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Abstract. Assessments of climate change impacts on runoff regimes are essential to climate change adaptation and mitigation
planning. Changing runoff regimes and thus changing seasonal patterns of water availability strongly influence various
economic sectors such as agriculture, energy production, and fishery and also affect river ecology. In this study, we use new
transient hydrological scenarios driven by the most up-to-date local climate projections for Switzerland, the Swiss Climate
Change Scenarios. These produce detailed information on changes in runoff regimes and their time of emergence for 93 rivers
in Switzerland under three Representative Concentration Pathways (RCPs), RCP2.6, RCP4.5, and RCP8.5. These transient
scenarios also allow changes to be framed as a function of global mean temperature.

The new projections for seasonal runoff changes largely confirm the sign of changes in runoff from previous hydrological
scenarios with increasing winter runoff and decreasing summer and autumn runoff. Spring runoff is projected to increase in
high-elevation catchments and to decrease in lower-lying catchments. Despite the increases in winter and some increases in
spring, the annual mean runoff is projected to decrease in most catchments. Compared to lower-lying catchments, runoff
changes in high-elevation catchments (above 1500 m a.s.l.) are larger in winter, spring, and summer due to the large influence
of reduced snow accumulation and earlier snow melt and glacier melt. The changes in runoff and the agreement between
climate models on the sign of change both increase with increasing global mean temperatures or stronger emission scenarios.
This amplification highlights the importance of climate change mitigation.

The time of emergence is the time when the climate signal emerges significantly from natural variability. Under RCP8.5, times

of emergence were found early, before the period 2036-2065, in winter and summer for catchments with mean altitudes above
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1500 m a.s.l. Significant changes in catchments below 1500 m a.s.l. emerge later in the century. Not all catchments show
significant changes in the distribution of seasonal means, and thus no time of emergence could be determined in these
catchments. Furthermore, the significant changes of seasonal mean runoff are not persistent over time in some catchments due

to nonlinear changes in runoff.

1 Introduction

Anthropogenic climate change is certain to affect regional and local hydrology (IPCC, 2013; IPCC, 2014a; IPCC, 2014b).
Major research efforts have enabled more precise and more reliable projections of regional and local temperature and
precipitation changes (CH2018, 2018). The new Swiss Climate Change Scenarios (CH2018) are the result of a large modelling
effort to downscale regional climate projections for Switzerland to local scales (CH2018, 2018). Warming in Switzerland is
projected to be higher than the global mean warming. Without major mitigation efforts, mean temperatures are projected to
increase by up to 6.8°C by end of the 21% century in Switzerland (CH2018, 2018). This large increase in temperatures is
accompanied by changes in many other hydrologically relevant variables such as precipitation amounts, precipitation type,
and glacier volumes. The projected combination of increasing temperatures, changing precipitation patterns, retreating
glaciers, and changes in snowpack will have a potentially strong impact on runoff regimes. Runoff regimes reflect the integral
response in time and space of the hydrological conditions within a catchment and hence its water supply. Understanding and
assessing changes in runoff regimes is crucial both for many economic sectors, such as agriculture, fishery, hydropower
generation, and tourism, and for the ecology within and around the rivers. Assessments of climate change impacts on river
runoff are therefore particularly important for decision makers in adaptation planning and can also provide a basis for
mitigation policies.

Several studies on the impacts of climate change on hydrology in Switzerland have been conducted in recent years. These have
focused on changes in runoff regimes (Horton et al., 2006; Koeplin et al., 2012; Koeplin et al., 2014; Addor et al., 2014, Milano
et al., 2015), on changes in low flows (Jenicek al., 2018; Brunner et al., 2019a,b), on changes in high flows (Keller et al., 2018;
Brunner et al., 2019a), and on the effects of retreating glaciers for rivers (Huss et al., 2008; Farinotti et al., 2012; Finger et al.,
2012; Huss et al., 2014, Fatichi et al., 2015; Etter et al., 2017). Studies on climate change impacts on various aspects of the
hydrology in the Alpine area have also been carried out in Austria (e.g., Weber et al., 2010; Bléschl et al., 2011; Prasch et al.,
2011; Tecklenburg et al., 2012; Goler et al., 2016: Wijngaard et al., 2016; Hanzer et al., 2018), in Italy (e.g., Groppelli et al.,
2011), in Germany (e.g., Hattermann et al., 2015; Nilson et al., 2014), and in France (e.g., Ruiz-Villanueva et al., 2015, Vidal
et al., 2016). Most of these studies are case studies or focus on specific aspects of hydrology. Previous studies have focused
on changes in runoff regimes and included many catchments with diverse properties in Switzerland (Horton et al., 2006;
Koeplin et al., 2012; Koeplin et al., 2014; Addor et al., 2014). Koeplin et al. (2012) found a shift in seasonality with increasing
winter runoff, decreasing summer runoff, unchanging annual mean runoff for lower-lying catchments and increasing annual

