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differentindicators—used{moderate—extremes—vs—extrdmgsand high flows and their time of emergenthe time of

emergence indicates the timing of significant changes in the flow magnituddsw-flowsDaily runoff is simulated for 93

Swiss catchmants for the period 1982099 under Representative Concentration Pathwawi®520 climate model chains

from themost recentransient Swiss climate change scenarios.

In the present climateannual low flows typically occur in the summer hgdfar inlower-lying catchments (<1500 m.a.s.l.)
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wisnter haltyear in Alpine

catchments (>1500 m.a.s. IE) the end of the 2% century,annuallow flows are projected to occur in late summer and early
autumn in most catchmen This indicateshatthelaek-eflecreasingrecipitationand increasing evapotranspiration

in summerand autumn exceedsxceedthe water contribtions from other processes such as snow and glacier melt

wards earlier

more-frequenthin-lower-lying catchmer&anéless#equen%%#lpm&eatehmen&Fe%hﬁeWe frequencyf annual

low flows increassslightly, buttheir magnitude decreasend becomemore severeln Alpine catchments, annual low flows

occur less often anttheir magnitude increaseThe magnitude ofeasonal low flowss projected to decrease in the summer

half-yearin most catchme

moderate-lovandhighto increase in the winter halear in Alpine catchments. Early time of emergence is found for annual

low flows a

Alpine catchmentén the 2% centurydue to early changes in low flows in the winter hagér. Inlower-lying catchments,

significant changes in low flows emerge later in the century

Annual high flows occur todan lowerlying catchmenti the winter halyearand in Alpine catchments the summer half

year._Climate change will change thsgasonalitymainly in Alpine catchments with a shift towards earlggasonalityin

summer due tthereduced contribution of snow and glacier melt in summer. Annual high flows tend to occureqosst,

andtheir magnitudencreass in most catchmentsxcept someé\lpine catchmentsThe magnitude ofeasonal high flows

most catchments projected to increase in the wintwlf-year and to decrease in the summer-hadr. However, the climate

model agreement on the sign of change in moderate high flows is weak




1 Introduction

Assessments of climate change impacts on hydrology are crucial for future water management and adaptatiof-gkanning.

aHimipesstudy - weaocus-en

high flows—Fecusing-en-mederate-extremes-is-metivaiedrelevanfor several reason&irst, evenmoderate extremes are
important for water management planning. Second, very exftepushigh flowsand very extremetreamflow-droughtew

flows are difficult to simulatebecause many processes are not fully understood or not yet resolved in hydrological models.
Third, hydological models are calibrated on observed flow conditions and may miss pldusdibleexperiencegxtreme
events that have not been experienc&ourth, climate change projections incorporate large uncertainties regarding small

scale extreme events, rfaularly for extremes in precipitation, which are potential flood triggers. Therefore, we focus on
moderate extremese;event s that occur on average once esaapleysizeyear
{number of evenjsncreases the robustness of til@nge®stimatec:hanges

Low flows have a strong impact on water quality, freshwater ecosystems, and human water use such as power productiol
drinking water production, irrigatiofier—agriculture fisheries, and recréah (IPCC, 2014). Today, lorgrm water
management planning for Switzerland must rely on-{fleww assessments from past observatigdisceBecauseclimate

change is projected to alter leflow characteristicdow--flow projections for the Zicenturyneed to be integrated into water
management planning. Changesow--flow indicators inthe-pastecentdecades have been already identified in Europe (Stahl

et al., 2010) and in Switzerland (Weingartner and Schwanbeck, 2020). For Switzerland, in¢oeafimg magnitudesn

winter low-flows-and decreasinpw-flow magnitudesn summenew-flows-have been observed iifval-{snowdriven} and

pluvial{raindriven) catchmentsiowMagnitudes of dw flows in glaciated catchments have increased in all seasons

(Weingartner and Schwanbeck, 2020). Previous stiidiesassessed climate change impacts on low flows mainlyéare
sealenacroscaleatchmentsrandregions. Van Vliet et al. (2013) investtgd low--flow changes on a global scaléile, and
other studies focused on European scales Fegen and Dankers, 2009; Forzieri et al., 2014; Alderlieste et al, 2014;
Papadimitriou et al., 2016; Vidal et al., 2016; Marx et al., 20E8). Switzerlandprevious climate impact studies on low
flows exist forlower--lying catchments in the Swiss Plateau (Meyer et al., 2011), for-$amae catchments (Bernhard and
Zappa, 2012), and for very extrerfwv-flow regimes(100year return periodsipw-flowregimesin aggregated regions
(Brunner et al.261201%). The studies fond decreasingpw-flews-flow magnitudedn the lower-lying parts ofCentral

Europe but increasingw-flows-flow magnitudedn Alpine areas, where runoff generation is mainly dominated by snow and
glacier melt.
High flows may-alsgan causesevere-damagdamageandsignificantcosts Henee potential-changes-in-high-flows-have to

be-integrated-inandare also important favater management amngfrastructure-planning,—as-wealtology.Assessindguture
changes irfloedthe magnltudeﬂeeeLfrequency, andleeeLtlmlng of high flowsis thus crucial foplanning anddecision

ivenaking. Previous studiesaveinvestigated past



trends in floods in Europe (e.g. Stahl et 2012; Hall et al, 2014; Mangini et al., 2018; Bléschl et al., 2019; Bertola et al.,
2020) and in Switzerland (e.g. Birsan et al., 2005; Allamano et al., 2009; Schrirackéand Naef, 2010a,b; Castellarin and
Pistocchi, 2012). No clearnebr significant trend in flood magnitude was foundby these studiesinee thestudies
sometimebecause thedisagree on the direction of trends. Various factors make it difficult to compare trends in flood
magnitude between catchments and betwBarentstudies. The assessments depleadvilystrongly on the quality and
homogeneity of the observations, the@erlying methods such as the selection of indicatansdstatistical tests, and thiene
periodsinvestigatedtime—periods. Flood frequenciesiave increased in northern Switzerland and decreased in southern
Switzerland in the recent past (Schmoekack and Naef, 2010a, Blgschl et al., 2019). Periods with many floods were found
in the end of the T@century and after 1968 in northern Switzerland (SchmeEkekl and Naef, 2010a). Sevesakessments
ofstudies have alsassessefuture changes in flooda Switzerlandhave-alse-been-madqAllamano et al., 2009; Koplin et

al., 2014; Beniston et al.,, 2016; Ragettli et al., 20EB)en-though-thegdthough these studies differ substantially in

methodological aspects and catchment selection, they fougeherabenerdly increasing but not necessarily significant

changes in annual runoff maxima under climate change. Seasonal patterns of change werevdtteictergasingflood
magnitudesn winter floeds-and decreasinfood magnitudesn summerfleeds-(Allamano et al., 2009lsofuturd-uture

shifts in the seasonality of floodssodepend on the regime type of the catchments (Kdplin et al. 2014).

