5 which shows a bitgyeperature increase, however, the largest deviations anen

month? for July (RCP4.5, far future) which is considerably smaller than changes in rainfall and snow melt (up to +20 mm
month?).

As is visible from Figure 4b theC signalof the CWB is nedy zero for early spring (March and April), however, considering

the individual terms of the climate water balance huge dynamics are apparent with a considerable shift from snow melt to
rainfall during this time of the year. Positive CWB signals are ma&ialised by increasing rainfall, particularly during winter.

On the contrary, the negative CWB changes during summer are caused by both increasing AED and slightly decreasing rainfal
Considering the mountainous part of Austria (Figuref)dtthere is a cmpletely different climatological initial condition.

Figure 4d displays the average monthly CWB which depicts an inverted annual evolution compared to the lowland (c.f. Figure
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43) with lowest values during winter (slightBbovezero) and largest valuesrihg summer (maximum idune +100 mm).

These low values during winter are mainly caused by strongly reduced positive moisture flux from rainfall and snow melt,
since precipitation appears mostly in the form of snow which is accumulated and later iarttedegsed through snow melt.

These snow melt processes along with increasing precipitation sums in the warm season add up to the peak appearing
summerOn average the CWB on an annual basi§2mm year?.

The CC signal of the CWB is displayed in &ig 4e. For both scenarios and both future time periods a similar pattern is
apparent, showing increasing CWB during the cold season, particularly during winter. Differences arise during spring, where
RCP4.5 is showing no clear change whereas in RCP2r&@ase is visible as large as during the winter months. Common

in both scenarios is the distinct negative CC signal during July and August where negative deviations be@meths mm

month' occur. The patterns of change of the individual termi@®QWB are depicted in Figure 4f.

In generalthese patterns are similar to the lowland, however the magnitude of the CC signal is much larger and there are alst
larger changes for RCP4.5 and the far future period. The mountainous areas show a pronowgasin rainfall similar to

the lowlands, with highest CC signéitem May to June and October to November. As for the lowland areas slightly negative
changes are visible in the summer months. In the higher elevated regions the impact of snow amcw@mdlatlation is far
biggercompared tdhe lowlands, hence there are considerable changes in snow melt apparent over the course dfithe year.
particular there is an increase in snow melt from December to March, again largest in RCP4.5 and féarttie. fBxuring

the remaining months the future CC signal is negative, most pronounced during June and July. This points to a shift of the
strongesseasonal CC signal between lowland and mountainous areas. Here the signal is stronger later in they yweisin, alo

a generally later melting season. As for the lowland areas the contribution of chaAB&sigismall compared to the rainfall

and snow melt components and is within a rang® ¢6-10 mm montH during the summer months.
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Figure 5: (a) Snow melt CC signal dependhg on time of the year (month) and elevation for RCP4.5, 2072100, (b) averaged over
all months (c) given as volumetric change (multiplied by area of elevation class)
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Given this detailed analysis of future changes of the individadponents of the CWB in lowland and mountainous areas it

is apparent that snow melt changes may exttibitargest changes across seasons and ele\aiuds To shed more light on

this matter Figure 5a shows exemplarily the CC signal of snow melt fBARGind the far future for the individual months

and from 20683400 m.a.s.l. elevation. Here we see a general increase in snow melt during winter (DJF) between 500 and 200C(
m a.s.l. of 120 mm montH. However, the CC signal in both the negative and pesttirection is getting stronger during

spring and summer. A distinct dividing line along season and elevation is apparent, separating elevations with negative ant
positive snow melt CC signal. The magnitude increases as well with elevation whichdghiientreasing total precipitation

sums at higher elevations. For evegint intime of the spring/summer season there is a critical level of elevation with zero
change and positive CC sigratlove thatind vice versa. Increasing snow melt above thiarielevation is caused by both
increasing precipitation during winter and spring and higher temperatures causing more snow melt than in the reference perioc
On the other hand, decreasing snow melt below the critical elevation is thien®rsnow pak following decreasing snow
accumulation during winter and a higher rainfall fraction along increasing temperatures.