mean runoff for high Alpine catchments. However, these studies are based either on older climate model generations or on
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climate simulations downscaled with a delta change approach. The delta change method is based on climate simulations
downscaled for 30-year periods both in the reference period and in future periods and does not provide continuous transient
simulations for the whole 21% century. Therefore, this approach does not simulate daily to interannual variability (Bosshard et
al., 2011). More sophisticated downscaling approaches have been developed, such as quantile mapping (Teutschbein and
Seibert, 2012; Gudmundsson et al., 2012). They correct not only for the mean bias but for the full distribution, are applicable
to long-term climate simulations, and allow transient scenarios to be established. Using quantile mapping as a downscaling
approach can intensify and increase the number of projected extremes (Roessler et al., 2019). Therefore, the present study uses
the Hydro-CH2018-Runoff ensemble (dataset: Muelchi et al., 2020; Muelchi et al., 2021) run with the most up-to-date local
climate change scenarios for Switzerland, CH2018. These scenarios used the quantile mapping approach to downscale the
coarse climate model output. The Hydro-CH2018-Runoff ensemble includes transient daily simulations from 1981 to 2099 for
93 catchments in Switzerland and three Representative Concentration Pathways (RCPs): RCP2.6, RCP4.5, and RCP8.5. The
new ensemble enables detailed quantification of changes in runoff regimes. In this study, we investigate changes in runoff
regimes under a range of RCP scenarios. These 119-year continuous daily runoff simulations enable the estimation of the time
of emergence (Giorgi and Bi, 2009; Leng et al., 2016) of those changes. The time of emergence is the time when the climate
signal emerges significantly from natural variability. It is of particular importance to the question of how much time is left for
adaptation planning. In this study, we analyze not only the time of emergence but also the evolution of time of emergence over
time. Moreover, the ensemble allows the quantification of changes at different global warming levels; these warming levels
are particularly relevant for policy makers (e.g., James et al., 2017). The framing of the results as a function of global mean
temperature change rather than time enables a direct link to the Paris agreement target and indicates the changes to be expected
in a +2°C world and the consequences of missing this target. In this study, we assess changes for global warming levels of
+1.5°C, +2°C, and +3°C.

2 Data

For this study, we use the Hydro-CH2018-Runoff ensemble of daily discharge simulations for 93 medium-sized (catchment
size between 14-1700 km?) catchments in Switzerland (Fig. 1; Muelchi et al., 2020; Muelchi et al., 2021). The Precipitation-
Runoff-Evapotranspiration HRU-related Model (PREVAH) hydrological modelling system (Viviroli et al., 2009) was used
for simulating the hydrological response to the climate change scenarios. PREVAH is a semidistributed model based on
hydrological response units and includes submodules to account for important hydrological processes related to snow, glacier,
and soil moisture dynamics and evapotranspiration. PREVAH was calibrated and validated for each catchment (for more
details, see Muelchi et al., 2021). The calibrated parameters were kept constant for the simulation of runoff under climate
change, and land use was held unchanged for nonglaciated catchments. The minor impact of land use changes on changes in

the runoff regime for Switzerland was assessed by Koeplin et al. (2014). For glaciated catchments, glacier extents were updated
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every 5 years according to the glacier projections by Zekollari et al. (2019), which are based on the same climatic data set. The
land use of areas from which glaciers disappear was replaced by rock for areas above 3000 m a.s.l. and by bare soil for areas
below 3000 m a.s.l.

The meteorological input used for the simulations comes from the new Swiss climate change scenarios CH2018 (CH2018,
2018). The CH2018 scenarios used EURO-CORDEX simulations (Jacob et al., 2014; Kotlarski et al., 2014) and applied
statistical downscaling (quantile mapping; Teutschbein and Seibert, 2012; Gudmundsson et al., 2012) on chains of Global
Circulation Models and Regional Climate Models (GCM-RCM chains). The results consist of gridded high-resolution (2x2
km) daily temperature and precipitation data for Switzerland for the period 1981-2099. This dataset was then used to drive the
hydrological model, resulting in the Hydro-CH2018-Runoff ensemble, which comprises daily runoff time series for 1981
2099 for each of the GCM-RCM chains. The Hydro-CH2018-Runoff ensemble contains simulations for three RCPs: 8
simulations under RCP2.6, 16 simulations under RCP4.5, and 20 simulations under RCP8.5. The GCM-RCM chains and their
underlying emission scenarios used for this study are listed in Table 1. The Hydro-CH2018-Runoff ensemble comprises
transient long-term daily runoff projections for Switzerland for the period 1981-2099. These transient simulations incorporate
the daily to interannual climate variability. Changes in runoff constrained by the different warming levels were analyzed using
the global mean temperatures of the driving GCMs (CMIP5, Taylor et al., 2012).

3 Methods

3.1 Study area

The study area consists of 93 catchments distributed over Switzerland (Fig. 1) and covering a wide range of catchment
characteristics with an average catchment size of 314 km? (from 14 km? to 1700 km?) and a mean altitude of 1344 m a.s.l.
(range in mean altitude: 476-2700 m a.s.l.). Of the 93 catchments, 22 are glaciated with a modelled degree of glaciation
varying between 1% and 29% (Fig. S1). The present runoff regimes range from glacier-fed catchments in high Alpine areas,
mainly snow-driven catchments (mean altitude above 1550 m a.s.l.) in the Alps and pre-Alps to rain-fed catchments
predominant in the Swiss Plateau and at lower elevations in the southern part of Switzerland. Six catchments (highlighted in
Fig. 1) are used as example catchments representing typical runoff regimes: Rosegbach, highly glaciated (29%); Kander,
partially glaciated (5%); Plessur, high-Alpine snow influenced; Emme, pre-Alpine rain and snow influenced; Venoge,
lowland rain dominated; and Verzasca, southern Alpine rain and snow dominated. An overview of the catchment
characteristics (Table S1), the degree of glaciation (Fig. S1), and the fraction of precipitation falling as snow (Fig. S2) can be

found in the Supplement.
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3.2 Determining changes in seasonal and annual mean runoff