Here we complement these assessments with a focus on moderate low and moderate higb-flowsal-or-seasondtday

runoff minima and daily runoff maxima. The new Hydedl2018Runoff dataset (Muelchi et akp20£2020 Muelchi et al.,

2020binreview20213) is used. It consists éf19-years{19812099)fengdaily runoff simulationgor 119 years (19812099)

driven by the most ugo--date climate change scenarios for Switzerland CH2018 (CH2018, 2018). Feghesentative
Concentration PathweRCP8.5emission-pathwayMoss et al., 2010; van Vuuren et al., 2011) amelyzanalyse (1) changes

of moderate low and high flows under climate change, (2) the point in time when significant changes emerge, (3) changes ir

the seasonality of moderate extremes, af)dchanges inhether frequencyefandtheir {co)—-occurrence. In a companion
paper, Muelchi et ak202a:-inreview20211) assessed changes in runoff regimes and their time of emergence. Here, we
extend this analysis with assessments of moderateatavhigh flows.SineeBecauseboth studies are based on the same
simulations (HydreCH2018Runoff ensemble), they complement each othemarsbrovidea comprehensive overviessof
hydrological changes in Switzerland. They also complemetthes-mentinedexisting studies on future changes in extreme

hydrological events.

2 Data

We analyse daily runoff simulations for 93=diumsized (141700 knf)-catchmentsiistributedin Switzerland(catchment
areas range between 14%amd 1700 kif) and covering a wide range @ffferentrunoff regime typesincluding glaciated
catchmentsd2-catechmentglaciation between 0:20 and22%), mainly snowdriven catchments in the Alpine araadlower
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-lying catchments mainlgriven by precipitation andvapotranspiratiorDue to strong elevation dependence in the runoff

response to climate change (Koeplin et al., 2014, Muelchi et al.bRGR& catchments are divided into two groups: 39

catchments in the Alpine area with mean altitudes greater thah 50s.l. (including 22 glaciated catchments) and 54

catchments in thiewer-lying areas in Switzerland with mean altitudes lower than 1500 mThe.locations of the catchments

are depicted in Fig., ith six representative catchments highlighted+#eeiblue These representative catchments cover the
most important regime types in Switzerland (Weingartner & Aschwanden, 1992): Roséghagtly glaciated (226),%);
Kander¥, partially glaciated (%),%); Plessu#-, Alpine snow influenced Emmei-, pre-Alpine rain and snow influenced
Venoger, lowland rain dominatedand Verzascé, southern Alpine rain and snow dominated.

The data used for the analysis is the Hy@2018Runoff ensembleconsistimy of daily mean runoff simulations for each of
these 93 catchments (Muelchi et aB2&:2020 Muelchi et al. 2620b-in+evie?0215). These simulationgere run with the

semtdistributed-hydrological-modelling-systefisemidistributedPREecipitatiorRunoff-EVApotranspiration HRU Model
(PREVAH:-) hydrological modelling systertViviroli et al., 2009). PREVAH accounts for important hydrological processes

such as evapotransgtion, soil moisture dynamics, snow accumulation, and snow melt. A glacier medslas been
incorporated to account for glacier melt in glaciated catchments. PREVAH was cal{lridtesl/en years between 1985d

2014 and validatedunevemnvith odd yeas between 1985and 2014 for each of the 93 catchments individually. Using
observed discharge for calibration mpyttee—much—emphasis-overemphasizénigh--flow conditions andpetentially
overestimatasverestimatelow—flow conditions. Therefore, thealibration was simultanecuslyperformed on four
observationagroups-ebservedf observatios daily discharge measurementssertedransformediaily discharge, monthly

mean runoff, and the annual volume. This ensures good performance for the general catchment response to meteorologic
forcing as-well-aandfor the discharge volumédse-lew-flows-are represented-in-a-satisfactory-perfermarteehydrological

model is drivenwithby daily temperature and precipitation d&aeach catchment separatéigm the new highresolution

(2 by 2 km) climate change scenarios for Switzerland CH2018 (CH2018)2818ach-catchment-separatilin ron
glactatedhonglaciatedatchmentsie land use was assumed to be constant over the simulation period. In glaciated catchments,

the glaciated area was updated every 5 years in line with glacier projections by Zekollari et ath¢@0Y¥Shich were driven

by the same climate model chains. Land use in areas where glaciers disappear during the simulation period were replaced |
bare soil for areas below 308@&sh.a.s.l. and by rock for areas above 3088sh.a.s.|. The HydreCH2018Runoff ensemble

includes ginulations for threelifferent-emission-pathwayRepresentative Concentration Pathways (RORGP2.6, RCP4.5,

and RCP8.5Because the number-of available simulations per-emission-scenario-difféfe comstrained our analysis to the
RCP8.5 pathway (Moss et al., 2010; van Vuuren et al., 20dd)dor threereasonsEirstly, theRCP8.5athwayis considered

the worstcase scenari@ndsimulations based on this RCP pathway are expected to cover thenfidl of changes likely to

occur.Secondly the changes in low and high flowisom these simulations are more pronounced and thus easier to interpret

thansimulationsbased on the RCP2.6 and RCP4.5 pathways, although the direction of change in moshtsiting same.
Finally, the RCP8.%athway includeshe largest number afimulations-isavaitablemodel chains. The larger the number of

simulations within an emissionmthway the more robust are the resulisdthis is particularly relevant for analysing the
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time of emergencdn total, 20 daily simulations under the RCP8.5 emission pathway for the period 2889 are available

for each of the 93 catchmentable 1 shows the climate model combinations usédisrstudy