On averag®verthe course of the year (Figusb) snow melt is decreasing up to 2700 m a.s.l., higher up, snow melt increases.
This patten is driven by increasing temperatures leading to less snow accumulation, particularly in lower elevations. However,
the signalchanges at higher elevation®27#90 m a.s.l.) where snow melt is increasing. Thidue to the increasing total
precipitation anount during winter, and still low enough temperatures to build up a significant snow pack whicteastre

for the positive snow melt signahssessing these changasa volumetric perspective (multiplying by the areal extent of the
elevation band) ges a rather different picture (Figure 5c), where largest changes are found below roughly 700 m a.s.l., due
to the larger spatial extent, highlighting that these areas are most sensitive to snow melticlzrsgpdste terms

A special case in this asseent of CWBchangesacross Austria is the spatial domain of the high alpine areas (> 2500 m
a.s.l.)due to theconsiderable fraction of these covered with glaci€he seasonal evolution of the CWB in the high alpine
domain is displayed in Figuga. During the cold season from November to April/May the CWB is slightly negative. Most
precipitationoccurs in the form of snow, consequettiylding up the snow packhich acts as a storage term for the summer
months The slightly negative valueduring winterare due to the small but steddgses due té\ED. However, from May

onwards the snow melt season sets in and also the fraction of liquid precipitation increases, leading to a stee[CkigB of the
until its peak in July (+200 mm monthbefore it aproaches zero again in Octobdihe average CWB #13mm year'.

Future changes of the high alpine CWB are displayed in Figure 6b. The patterns are similar in both scenarios showing hardl
any change until May, were positive CC signals are visible. The G@lsigre getting strongly negative during July, August

and September and are only minor for the rest of the year. A major difference compared to the lowland and mountainous
change patterns (c.f. Figure 4b and 4e) is the stronger CC signal during theripfriodIn the high alpine area the CC

signal is more pronounced than in the lowlands and mountainous areas. The reduction of the CWB &G eumdmonth

Lfor July and August for the far future period, which is a reduction of 50% compareddWBen the reference period 1981

2010 (c.f. Figure 6a).

16



420

425

430

435

Figure 6: Monthly climate change signal of the CWB forthe high alpine areas (a,d) observed average monthly CWB in the reference
period 19812010, where the shading denotes for the spatial varidity of the CWB climatology, (b, €) ensemble median monthly
climate change signal of the CWB for RCP4.5 (blue) and RCP2.6 (turquoise) for the near future in bold colour and the far fu&uin
pale colour, the shading denotes for the ensemble spread giventhg 10th and 90th, (c, f) ensemble median monthly climate change
signal of the individual CWB terms; rainfall: blue, snow melt: magenta, AED: green.

The reason fothese largehanges is revealed by examining the change of the individual component€@fEh@-igure6o).

In addition to the three main components of the CWB (rainfall, snow melt and AED) we consider glacier melt for the high
alpine areas as well (see section 3.4 Glacier runoff for details). From May to October an increase in rainfabusirgpnt
positively to the CWB CC signal, which is strongest in RCP4.5 in the far fuitiier40 mm month in July and August. In
addition, snow melt increases during May. On the other hand, snow melt is significantly decreasing from June to September
again most pronounced in RCP4.5 in the far future period. This pattern resembles that of the mountainous areas, although tt
peak of the negative CC signal is in August for the high alpine area. Similar processes cause these changes, namely reduc
snow pak& during summer due to earlier ablation under a warmer future climate. The most important driver of the negative
CC signal of the CWB is the change in glacier melt. It is the largest contributor from July to September and shows largest
signals in the faruture. Continued warming leads to sustained ice loss, which produces increasing runoff after initial
temperature increase. However, once a critical threshol
decreases due to the shrinking wodume of the glaciers. By the near future period this threshold is most likely surpassed by
all glacier covered areas in Austria; thus, decreasing glacier runoff is a consequence of further future warming (eal. Huss e
2018, Pepin et al. 2021).
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