The simulations were analyzed using annual and seasonal changes of runoff under the three RCPs. The seasons were defined
as winter (December, January, February), spring (March, April, May), summer (June, July, August), and autumn (September,
October, November). All changes were specified for 30-year periods to remove interannual variability. The reference period
covers the years 1981-2010 and was compared with the far future period 2070-2099. The median among all simulations within
an RCP pathway was considered the best estimate. To obtain an indication of the robustness of the estimation, the changes
were highlighted when at least 90% of the simulations showed the same direction of change, whether positive or negative.
This criterion corresponds to “very likely” in the terminology of the Intergovernmental Panel on Climate Change (IPCC) that
the runoff changes are either positive or negative (Mastrandrea et al., 2010). The changes in seasonal and annual runoff were
also analyzed as a function of the mean elevation of the catchments to show the elevation dependence of runoff responses.
Other elevation-related characteristics of a catchment might have been used. However, a study by Koeplin et al. (2012) showed
that catchment responses to climate change in Switzerland can be directly linked to mean altitude.

For the analysis of changes in runoff regime, monthly means for 30-year periods were calculated with the median representing
the best estimate and the uncertainty band showing the full range among all models within an RCP. To simplify the
interpretation of the results, this article focuses only on changes up to the period 2070-2099 under RCP8.5 and RCP2.6. These
two emission scenarios provide the broadest range of changes available from the full Hydro-CH2018-Runoff ensemble. Results
for the near-future period of 2045-2074 and for RCP4.5 can be found in the Supplement.

3. 3 Determination of the time of emergence of seasonal and annual runoff changes

The time of emergence (Giorgi and Bi, 2009; Leng et al., 2016) indicates the time when significant changes in the distribution
of seasonal and annual means emerge from natural variability. The Kolmogorov-Smirnov test was used to test whether two
30-year samples of seasonal or annual means are drawn from the same distribution. This test was conducted on the distributions
of moving 30-year windows and the distribution of the reference period. The Kolmogorov-Smirnov test procedure was also
used in previous studies (e.g., for precipitation Mahlstein et al., 2011; Gaetani et al., 2020), but other definitions of time of
emergence also exist. Although Mahlstein et al. (2011) did not find significant differences from other definitions, Gaetani et
al. (2020) found that the Kolmogorov-Smirnov testing procedure results in a more robust and earlier time of emergence. The
testing was performed for each simulation under RCP8.5 and each catchment separately. Constraining the analysis to the
RCP8.5 ensemble was motivated by the sufficiently large number of simulations, 20, within the ensemble. The time of
emergence was then defined following the procedure used in Mabhlstein et al. (2011) and refers to the last year of the 30-year
moving window in which the Kolmogorov-Smirnov test was rejected for the first time at 95% significance. We then considered
the significance of changes in the seasonal and annual mean when at least 66% of the models detect a significant change in the
same 30-year window. Sixty-six percent corresponds to the threshold referred to as “likely” in the IPCC terminology

(Mastrandrea et al., 2010). Because changes in runoff may not be linear over time, the time of emergence may not be stable
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after the first detection. Even though changes in seasonal and annual runoff are tested as significant in one period, they may
not be significant in all subsequent periods (e.g., due to nonlinear effects in snow melt or glacier melt contributions). Therefore,
we also analyzed the temporal evolution of rejections of the null hypothesis for the Kolmogorov-Smirnov test (p-values smaller
than 0.05).

3.4 Stratification of seasonal and annual runoff changes by increases in global mean temperature

For the analysis of runoff changes as a function of global mean temperature change, temperature targets were defined of
+1.5°C, +2°C, and +3°C with respect to the preindustrial state. Because the temperature targets are defined with respect to the
preindustrial state, the warming observed between the preindustrial state (1864-1900) and the reference period (1981-2010)
was subtracted from the temperature targets. The observed warming is estimated to be 0.6°C, and thus the remaining global
warming for the 1.5°C, 2°C, and 3°C temperature targets is 0.9°C, 1.4°C, and 2.4°C, respectively (Morice et al., 2012; for
technical details: CH2018, 2018). For each of the driving GCMs used in the Hydro-CH2018-Runoff ensemble for RCP8.5, we
computed differences in moving 30-year averages of global mean temperatures compared to the reference period. The 30-year
windows when global mean temperature change exceeds +0.9°C, +1.4°C, and +2.4°C were selected for each GCM.
Subsequently, the seasonal and annual changes in runoff were extracted for each of the time periods and the driving GCM in
the GCM-RCM combination. Again, catchments with robust signs were highlighted if at least 90% of simulations agreed on

the direction of change.

4 Results

4.1 Changes in seasonal and annual mean runoff for Switzerland
Changes in the multimodel median of seasonal and annual mean runoff by end of the century (2070-2099) are shown in Fig.
2 for RCP8.5 and in Fig. 3 for RCP2.6 (see Fig. S3 for RCP4.5 and Figs. S4-S6 for the period 2045-2074). Highlighted

catchments show changes where at least 90% of the models agree on the sign of change.