3 Methods

Beveral indicators folow—-flow analysisexist
foeeusindocuson differenvariousproperties of low flows (Tallaksen and Van Lanen, 2004). Forflewflows, we use the
minimum 7day moving average runoff (MAM7) withian-extended-seasmimalfyearor a year. This indicator is proposed
by the Swiss Federal Office for the Environment (FOEN)ldav--flow statistics. The 3§ear average of MAMY is then

considered as moderate low flow and used to assess changes in moderate low flows under clirmatéochmaderate high
flows, we use the 3Qear average of the annual maxima perended-seasdmalf-yearor year asa moderatehigh--flow
indicator. The seasons are definecagndedsummerhalf-year(May to October) anéxtendedvinter half-year(Novenber
to April}-seaser). The seasonal distinctionsisetivated-bysed becaudew and highflows in thefaet-thatwinter and summer
lew-flowshalf-years are governed by different processes &ra-theyhave different impactsthe-indicators-fotheannual

espectively
PercerPercenhgechanges are calculateidr each simulatioras the relative difference between they@dr mearsffor the
future period (2070 2099) and the 39ear meannfor the reference period (1982010-for-each-simulatiof. The multi-
meodemultimodelmedianfor 20 sirrulationsof the relative changes biye end of the century is regarded as the best estimate.
To get-an-indieation-andicatethe robustness of the projected changes, catchments are highlighteBigutkdigureswhen

at least 90% of the simulations shtve same directionofchange Thi s corresponds to fAvery

the Intergovernmental Panel on Climate Change (IPCC) that changes in moderaie logh flows are eithepositive or

negative(Mastrandrea et al., 20J.0

To evaluag potential changes theseasonalitythe day of the year for eaelent-{ow--flow and high-flow) eventis extracted.
SineBecausanoderate low flows are calculated frortd@y averages, the last day of thdag period is consideresdtheday
of the low—-flow event. Median seasonality is then derived by transforming the day of the year into angulaanvadies
apphyinecalculatethe circular statistiegnedian Finally, the angular values are transformed back to the day of the year.
Fo-asseskhe time of emergence is defined as the tivhen significant changes in the distributiomuodderate lowflow and

high flews-eceur-the-time-obmergence-is-used-(Mahlstidiw magnitudesemerge from natural variability (Giorgi and Bi,
2009; Lencet al.,206112019. For each simulatioand catchmenmoderate lowlow andhigh-flow magnitude distributions

of moving 30year windows are tested agstithe 30year reference period usitigea KolmogorovSmirnov testThis testhas

beenfound to result in a more robust and earlier estimation of time of emertderether methods (Gaetani et al., 2020).

The time of emergence is then defirietlowing Mahlstein et al. (20113s the last year of the first 3@ar moving window

6



where the Kolmogora®mirnov test is rejected withmvalue lower than 0.05 (95% significance). Wghlightconsiderthe

time of emergenceobustwhen at least 66% of the modelgedts a significant change in the samey@8ar window for the first

ver hihéhreshold was also used by Mahlstein et

al. (2011)andsr ef erred t o as Al i kdMagtrandreanet a.,t2@&10).ITReGdSting peoceahirendeskribegl y

above also has some disadvanta@esauserunoff responses to climate changme subject to natural climate variability,

runoff responses may not always show significgimingesafter the first detection of a time of emergensechanges in

moderate low and high flows may not be significant in all subsequent péerluetefore, we lao analyse the behaviour of the

p-values over timésee supplement of this paperg@mugethe persistence of the significance of changes.

Changes in the frequency of moderate low and high flows are quantified by counting yearspsdafamedredefinel
runoff threshold is exceeded or undercut. We use the mesignitudenagnituds of moderate low and high flows in the
reference period asiresholdhreshold. For moderate high flowsve count years with high flows exceeding this threshold.

For low flows we consider years with low flows below the threshold. This-denés calculatedseparatelfor each seasonal

and annual time window and each simulatieparatelyFinally, the percentual changedacurrencequencyis calculated.
We also investigate the @xcurrence of moderate low and high flows.-daurrence isonsidered-whetefined ashigh
flows exceeding the reference threshold andilewflowsundercutting the reference threshelaturin the saméime-windeow
{year,extendedvinter-extendedalf-year,or summe}._half-year.

4 Results
4.1 Future changes in moderate low flows

Medianseasenal-oceurrenmeasondly of moderate annual low flows is shown in Eig.(left panelsfor the reference period
{Hig-—2a)and bytheend of the centuryFig—2c).. In_mostAlpine catchments, annual low flows occur in late winter or early
spring in the reference period. Bye end of the century, low flows occur in autumn. However, low flows in very high Alpine
catchmentglo not change their seasonality. Med&@sasenal-oceurrermeasondly of low flows in preAlpine catchments

shifts from late autumn to early autumn. In southern Alpine catchméptsnedian seasoiitgl of low flows ehange-their

median-seasonal-ocecurrenbhangs from winter and spring to early autumn. No clear change in seasonality is fouogédor
-lying catchments with low flowseeurring, whichoccurin late summer and early autuniiespitdexceptin very high Alpine

catchments low flows occur between August and Octobéndgnd of the century.

The mederateannual lowflews-flow magnitudeshow distinctly different patterns of changemagnitudefor Alpine and
nonAlpine catchments (Fig. 3 lefianels).Please-note-that-tibe scale bar is limited te60% and +60% for readability.
WhileWhereaghe magnitude ofannual low flows(Fig—3a)-decreagkecreaseby up t0-66% in most of thdower-lying

catchmentg68-out-of 93-catchmenta-total);, the Alpine catchment&5-catchments-with-mean-altitude-above-1500-masl)
show strong increases magnitude(up to +200%)tewestLow flows in thewinter flowshalf-yearin Alpine catchments
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coincide with the typical lowflow season in the reference perigdile-lowest, but low flows in thesummerflows-inhalf-

year coincide with the typicalow--flow season inower--lying catchmentsiowestLow-flow magnitudesn the winter

flewshalf-yearincrease on average by +22%nm-increase-igicreass arefound in two thirds of the catchments, again with
stronger increases in very high Alpine catchméhig—3¢).. In the summerhalf-year, thelowest-flowdow-flow magnitudes

decrease on average #0% (maximum decreas@é4%)-(Fig-3e}%). However, three high Alpine catchments still show an
increase inewestow-flow magnitudesn the summerflewshalf-year due to an increase swestow flows in late-spring
{May)-—Fhe _More catchments show gomaodel agreement (>90%-strongeiin_ the summetrhalf-year (87 catchments) than
in the annual (63w flows andin thewinter half-year(30Hew-flows.).

Transient changes of moder&e/--flow intensiymagnitudesandseasonality throughout the®2denturyare showrfor three

representative Alpine catchments and three representatiee -lying catchmentsre-showsin Figs. 4 and 5, respectively.
The relative changes for each of the catchments and each of the tidewvwiare summarized mblelable 2. Thehigh

Alpine catchmentRosegbach most of the

at-, shows strong increases limth

annual lowflews-flow magnitudesandlewest-seasenal-flowlow-flow magnitudesn thetwo half-year periods(Fig. 4 top

row). WhileAlthough the seasonality of the annual low flows aadestlow flows in thewinter flewshalf-year does not
change, theceurrencseasonalityf lewestow flows in thesummerflowshalf-yearshifts from early summer to autumn. This

indicates a change in thumderlying processedeading tolewestlow flows in thesummerflows:half-year: The catchment is

highly glaciated in the reference period, with a glacier coverage of 22%, but loses most of the glacier coverage bf/ the end c

the century (glacier coverage: 1%).the reference period, the retention of water in smeamdice still takes place in May.

Under climate change, enhanced snowmelt increases runoff in early subemerds-the-end-of the-cent@ynsequently
the contribution of snow and glacier melt in summer decreases. At the same time, precipitation invelirdrereasealso
decreasg This leads to a strong decrease in summer runoff. The combination of increasing runoff in early summer and

decreasingunoff in late summer and early autumn results in a shifivefstlow-flow seasonalityn the summeritewshalf-

yearfrom early summer to early autumn. In tendercatchment<anderwith-only which hadittle glacier influence (Fig. 4

middle row),magnitides ofthe annualow flows andlow flows andlewesin thewinter flowshalf-yearincrease mainly due

to enhaneeimcreasedwinter precipitation falling as rain instead of snowewestow-flow magnitudesin the summer

flewshalf-yeardecrease biheend of the century. The annual low flows émeestseasenaw flows in the halfyear periods

occur earlier byheend of the century. ThevalsnowinfluencedcatchmentPlessurshows a strong shift in seasonality in the

annual low flows from winter tautumn but no change in the magnitudexofiuallow flows (Fig. 4 bottom row)Lewest

Low-flow magnitudesn thewinter flowshalf-yearincrease antbw flows occur earlier in the seaserhile. The magnitudes

of low flows inthelewestsummerlowshalf-yeardecrease bute-net-changseasonalitydoesnot changeThemagnitude of

annual low flows andbwest-seaseniaw flows in the halfyeais decrease byhe end of the century in the pAdpine snow
and rainnfluencedlominateccatchmentEmme. The annual low flows show a clear shift in seasonality from late alduaohn
early winter to early autumn (Fig. 5 top row). A shift towards easlierrrencseasonalitys also found fotewestlow flows
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in thewinter flowshalf-yearbut not forlow flows in the lewestsummerflowshalf-year. In the mainly rainand evaporation
driven catchmentVenoge, the annual low flows anewestow flows in thesummerflewshalf-year do not change their
seasonality, butbwestow flows in thewinter flowshalf-year tend to occur earlier in the season (Fig. 5 middle row). The

magnitude of annual low flows amalvest-seasenmiw flows in the two halfyearsdecrease. The southern Alpine catchment

Verzascashows a decrease inemagnitude and a strong shift@eeurreneseasonalityfrom late winter to early autumn for

annual low flows (Fig. 5 bottom rowlewest ow-flow magnituden thewinterflowshalf-yearincreasevhile lowesandlow-

flow magnituden thesummerlows-decreadmlf-year decreasgboth without change e seasonality.
Fig.Figureb (left panels) shows the time of emergence for moderate low flowsxandt-seasenat-flovmy flows in the two

half-year periodsthis iswhen at least 66% of the models show sigaifit changes in the distributidn. total, 43 catchments

show a time of emergence for annual low flowgh particularly early significant changes in glaciated and/or high Alpine
catchments (earliest 2012047).TheA total of 20 catchmentshewinghows a time of emergence lawestow flows in the
winter flows-half-year, and thesdave a mean altitude Higr than 160@rash.a.sl. In the summerhalf-year, 80 catchments

show significant changes lawestow flows, with an early time of emergence again found in high Alpine catchmiaumts

alsea later time of emergencelower-lying catchmentsMost of thecatchmentshowpersistent significant changes after the
first detection ofa time of emergendeter(Fig. S1lin theeenturysupplement).

4.2 Future changes in moderate high flows

The mediarseasonal-oceurrermeasondly of annual high flows is shown in Fig. 2 for the reference peiiggl-25)-and by
theend of the centuryFig—2d}- In Alpine catchments, the mediarasenal-eceurrensmasondtly shifts from summer to late
spring and early summer. However, highly glésiacatchments do not change thegh--flow seasonality. Moderate high

flows in preAlpine catchments occur in spring in the reference period and in winfatureby the end of the centurA

change in seasonality is also found in southern Alpinehoatats where highflews-shiftlow seasonalityshifts from late

summer and early autumn to late autumn in futurlavrer-lying catchments, no changefoundin high-flow seasonalitys

found

Relative changes of magnitude fenderatehigh flows bytheend of the century are depicted in Fig. 3 (right panels)3bhe
year-meansagnitude®f annual high flowsgFigure-3bjincrease in 71 catchments (up to +28%) and decrease in 22 catchments
(up to0-22%). Compared to the changesnimderatelow flows, themagritude-of-changbangs in high-flows-is--flow
magnitudes arsmaller. There are no clear spatial patterns or elevation dependamtepod model agreement (>90%) is
only found in 12 catchmentslighest-winterHigh flows in the winter halyear inlower-lying catchments coincide with the

typical high-flow season in the reference periediile-highesivhereasigh flows in higher-elevatioAlpine catchments are
mainly found in the summdralf-year. HighestHigh-flow magnitudesn thewinter flewshalf-yearincrease in all catchments

and model agreement is highetith 45 (eutof 93) catchments showinggood agreementig-—3d)-Strongest-inereaséhe
strongest increasdn magnitude and good model agreement are found in high Alpine catchments. Héw igh flows
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in thewinter flewshalf-yearin high Alpine catchments are still small in magnitugighesHigh flow magnitudesn thewinter

flewshalf-year in the-lower-lying catchments increase only moderatelgd model agreement is generally wedlghest
High-flow magnitudedn the summerflews-(Fig—3Hhalf-year decrease in 74 catchments (up-26%) and increase in 19

catchmentgup to +15%).Strengesthe drongestreductions inkigheshigh-flow magnitudesn the summertlewshalf-year

are found in high Alpine catchmentscluding theenhssix catchments showing good model agreement. A spatial cluster of
increasinghigheshigh-flow magnitudesn the summerflowshalf-yearis found inthe Jura-meuntaincdtchments imorth

westvesternSwitzerlangk.