4.1.1 Changes in winter runoff for Switzerland

In winter, all catchments show positive mean runoff changes under RCP8.5 by the end of the century (Fig. 2a) compared to
the reference period. The mean runoff changes range from +2% to +221%, and larger changes are found in higher-elevation
catchments. The mean change among all catchments is +48%. In all, 84 out of 93 catchments show good agreement (>=90%)
on the sign direction. Under RCP2.6, 87 out of 93 catchments show positive changes, with mean runoff changes across all
catchments of +13% (Fig. 3a). However, only 41 catchments show robust model agreement on the sign direction. The range

among the catchments is between -3% and +58%, again with stronger changes in the mountainous areas.
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4.1.2 Changes in spring runoff for Switzerland

In spring, both positive and negative changes are found in mean runoff (Figs. 2b and 3b). The mean change across all
catchments is +9% under RCP8.5 (Fig. 2b). Although most of the lower catchments show a decrease in runoff (up to -21%),
the higher-elevation catchments exhibit an increase (up to +166%) under RCP8.5. The strong increase in spring runoff is
mainly found in the highest elevation catchments (Fig. 2b), where snowmelt is increased by higher temperatures that shift the
snowmelt season from early summer to spring. However, only 34 out of 93 catchments exhibit robust changes across the
climate models. Compared to the high emission scenario, the changes in the low emission scenario (RCP2.6) tend to be more
moderate (Fig. 3b). Under RCP2.6, the changes range from -15% to +70% with a slightly positive mean (+3%) across all
catchments. Some 58 catchments show robust changes in spring mean runoff under RCP2.6. Some catchments show negative
changes under RCP2.6 but positive changes under RCP8.5. This transition from negative to positive changes is also found in
RCP4.5 (Fig. S3).

4.1.3 Changes in summer runoff for Switzerland

In summer and under RCP8.5, all catchments show a decrease in mean runoff, ranging from -16% to -59% with mean change
of -35% across all catchments (Fig. 2c). Again, more pronounced negative changes are found in higher-elevation catchments,
where summer runoff is projected to decrease by up to half of the runoff of the reference period. All catchments except one
agree on the sign direction among the climate models. Under RCP2.6, the signs and magnitude of the changes are less clear
(Fig. 3c). The average change across all catchments is negative (-6%), but mean runoff change ranges from -26% to +4%. Just
9 out of 93 catchments show positive but nonrobust mean runoff changes in summer whereas 34 catchments yield robust

negative signs.

4.1.4 Changes in autumn runoff for Switzerland

In autumn, all catchments but one show decreasing runoff under RCP8.5 (Fig. 2d). Changes range from -36% to +4% with an
average change of -19% across all catchments. More than 50% of the catchments, 50 of 93, reveal robust changes. In contrast
to the changes in summer, the autumn runoff tends to decrease more strongly in the lower-lying catchments than in the higher-
elevation catchments. Under RCP2.6, the changes are much smaller than under RCP8.5, with an average change of -5%
(ranging from -20% to +10%; Fig. 3d). The changes are also less robust, with only 17 catchments showing good agreement on

the sign of change.

4.1.5 Changes in annual runoff for Switzerland
Despite the increases in winter and partial increases in spring, the annual runoff is projected to decrease by 8% (range: -23%
to +4%) under RCP8.5 (Fig. 2e) and by 2% (range: -13% to +11%) under RCP2.6 (Fig, 3¢) on average. Whereas 82 out of 93
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catchments show negative changes under RCP8.5, only 65 catchments exhibit negative changes under RCP2.6. However, the

robustness of the year mean runoff change sign is weaker than that of the seasonal mean changes.

4.1.6 Elevation dependence of seasonal and annual mean runoff changes

Considering the results above, changes in seasonal and annual mean runoff are heavily dependent on the mean elevation of the
catchment. This dependence is highlighted in Fig. 4, where changes in runoff are plotted against mean altitude of the
catchments. The higher-elevation catchments generally show larger changes in winter, spring, and summer than the lower
elevation catchments. For autumn and annual runoff, no distinct pattern can be seen. Under RCP8.5 and for catchments with
mean altitude below 1500 m a.s.l., the average change is +27% in winter, -5% in spring, -31% in summer, -21% in autumn,
and -8% in the annual mean (Fig. 4a). For catchments with mean elevation above 1500 m a.s.l., runoff changes on average by
+77% in winter, by +28% in spring, by -41% in summer, by -15% in autumn, and by -9% in the annual mean. However, the
changes in the higher-elevation catchments are less pronounced under RCP2.6, with an average change in catchments below
1500 m a.s.l. of +5% in winter, -6% in spring, -4% in summer, -6% in autumn, and -4% in annual mean runoff (Fig. 4b). In
higher-elevation catchments (>1500 m a.s.l.), the mean changes under RCP2.6 amount to +24% in winter, +16% in spring, -

9% in summer, -4% in autumn, and -0.6% across the year.

4.2 Changes in the runoff regime of six representative catchments

Changes in runoff regime for six example catchments representing typical runoff regime types in Switzerland are depicted in
Fig. 5. These are the catchments highlighted in Fig. 1: Rosegbach—Pontresina, Kander—Hondrich, Plessur—Chur, Emme-
Emmenmatt, Venoge—Ecublens, and Verzasca-Lavertezzo. The runoff regimes with absolute monthly mean runoff presented
in this chapter help to interpret the relative changes of seasonal and annual runoff means discussed in Section 4.1. Figures with

Pardé coefficients and runoff regimes for each RCP separately can be found in the Supplement (Figs. S7-S11).