Annuall he magnitude ofrenualhigh flows andiighesof high flows in thesummerflewshalf-yearin the Rosegbach catchment

decrease towards the end of the century and tend to occur earlier in sahitaédrighest, but high-flow magnitudesin the

winter flowshalf-yearincrease antkend tooccurmere-ofterater in the seasom-{gure-ig. 7 top row).A similar pattern is also
found for the PlessuiF{gurerig. 7 bottom row). In the Kander, the annual higgws-flow magnitudesncrease slighthand
shift to earlier in the yeaand can also occur thewinter half-yearby theend of the centuryHigureFig. 7 middle row)Alse,
highestHigh-flow magnitudesn thewinter flewshalf-yearin the Kanderlsoincrease, anélighesthigh-flow magnitudesn

the summerflowshalf-yearshow a small decrease without a significant shifhimeceurrenegeasoslity . The high flows in
the Emme and the Verzasca do not change their seasphalityigheshigh-flow magnitudesn the winter flowshalf-year
increaseand highest-summer-flowdecreasen the summer halfear (Fig. 8 top and bottom rows). Theuvialrain driven

catchmentVenoge shows increasingrederate-anndal-high-flows-and-seasenal-highestiiioghdlow magnitudewith no
change irtheseasonality (Fig. 8 middle rows).

The ime of emergence of moderate high flows is depicted in Fig. 6 (right panels). Compared to moderate ldcflows
fewer catchmentsxhibitingexhibit significant changesind these catchments are mostly high Alpine catchments. For annual
high flows, hree high Alpine (>200@rashn.asl.) catchments show a time of emergene@th of the earliesttime—of
emergence—oin 2078 (2049 2078). The 27 catchments showing significant changésgimesthigh flows in thewinter
flewshalf-year (earliest 2044, 20182044) are also located in the Alpine ridge (>15088shm.a.s|. mean altitude). Irihe
summerhalf-year, only six catchments (>1808ashm.a.s.l.) show a time of emergencand the earliestme-of emergencis

2071 (2042 2077). Most of the few catchments showing a time of emergencesalse persistergignificant changefor the

rest of the century a few years after the first detection (Fig. S2 in the suppldfrtbettime of emergence analysis revealed

a significant deviation im current highand low-flow magnitudes in a catchmentgeththis change was most often persistent

over time. However, theumberof catchmerd showing a time of emergence was found to be small.

4.3{(Ce)Changes in frequency and caccurrence of low and highflews-flow events

So far we have assessed changes in the magnitude and seasonality of low and highn.flowthis sectionwe address
changes irdregueney-andhe frequency an@o-occurrence ofow-flow andhigh-and-flow eventsiefTo dothis, we need to
set a threshold to identify events. The threshidddhargeunoff value is defined as-value-oceurring-every-second-yeathe
referenceperied-{i-emedian in the reference perjed
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Fig.Figure9 illustrates relative changes in thecurrencirequencyof low flows (Fig—9a-ecupper pane)sand high flows fig-
9-d-fmiddle panels by the end of the century (2072099) that fall belowespor exceed median valueserannudlo-

occurrence ofow andhigh flows; are defined athe occurrence dbw-a high-flow event and a lovilow event in the same

time window (lower panels)The frequency oBnnuallow-flow events increases in 70 catchments. These catchments are
mainly found inrain deminated-areasiven catchmentand to a lesser extent alscsimwdeominated-areasiven catchments

Catchments showingwer-oceurrencdass frequent low floware only foundn high Alpine areas. Good model agreement is

found in 56 catchmentsowest ow flows alsooccuralsemoreefterdrequentin summer, sometimes occurring every yéar
in almost all regions except few very higéievation catchments. Most of the catchm¢8® show a good model agreement
on the increase dbwestow-flow frequencyin the summerflew-eceurrence—Lowebtlf-year. Low flows in thewinter
flewshalf-yeartend to occur less often in mountainous arsgse, but lower-lying catchments still show an increase in

oeeeurrenerequency However, only mountainous catchments show good model agreement.

Changes in theccurrencirequencyof high flows are less clear than for low flows. For annual high flows, 58 catchments
show increaing eceurrenedsequency and 30 catchments show decreasingurrencesequency However, the changes are
often small Alse;-rd\o clear spatial or elevation pattern emergesi model agreement is wedler-the-highest-winter-flows,
allAll catchments wilface more years with more frequerigh--flow eventsin the winter halyear thanthey dotoday,

particularly in the high Alpine regions. In contrast, éleeurrencrequencyof highestsummadrnigh-flow eventdn the summer
half-yearwill decrease byhe end of the century in most catchments. Model agreement is wedkesiimmerhalf-yearthan

in thewinter half-year.

high flow
event-and-alow-flow-event-in-the-same-time-windAnnual ceoccurrence increases in most catchments, particularly in the
lower-lying catchments. In high Alpine catchments, thisocourrence decreasasainly due to the strong increase in winter

runoff. Winter-eaCo-occurrencen the winter halyeardecreases mainly in high altitude catchments but alsdew of the

lower-lying cathments. Irihe summerhalf-year, most catchments (85 catchments) show increashagoarrencesy-end-of

the—eentury. Only 8eight high Alpine catchments show decreasing-ocourrence. In contrast tdigh—-flow

eceurrenerequency the model agreemefur co-occurrencds stronger irthe summerhalf-year (48 catchmenfsthan inthe

winter half-year(14)-ce-ececurrencecatchments

5 Discussion
5.1 Changes in moderate low flows

Low flows in Alpine regions typically occur in winter and early spring when precipitation falls as snow and accuflatates.

stoerag&torageas snow limits the direct runoffind onlylittle-runeff-(baseflow runoff occurs in winterSineeBecausenigher
termperatures result in both-change-of the-precipitation-typmdre precipitatioralisfalling as rain instead of sngvandan
11



enhancement-adarlier snow melt, theswestlow-flow magnitudesn thewinter flewshalf-yearare projected to increase
the-futire—Also;-the-seasonal-eceurrenEarthermore seasondly shifts from late winter to late autumn. This shift indicates
that snow storage no longer dominates low flawsg |nsteadsummerdreughtindautumn droughtiin combination with lack

of snow and glacier meliecomegenerallybecomethe main driver of low flows. However, this is not the case in highly
glaciated catchments with very high mean altitude8300 m.a.s.l.)where the seasonality of low flows doest khange.

Considerindn the summenhalf--year, thelowest-summanagnitudes ofow flows in Alpine catchments decrease due to the
combination of decreasing summer precipitation, enhanced evapotranspiaatiothe reduced contribution of snow and

glacier melt to the runoff.An—exeeptioftxceptionsare the catchmentsrat very high altitudes, which show increasing
lewestow-flow magnitudesn thesummeiflowshalf-yearby the end of the century. Increasingrestow-flow magnitudesn

thewinter flowshalf-yearin Alpine areas have been identified in observations (Weingartner and Schwanbegk,22@P0ur

results show that this tremeéntinuewvill continue and intensifwith climate change. The findings are also in agreement with

results for projectins of very extremw--flow regimes (10§/ear return periodBrunner et al.201201%).