4.2.1 Highly glaciated catchment: Rosegbach—Pontresina

The glaciated catchment, Rosegbach—Pontresina, exhibits a pronounced decrease in July, August, and September (-3.1 to -6.7
mm/day) and a small absolute increase in winter runoff (+0.5 to +1 mm/day) under RCP8.5 (Fig. 5a). Monthly mean runoff
does not change significantly in October. The typical glacier runoff regime with low flows in winter and peak flows in summer
in the reference period changes to a nival regime with a peak runoff shifted from July or August to June under RCP8.5 (Fig.
5a). Although there are large relative (+200%) increases in the winter months, the contribution of winter runoff to the total
runoff remains small. The mean runoff between June and September drops dramatically due to the absence of snow and glacier
melt contributions. However, runoff in late spring and summer remains the major contributor to the annual volume. Under
RCP2.6, the changes for winter, spring, and autumn runoff are small (+0.1 to +0.7 mm/day). For July, August, and September,
the runoff decreases significantly (-1.7 to -3.5 mm/day), and the summer peak shifts from July or August to June or July. The

change in summer runoff under RCP2.6 is approximately halved compared to the changes under RCP8.5.

8



245

246
247
248
249
250
251
252

253

254
255
256
257

258

259
260
261
262

263

264
265
266
267
268

269

270
271
272
273

4.2.2 Little-glaciated catchment: Kander—Hondrich

A similar behavior with a shift of the peak in the runoff regime from summer to late spring/early summer is also found for the
runoff regime in the little glaciated catchment, Kander—Hondrich, under RCP8.5 (Fig. 5b). The regime is characterized by a
peak in early summer runoff in the reference period. Under RCP8.5, the summer and early autumn runoff (July, August,
September) decreases significantly (-1.8 to -3.2 mm/day) whereas winter runoff increases (+0.8 to +1.3 mm/day). This leads
to a flattening of the runoff regime curve, resulting in similar contributions of winter and summer runoff to the annual volume.
Under RCP2.6, there is also a decrease in July, August, and September (-0.7 to -1.1 mm/day), but less pronounced than the
decrease under RCP8.5.

4.2.3 Nival catchment: Plessur—Chur

The nival regime of the river Plessur—Chur shows a shift in peak flow from June to May under both emission scenarios (Figure
5¢). Due to the increase in winter months (+0.4 to +0.9 mm/day) and decrease in summer runoff (-0.9 to -2.1 mm/day), the
regime curve flattens under RCP8.5. The results also show increasing winter runoff and decreasing summer runoff under
RCP2.6 but far less pronounced than under RCP8.5.

4.2.4 Nival-to-pluvial catchment: Emme-Emmenmatt

In the reference period, the runoff regime in the nival-to-pluvial catchment, Emme—Emmenmatt, shows a peak in spring and
early summer due to snowmelt and stable mean runoff from August to February (Figure 5d). By end of the century under
RCP8.5, the peak runoff in spring almost disappears. The runoff decreases strongly in the summer months (-0.7 to -1.3

mm/day) and less in the autumn months (-0.1 to -1.2 mm/day).

4.2.5 Pluvial catchment: Venoge-Ecublens

The shape of the runoff regime curve for the pluvial river Venoge—Ecublens remains the same for the reference period and the
two emission scenarios with higher runoff in winter and lower runoff in summer (Figure 5e). Although the regime changes
only marginally under RCP2.6, the amplitudes under RCP8.5 become more distinct, with higher winter runoff (+0.3 to +0.9
mm/day) and lower summer runoff (-0.2 to -0.3 mm/day) than in the reference period. However, in comparison to other

catchments, this change is smaller.

4.2.6 Southern Alpine catchment: Verzasca—Lavertezzo

The southern Alpine catchment, Verzasca-Lavertezzo, shows a two peaked runoff regime, with a first runoff peak in late
spring and a second runoff peak autumn in the reference period (Figure 5f). This pattern is still present at the end of the century
under both scenarios. However, the amplitudes of the peaks are less pronounced under RCP8.5 because of increasing winter

runoff and decreasing spring (-0.2 to -1.9 mm/day) and summer (-1.4 to -1.7 mm/day) runoff.
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Summarizing the differences under RCP8.5 and RCP2.6 shows that the sign of change under RCP2.6 is equal to the sign under
RCP8.5 in almost all months and catchments. Comparisons with RCP4.5 (see Fig. S5 in the Supplement) show that the
magnitude of changes increases with the strength of the emission scenario and the distance in time. Also, the model agreement

on the direction of change among the climate models is weaker under the low emission scenario, RCP2.6, than under RCP8.5.

4.3 Time of emergence of changes in the seasonal and annual means

The time of emergence, when at least 66% of the models under RCP8.5 agree on significant changes in the distribution of
seasonal and annual means, is depicted in Fig. 6. In winter, 45 out of 93 catchments show a time of emergence in the 21
century (Fig. 6a). An elevation dependence can be identified: times of emergence are earlier in higher elevated catchments and
later in lower-lying catchments. The high Alpine catchments show particularly early times of emergence, with the end of the
period 2017-2046 the earliest. The mean elevation of catchments with times of emergence earlier than 2065 are greater than
1500 m a.s.l., with one exception. Among the 48 catchments that do not show a time of emergence, 46 catchments have mean
elevations lower than 1200 m a.s.l.