In the present climate, low flows occur mostly in late summer and aututaweén-lying catchments. In these catchments
runoff volumes durindpw--flow conditions are projected to decrease in all time periods, with the reduction in the swatimer
-yearbeing much stronger than in the wintedf-year. The reasons for the reductiortliresummeihalf-yeararethedecreasig
summer precipitation artdehigher temperaturesihancingwhichenhane evapotranspiration. The projectedvest summer
low-flow reductionin the summer haljearis in line with observed trends (Weingartner and Schwanbeck,;)2020 the

changesgefare amplified under climate change. Even though the climate change scenarios project increasing winter

precipitation, theéewestmagnitudes ofow flows in thewinter flews-half-year are projected @decreasemainly due to a shift

in the-eceurreneseasonalityfrom winter to late autumn. The seasonality of annual low flows does not change in mainly
rainfedain drivencatchments. In prélpine regions, the seasonality of annual low flows shifts from late autanearly
autumn.

ta-thelThesnow and raindriveninfluencedsouthern Alpine regionshere-araypically undergawo periods of low flows: one

in late summer and one in winter, with the winter minimum often being lower in the reference period. Urateratimmge,
the seasenal-occurrenseasondtly of low flows shifts from winter to late summer and early autumn. At the same time, runoff

in low--flow situations decreases by end of the century.

west summer

asing water

water

The projected changes in low flouwsply potentialimpacts for various sectors. Changes$ow flows in the winter halfyear

have different impacts thahosein the summer halfear. The increasia mean runoff (Muelchi et al., 2081 andin low

flows in the winter haHyear in Alpine regions may be beneficial for hydropower produgtitiichis particularly sensitive to

climate change (Schaefli et al., 2007; Zierl and Bugmann, 2B@s)ricity demand in Switzerland is highest in winter (Hakala
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et al., 2020). Even though heating degree days are projected to decrease in Switzerland {EsctA02@), heating demand

will still occurunder climate change. The projected increaseiimier mean runoff andow flows may allow enhanced

hydropower production and possibly extend the season of hydropower production. Therefore, clmaegesuméf andlow

flows due to climate change should densideredn negotiations of future water use concessions (Hakala et al., 2020).

However energy demand may increase in summer due to a projected increase in cooling degree dédnyghsrsummer

temperatures (Tschurr et al., 2020). At the same time, water demand for irrigation may increase due to projected prolonge
and intensified summer droughdsdincreasedevapotranspiration (CH2018, 2018). In addition, river runoff is needed for

cooling infrastructureBecausanean flows (Muelchi et al., 20BY and low flows in the summéralf-yearare projected to

decrease, this combination may lead to conflicts in water use. Policy makers and water managememegygbsteauspt to

these changes imater availabilityand a coordinated water use policy should be introduced to cover potential water shortages

in the summer halfear. In recent yeartheregional authorities in Switzerlaribat controlpublic waterhavereviewed their

laws and recomnmglations regarding minimum residual flowdnder climate change, these minimum residual flows are

projected to decrease in summeildwer-lying catchmentsindicating thatresidual flovs defined under currertonditions

may notsufficeto serve importanivaterrelated servicefOne of themeasureproposediy theauthoritiesis toincrease the

residual flow for environmentglurposessuch as proteittg flora, fauna,and sediment transports (Hakala et al., 2020).

Alpine regions, an increase in the residual flow requlationscreste potential deficits for hydropower providdrksis may

reinforce potential conflicts in water use during the summeryeaf. The combination of a decrease in low flows in the

summe half-year and increasing river water temperatures (Michel et al., 2@@&gnsesvater stress for river ecosystermnd

some fish speciesuch as troutnay lose their habita{f FOEN, 2021).

5.2 Changes in moderate high flows

In Alpine areasnoderate magnitudes cdnnual high flow anéighesthigh flows in thesummeiflows-will-half-yeararelikely
to decreasen-the-projections.This can be explained by the decreasing contribution of melt water together with decreasing

summer precipitation angrhanreeiicreasecevapotranspirationa-futureBy the end of the centunAlpine areas will face
about half of the present mean runofsummer (Muelchi et al2028=-in-review-—Fhis2021), adecreas¢hatis also reflected
in moderatehigh flows. This is in contrast to theghestmagnitudes ohigh flows in thewinter flowshalf-year, which are

projected to increase with climate changewdver highestigh-flow magnitudesn thewinterflowshalf-yearare still smaller
inmagnituddhanhighesthigh-flow magnitudesn thesummerflewshalf-year Decreases in the runoff volume durimghest
high flows in thesummerflowshalf-yearand increases inighesthigh flows in thewinter flewshalf-yearwere also foundor
mountainous regiony Allamano et al. (200%er+euntainousregiers However, the decreasing anntdgh-fews-flow
magnitudedn Alpine areas contradi¢te-resultofKoplin et ald 2014-whe-found findings ofincreasing highlews-flow
magnitudesn the Alpine area. The reason for tiiEerendifference betweemesults is notenclusivehentirely clear, butn
Koplin et al. (2014onsidevery extreme floodsre-considered;-whilevhereaghis study considers moderate high flows.
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Annual high flows in the Alpine region usually occutlire summerhalf-year, when the snow line is high, meltipgocesses

ards in progress, and precipitation intensitieslargeshighest In glaciated catchments, high flowsrrentlyoccur at the end

of summer when glacier melt reaches its pealke reference-periadn snowinfluencediriven catchments today, the high
flows tend to occur in early summer during the snowmelt. In both regime tgmesynal-occurrence-is-shiftedsondty shifts

to earlier monthsuekby the end of the centurso that the high flows occur earlier in summerfuture—An-exeeption
Exceptionsarethe highly glaciated catchments with high mean elevation, which will also have snow and glacier influence in
summer in the future. In these catchmetiits,;seasonal-ocecurremaasondty hardly changes. Koplin et al. (2014) also found

shifts in theseeurreneseasonalityf extreme floods in Alpine areas. Their results show a shiftdssnow drivercatchments

from summer to autumn, whereas our results show a shift to earlier spriegrgndummer.
In lowerlying areas magnitudes ocannual higtilewflowsandhighestigh flows in thewinterflewshalf-yeartend to increase,
although the increase is often not robust across modélss smmmetrhalf-year, thehighestflowsigh-flow magitudestend

to decrease again with no robust signals across models. Moderate high flows deewiniter half-yearin plevialrain driven

catchmentsand this will not change-future In catchments partly influenced by snavhere high flows occur ispring, the
sesasonal-ocedrrence-is-shitedsondtly shifts from spring to late winter. Thisehavioshift is in agreement witthe-results
ofKoplin et al _§2014.) results In the southern Alpine areas, the annual high flows also tend to increasélastdft from

among th
dsThe increase in moderate high flows in the winter

half-yearmay also be beneficial for energy productibecausée o day 6s hydr opower priowiniect i on

by thesnow storage capacity with&pine catchmerg Under climate change, the increasing moderate high flows in Alpine

catchments may create opportunitiehédp meetenergy demand in the winter haiar. Reservoirs may be emptied more

slowly due to the increase in mean flows (Muelchi et al., B02idd moderate high flowsn summer, the moderate high flows

in Alpine catchments are projected to decreas@vier-lying catchments, where the hidlow season is in the winter half

year, increasing moderate high flows may atsticatean increased risk of winter floods. In contrast to the results for moderate

low flows, the climate model agreement on the sign of change is weakkthus interpretion of our results becomes more
difficult.