In summer, 73 catchments exhibit a time of emergence and again generally an earlier time of emergence for higher-elevation
catchments (Fig. 6¢). Catchments showing a time of emergence earlier than 2065 are all located in mountainous areas with
mean elevations higher than 1500 m a.s.l., again with one exception. The earliest time of emergence in summer is found for
the year 2043 (period 2014-2043). Catchments without time of emergence show a mean elevation lower than 1000 m a.s.l.,
with one exception.

In spring, only 20 catchments exhibit a time of emergence (Fig. 6b). Again, significant changes in the distribution are mainly
found in the higher Alpine catchments (above 1500 m a.s.l.). Only 14 catchments out of 93 exhibit a time of emergence in
autumn (Fig. 6d). In contrast to the other seasons, there is no clear elevation pattern distinguishable in autumn.

In all seasons, some of the catchments do not show a time of emergence, meaning that there is no statistically significant
change in the distribution of the seasonal means. Clear patterns of significant changes in the distribution of seasonal means are
mainly found in winter and summer.

For the annual means, 11 catchments reveal a time of emergence in the 21% century (Fig. 6€). Time of emergence in the annual
mean is not restricted to high Alpine catchments, but only two catchments below 1500 m a.s.l. show significant changes, and
that after 2095.

Due to the definition of time of emergence as the last year of a moving window in which the Kolmogorov-Smirnov test is
rejected for the first time, time of emergence is not necessarily given for all periods after the first detection. Fig. 7 shows the
temporal evolution of the time of emergence for the seasons under RCP8.5. Most of the catchments show persistent significant
changes after the first detection of a time of emergence. However, some catchments reveal a time of emergence in a certain

period but do not show a time of emergence afterwards. The problem of nonconstant rejections affects 17 catchments in winter,
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3 catchments in spring, 25 catchments in summer, and 6 catchments in autumn. Most of these catchments show a persistent

time of emergence for the rest of the century a few years after the first detection.

4.4 Changes in seasonal means with increasing global mean temperatures

Changes in the multimodel median of seasonal and annual mean runoff for different levels of global warming are shown in
Fig. 8 for warming targets +1.5°C, +2°C, and +3°C. Generally, the patterns of change with levels of global warming are similar
to the patterns for the two emission scenarios. Both the range of change between the catchments and the climate model
agreement increase with higher global warming levels.

In winter, the mean runoff change across all catchments is +17% for a global warming of +1.5°C, +23% for +2°C, and +35%
for +3°C (Fig. 8 a-c). Stronger global warming increases not only the mean but also the range of change across the catchments.
At +1.5°C global warming, the range across all catchments is between -1% and +53%, but at +3°C global warming, the range
is +5% to +127%. Whereas two catchments show slightly negative changes at +1.5°C warming, all catchments show positive
changes for higher warming levels. Moreover, the agreement across the climate models per catchment increases with increasing
warming.

The mean change in spring runoff among all catchments is +4% for +1.5°C global warming, +6% for 2°C, and +10% for 3°C
(Fig. 8 d-f). The changes in spring vary with elevation (see results in section 4.1), with positive changes mainly for the higher
elevated catchments and negative changes for lower-lying catchments. Even though the average across all catchments changes
little between warming levels, the range of change across the catchments and the model agreement per catchment increases
with higher warming levels, and thus the regional, elevation-dependent patterns become more pronounced.

In summer, the average among all catchments is -7% for 1.5°C global warming, -13% for 2°C, and -23% for 3°C (Fig. 8g-j).
Again, the ranges across catchments and the model agreement increase with higher warming levels. Compared to summer, the
decrease in autumn runoff is smaller, with an average across all catchments of -9% for 1.5°C global warming, -7% for 2°C,
and -13% for 3°C. Most catchments, 89 out of 93, show a negative multimodel median for both 1.5°C and 3°C warming levels.
Although only three catchments show a model agreement of more than 90% for 1.5°C global warming, 43 catchments show
robust model agreement on the direction of change for 3°C global warming.

For annual mean runoff, the mean among all catchments is +0.2% for 1.5°C, -0.9% for 2°C, and -3.7% for 3°C. Despite the
slightly positive sign for 1.5°C warming, 53 catchments out of 93 show negative changes. This number increases to 66
catchments for 2°C and to 77 catchments for 3°C. Moreover, model agreement increases from 3 catchments with robust model

agreement for 1.5°C to 17 catchments for 3°C.
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5 Discussion

Winter runoff is projected to increase in Switzerland due to enhanced winter precipitation and increasing temperatures with
climate change (CH2018, 2018). The higher temperatures result in more liquid precipitation and less solid precipitation in
winter. This leads to less snow accumulation and thus to more direct runoff in winter. The relative changes in winter in glaciated
catchments are very high but still negligible as a contribution to the annual volume. In nival and pluvial catchments, the
contribution of winter runoff to the annual volume increases.

In spring, runoff in glaciated and nival catchments is projected to increase due to increased snowmelt, particularly in early
spring. The combination of reduced snow accumulation in winter and earlier snowmelt shifts the peak in runoff regime to a
month earlier. Lower-lying catchments show decreasing runoff in spring due to reduced snow accumulation in winter, which
reduces the snow available for snowmelt.

The summer runoff in Switzerland generally decreases with climate change. The processes governing this decrease differ with
location and elevation of the catchments. In lower-lying catchments, reduced summer precipitation and enhanced
evapotranspiration result in decreasing runoff in Switzerland. In high Alpine regions, where summer snowmelt and glacier
melt dominate the runoff generation in the reference period, reduced snowpack and glacier retreat amplify the decrease in
summer runoff. The large model spread in glaciated catchments in summer stems from the sensitivity of the runoff response
to the glaciation of the catchment. In catchments where not all climate projections result in a complete disappearance of
glaciers, the model spread increases, and so future glacier retreat is a major source of uncertainty.

Autumn runoff is also projected to decrease due to increased evapotranspiration and slightly reduced precipitation in most
catchments (CH2018, 2018). In a few of the eastern catchments, autumn precipitation slightly increases, but the effect of
enhanced evapotranspiration and the reduced contribution from glacier and snow melt are more dominant, and autumn runoff
also decreases in those catchments. Again, this decrease is amplified in catchments where glacier melt is important in early
autumn under current climate conditions. However, the decrease in autumn runoff is most noticeable in early autumn, whereas
in late autumn, at the end of October and November, the changes are less significant and can even change direction to positive
values. This pattern is mainly found in very high Alpine catchments, where late autumn precipitation can fall more often as
rain instead of snow and thus cannot be stored as snowpack. For the annual mean, a decrease in runoff was found in most
catchments, but with less robust signs among the climate models. This leads to the conclusion that on the annual average, less
water will be available in Swiss rivers. The shift in seasonality and thus a shift in the seasonal availability of water will impact
many economic sectors. For example, increasing winter runoff may be beneficial for energy production, but decreasing
summer runoff may lead to limitations in irrigation, particularly in lower-lying catchments where agricultural irrigation plays
a crucial role.

In most catchments and seasons, the sign of change is the same for the high-emission scenario, RCP8.5, and the low-emission
scenario, RCP2.6. Changes in seasonality or in the runoff regime are amplified by higher emissions and thus by increasing

global mean temperatures. This amplification due to increased emissions and with intensified global warming shows the large
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benefits of mitigation. By mitigating climate change and following the RCP2.6 pathway, the magnitude of change can be
reduced or even avoided, depending on the season and the runoff regime. However, some of the seasonal changes can no
longer be avoided by mitigation actions, particularly in high Alpine catchments, where glacier retreat is also present, albeit at
a lower magnitude, in the low emission scenario. Responsible planners and policy makers need to adapt to this shift in the
seasonal availability of water in our rivers.

Previous studies on climate change impacts on the runoff regime in Switzerland (e.g., Koeplin et al., 2012, 2014; Horton et
al., 2006) were driven by other emission scenarios, other and fewer climate model chains, different methods of postprocessing
the climate model output, and/or different hydrological models and calibration. Despite these differences, the sign of change
in those studies agrees in most seasons with the signs in this study. A pronounced dependence of runoff changes on elevation
was also found by Koeplin et al. (2012), with lower-lying catchments being less affected by climate change. The largest
difference concerns the annual mean runoff. Koeplin et al. (2012) found an increase (up to +50%) in annual runoff for high-
elevation catchments and no change for lower-lying catchments in the annual volume. In contrast, our study projects a decrease
in the annual mean runoff not only for high-elevation catchments but also for most of the lower-lying catchments. However,
not all catchments show a robust decrease among the climate model chains. This difference between our results and previous
studies may arise from the use of the most recent generation of Swiss climate change scenarios (CH2018), which project
slightly different precipitation changes with less summer drying and wetter winters (CH2018, 2018) than the previous scenario
generation, CH2011, which was used by Koeplin et al. (2012). The different handling of glacier melt processes and the new
projections of glacier extents (Zekollari et al., 2019) may also result in slightly different projections in glaciated catchments.
The Hydro-CH2018-Runoff ensemble uses transient glacier projections that are updated every 5 years in the hydrological
model. Koeplin et al. (2012) used static glacier projections for 30 years. The largest uncertainties in glaciated catchments were
also found by Addor et al. (2014) due to the different handling of glacier extents and resulting glacier melt. Furthermore, the
difference in the input data, transient projections versus delta change projections with same baseline time series for the
reference period, may add to the different signs.

Even though not all catchments show a time of emergence in the 21% century, significant changes in the distribution of seasonal
means emerge particularly early in high-elevation catchments. This is due to the importance of snow and glacier melt for
Alpine runoff regimes. With climate change, the influence of snow and glacier melt decreases due to higher temperatures and
its subsequent glacier retreat. Lower-lying catchments generally show a later time of emergence. This may arise from the large
interannual variability in pluvial catchments in the reference period and in future periods. Koeplin et al. (2014) also assessed
a time of emergence for Swiss catchments but only based on significant changes for two scenario periods and 10 climate
models. Since their climate models were postprocessed with a delta change approach, only the natural variability of the
reference period is reflected in their simulations. Despite these differences in methodology and data, they also found earlier
time of emergence in winter and summer for high-elevation catchments. Although the definition of time of emergence applied
here is commonly used in other climate change studies (e.g., Mahlstein et al., 2011), this definition also has disadvantages. For

example, if the rejection of the null hypothesis is unstable in its temporal evolution, the time of emergence may be determined
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too early. This has been shown for some of the catchments in the present study. However, in most catchments a persistent
detection of time of emergence (p-value < 0.05) in the distribution of the seasonal means was found shortly after the first
detection of a time of emergence.