5.3 Time of emergence of significant changes

Significant and robust changes in the magnitude of moderate low flows emerge mainly for annual low flewssiholv
flows in thesummetlowshalf-year. The majoity of the catchments show a significant changé@magnitudeforsummeof

low flows: in the summer halfear.High Alpine catchments show earlier significant changésdrstow flows in thesummer

flewshalf-yearthan do lower--lying catchments. Earlyimes of emergence in high Alpine catchments were also found for
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summer mean flow in Muelchi et al2q2G:-in-—review2021b). In the winter half-year only Alpine catchments show a
significant change ilwest-wintelow flows. The mairreaseneasos for this are snowpackelated processé&esuch aghe
change in precipitationtype—from snow vsio rainy—tegether—with smaller snow accumulationsand asseciated
enhancedonsequent increaseirect runoff.

The magnitude of high flows significanthhangedor only forafew catchments. This is due to the large variability across the

climate models. To detect a time of emergence, we retuitat least 66% of the modeis agree on significant changes in

the distribution of high flows.

5.4 Changes in théfrequency andco-}-occurrence of low and high-flow events

The frequency of annual moderdev--flow eventsinereasecreasedn lower-lying catchmentsyhitebut fewerlow-flews-
flow events are detected in Alpine catchments. Howelkerfrequency ofow flows inthelewestsummertlowshalf-yearwill
increase in almost all catchments. In some catchméwds$js frequency almost doubles. This may have implications in
agricultural areas where irrigation plays an important fdlgh--flow events inthe winter half-yearwill occur more often,
while—but high-flow events in thesummer high—floew—eventbalf-year will occur less often. A clear pattern in

oceurrencrequencyof annualhigh--flow eventsis—not-detectabmnnot be showibecausemodel agreement is weak.
However, most catchments show a tendency towards-eccurrenedsigher frequencyCo-occurrence of lowlow andhigh
-flow events in the same year increases in nmser-lying catchments. In contrast, highlevation catchmestshowa
decreasing coccurrencemainly due to the increase in low flows. The changes incooirrence are dominated by changes
in low--flow occurrenceSince-toviow flows in lower-lying (high-Alpine)catchments tend to occur muelss-ore often,
soco-occurrence also decreasesreases).but the opposite is true for low flows in high Alpine catchme@tsoccurrence

of low-flow andhigh-and-lew-flow events in the samextended-seasoen-adnalf-year is important for ecosystensnce-the
because this may shortteir recoverytime-may-be-shortendines. Information abouthe co-occurrence is also important

for insurancecompanies-for-thecompanie8risk assessments.

5.5Uncertainties and Limitations

iaties in high

inc&everal sources ofneertainties affect the results

of this study. A detailed discussion of sources of uncertainty in the hydrological simulations is provided in Muelchi et al.

(20219), andthey aresummarized only briefly here. Uncertainties arise during each modellingwtiephe emission scenario

(RCP8.5), the selection of climate models and their boundary conditions, the postprocessing method (Gutiérrez et al., 2018

the hydrological model (Addor et al., 2014) and its calibration, and the underlying glacier proje&lighese need to be

considered in adaptation planning (e.g., Wilby and Dessai, 2010). A comparison with three versions of hydrological models
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for three catchments showed good agreement on the direction of change of the hydrological response thattigeate c

(Muelchi, 2021). Therefore, we regard the simulationgerlyingthis study as robust for climate change assessments.

Our results show that projections of moderate high flows are less robust among climate modedsthitese omoderate low

flows. Differences in the projections of moderate high flawse forseveral reasons. First, high flows are difficult to model

becausemany different processes interact with each other. In particular,-sosd precipitation patterns hasestrong
influence on high flowsand the input data from the climate models does not reflect-soadl precipitation processes well
(Ban et al., 2015). Second, the uncertainty arising from internal variability of extreme precipitation,iandiges is-thus

also reflectedn our results. Third, our results representy8@r averages as well as averages across models. Therefore, a

letgreat deabf information is averaged oubtherseurces-of-uneertainty—alse—afidespite these limitationgur resuls
suelshow that it is crucial to take projected changes in moderate runoff extietneaccountdue to their manifold

implicationsfor various sectorsasthe-climate-medetliscussed in sectisrb.1 for low flowsandtheﬂ'—bewqelapy—and—rmHal

for high flows

6-Conclusions

We-assess&dSummary and contusions

This study assessebanges irmoderate low and high flo ainder climate
changefor 93 catchments in Switzerlanghder-climate-changeRunoff simulations were driven by theewesinost recent
transient climate change scenarios (CH2018) for Switzerland for-i1Z39 basé on the RCP8.5 scenario. This study
analyzeanalyseschangesot onlyehangedn the magnitude ahesemoderate low and high flows but alse-changem their
seasonal-oceurrenaeasondty andtheirfrequency. Thanks to the transient property of the simulatias;the-timing-of
sighificant-changedife time of emergengecouldalsobe assessed.

The projections indicatére-followingresultskorthatchangedn low flows-a-strongover timedepemnl strongly orelevation
dependence-of the-changes-evertime-was-foundVihereadow--flow magnitudes decrease limwer-lying catchments,
they increase in Alpine catchmemteadmgwm observed trends+-the-pasi{Weingartner and Schwanbeck,
2020). i
line with the projections of previous studies (e.g. Meyer et al., 2011; Bernhard and Zappa, 2012y Btumin@0619)-A
201%). Moreover a shift in seasonality was fourddr-mest-of-the-catchments—By-end-of-the-centuwith low flows will
ecewioccurring predominantlyin late summer and autumin—mest-of-the—catchments.—This-indicates—that-thek—of
precipitatioy the end of the 2Ycentury. Increasing low flows in Alpine regions in the winter dyalir may be beneficial

-The results fotow--flow magnitudes are in

for hydropower production. However, decreasing low flows in the summeydsalinay induce water use conflicespecially
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becausevater demanih summermrexceedshecontribution-ofotherprocessasay increase in various sectstch asnow-and
glaciermelt-econtributiondrrigation for agricultureand cooling infrastructures (Brurer et al., 2011§). The pronounced

projected decrease smmeiow flows inmestethe summer halfear inalmost alithe catchment&xcept some high Alpine

FoerRelative changem magnitudeare smallefor moderate high flowselativechanges-are-smalidhan for low flows. Most

of the catchments shoan increase in moderatégh-flows-flow magnitudesbut the model agreement on the changes is not
robustwith-the-exeeption-oéxceptin a few catchments in northeamd northwesternSwitzerlandand-the-Jura-meountains
High Alpine catchments show a dease irhigh-flow magnitudesn thehighesisummeilowshalf-year, mainly due to reduced

melt watefinfuture and an increase imgh flows inthe highestwinter flowshalf-year The magnitude ofdnterhigh flows

in the winter haHyearin Alpine catchments is much smaller than fioosein the summerhigh-flowdalf-year Thus, the
increasingwvinter-high-flowshigh-flow magnitudes in Alpine catchmeritsthe winter haHyearare not that importaritom-a
hydrolegeal-point-of-vievihydrologicaly but may become relevant for ecosysteamsienergy productiorProjected changes
in magnitude and shifts in seasonality of moderate high flovesier-lying catchments are in line with previous studies (e.g.

Koeplin et al, 2014; Brunner et al261201%). For Alpine catchments, our results do not agree with other projections in
terrs-ofmagnitudeanebr in some cases iterms-efseasonality. Thisentradictiofack of agreemennay arisedue-tdrom the
differentvariousindicators considered/hite-owiOur study focuses on moderate high flowss-ethebut comparativestudies
focused on extreme high flows, which can be governed by different processes than moderate high flows.

Significant changes in the magrdtiof low flows emerge early in the®2dentury for high Alpine catchments because of an
increase in winter flows. For mangwer-lying catchmentsa significant decrease summerlow--flow magnitudein the

summer halyearis detected bubnly later in the 2% century. Changes in the magnitude of high flows are mostly not robust

across climate models and thus not significant.
Low--flow events will occur more often liower-lying catchments and less often in high Alpine catchments. Like th& we
signal in the magnitude of high flonsisechanges in theecurrencirequencyof high-flow events arelsosmall. However,

most of the catchments will experiense-increasindrequencyin-the-eceurrence-ofcreasindy frequert high-flow events.

An devational pattern was found for the-aocurrence of moderate low ahijh-flow events, with increasing emccurrence

in lower-lying catchments and decreasingaxrurrence in high Alpine catchments. This pattern is dominated by changes in

the frequencynd magnitude of moderate low flows.
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Table 1:1: Overview of the availableclimate model chainsavailable and their initial grid spacings of 12 km (EUR-11) and 50 km
(EUR-44).

Global Climate Model Regional Climate Model EUR-11 | EUR-44
KNMI-RACMO22E X
DMI-HIRMAMS5 X
ICHEC-EC-EARTH CLMcom-CCLM4-8-17 X
CLMcom-CCLM5-0-6 X
SMHI-RCA4 X
CLMcom-CCLM4-8-17 X
CLMcom-CCLM5-0-6 X
MOHC-HadGEMZ2ES
KNMI-RACMO22E X
SMHI-RCA4 X
CLMcom-CCLM4-8-17 X
CLMcom-CCLM5-0-6 X
MPI-M-MPI-ESM-LR
SMHI-RCA4 X
MPI-CSGREMO20092 X
CLMcom-CCLM5-0-6 X
MIROC-MIROCS5
SMHI-RCA4 X
CCCmaCanESM2 SMHI-RCA4 X
CSIRO-QCCCECSIROMk3-6-0 SMHI-RCA4 X
IPSL-IPSL-CM5A-MR SMHI-RCA4 X
NCC-NorESM1M SMHI-RCA4 X
NOAA-GFDL-GFDL-ESM2M SMHI-RCA4 X
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Table 2:2: Relative changes (in %) bythe end of the century and theseasonal-eceurrence (O&4asondty (SEAS) of moderate
low and high flows for the six representative catchments. Theeasonal-occurrensEasondly indicates the seasomvherén which
the moderateflew-extremefw and high flows generally occur-mest-freguently Abbreviations: Seasenal-eceurrengmasonaity
in the winter half-year in the reference period and predominantly inthe summer half-year in the future period (WS), seasenal
oeceurreneseasondty in the winter half-year in both periods (WW), seasenal-occurrensEasondty in the summerhalf-yearin the
reference period and inthe winter half-year in the future period (SW), andseasenal-eceurrengsasondty in the summer half-year
in both periods (SS).

Catchment Moderate low flows Moderate high flows

YEARNN | WINTER SUMMER | OCGGE | ¥EARNN | WINTER SUMMER | OCGE

UAL AS UAL AS
Rosegbach | +191% +199% +89% WW -20% +97% -25% SS
Kander +20% +41% -37% WWwW +8% +50% -5% SS
Plessur -1% +32% -43% WS -10% +43% -14% SS
Emme -53% -17% -66% WS +2% +13% -7% SW
Venoge -45% -16% -47% SS +22% +25% +4% WWwW
Verzasca -22% +42% -53% WS +6% +24% -3% SS
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Figure 1:1: Overview of the studyregiorcatchmentsand the location of thecorrespondinggauging stations(erangedots). Shadings
indicate Grey shadings show themean altitudeelevation of therespective catchment GreefCatchments are divided into two
groups: lower-lying catchments (green) and Alpine catchments (purple)Blue contours indicate the six example catchments:
Rosegbach—Pontresingl), Kanderi—Hendrich(2), Plessui—Chur(3), Emmel-Emmenmat(4), Venoge—Ecublengs), Verzasca
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Figure 2: Median monthly occurrence of moderate low flows (left panels) and high flows (right panels) for the reference period
(19811 2010,a;kupper panely and for the end of the century (2076 2099,&,-€lower panels.
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Figure 3: Relative changes ofmagnitude by the end of the century for moderate low flows (left panels) and moderate high flows
(right panels) for the year @;5);-upper panels, the winter {€;ehalf-year (middle panelg, and the summer {e;fx-half-year (ower
panels. Triangles indicate atchments with annual moderate low and high flows occurring in theeespectivatime window in the
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