The findings of this study concern runoff regime changes for Switzerland. The pronounced changes in high-elevation
catchments highlight the important influence of temperature changes on snow- and glacier-melt-driven catchments, and thus
they also indicate that similar runoff responses may be found in other snow- and glacier-dominated regions. The results for
lower-lying catchments, which are mainly driven by evaporation and precipitation changes, may not be directly transferable
to other regions. The runoff response in such catchments depends on local precipitation patterns and their changes under
climate change.

Various sources of uncertainty affect our results. A detailed discussion of the uncertainties for the simulations is provided in
Muelchi et al. (2021). Uncertainties arise from all the steps in the modelling chain: the scenarios of greenhouse gas
concentrations, the climate models and their boundary and initial conditions, the postprocessing method (Gutiérrez et al.,
2018), the hydrological model (Addor et al., 2014) and its calibration, and the underlying glacier projections; all these need to
be considered in adaptation planning (e.g., Wilby and Dessai, 2010). Working with three emission scenarios and an ensemble
of climate models partly addresses some of the uncertainty issues. Muelchi (2021) compared the results for three catchments
to simulations from three different versions of hydrological models, and the key findings are robust among both the models

and the catchments.

6 Conclusions

Changes in runoff regimes and their time of emergence were assessed with the new hydrological scenarios for 93 catchments
in Switzerland. This study is based on the most recent generation of climate change scenarios, postprocessed with quantile
mapping. Compared to previous studies on runoff regime changes, the results show similar signs of change for most seasons.
The largest differences were found for the high-elevation catchments, which is likely due to the transient characteristic of the
simulations and the implementation of transient glacier projections driven by the same climate model chains.

In general, winter runoff is projected to increase and summer runoff to decrease in Switzerland. The sign of change is robust
across catchments, but the magnitude of change is more pronounced for high-elevation catchments. Particularly in summer,
when snow and glacier melt play an important role in runoff generation, glaciated catchments will face a strong decrease in
runoff due to the retreating glaciers. In rainfall-dominated catchments, the changes are also often robust, but at a lower
magnitude. Whereas the higher elevated catchments show increasing spring runoff due to earlier snowmelt, the pluvial
catchments in the lowlands will face decreasing spring runoff. A decrease in runoff is also found for autumn and annual mean
runoff in most catchments. These seasonal patterns amplify with global warming and with higher emission scenarios.

Furthermore, the model agreement among the climate models increases with the strength of the emission scenario and the

14



434
435
436
437
438
439
440
441
442
443
444

445

446
447

448

449

450

451

452

453

454

455

456

457

458

distance in time. A time of emergence of seasonal mean runoff was mainly found in summer and winter and for only a few
catchments in spring and autumn. Early times of emergence, before 2060 in winter and before 2065 in summer, were found
for catchments above 1500 m a.s.l.. Significant changes in catchments below 1500 m a.s.l. emerge later in the century.
However, not all catchments show a time of emergence in all seasons.

The amplification of changes by enhanced global warming highlights the importance of climate change mitigation. By
mitigating climate change and following the RCP2.6 pathway to keep global warming below 2 °C, the magnitude of change
can be reduced substantially. The large decrease in summer runoff in glaciated catchments can be strongly dampened but not
avoided entirely because glacier retreat is projected even for the low emission scenario. The present study can help to support

adaptation planning in various sectors by presenting detailed information on changes in mean runoff.
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607 Table 1: List of GCM-RCM chains used, their initial resolution, and the RCP available.

GCM RCM RCP8.5 RCP4.5 RCP2.6
EUR | EUR | EUR | EUR | EUR | EUR
-11 -44 -11 -44 -11 -44
KNMI-RACMO22E X X
DMI-HIRMAMb5 X X X
ICHEC-EC-EARTH CLMcom-CCLM4-8-17 X X
CLMcom-CCLM5-0-6 X
SMHI-RCA4 X X X
CLMcom-CCLM4-8-17 X X
CLMcom-CCLM5-0-6 X
MOHC-HadGEM2-ES
KNMI-RACMO22E X X X
SMHI-RCA4 X X X
CLMcom-CCLM4-8-17 X X
CLMcom-CCLM5-0-6 X
MPI-M-MPI-ESM-LR
SMHI-RCA4 X X X
MPI-CSC-REMO2009-2 X X X
CLMcom-CCLM5-0-6 X
MIROC-MIROC5
SMHI-RCA4 X X X
CCCma-CanESM?2 SMHI-RCA4 X X
CSIRO-QCCCE-CSIRO-Mk3-6-0 SMHI-RCA4 X X
IPSL-IPSL-CM5A-MR SMHI-RCA4 X X
NCC-NorESM1-M SMHI-RCA4 X X X
NOAA-GFDL-GFDL-ESM2M SMHI-RCA4 X X
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Figure 1: Overview of the study region and the location of the gauging stations in Switzerland. Shadings indicate the mean elevation
of the respective catchment. Red contours indicate the six example catchments: Rosegbach—Pontresina (1), Kander—Hondrich (2),
Plessur—Chur (3), Emme-Emmenmatt (4), Venoge—Ecublens (5), Verzasca-Lavertezzo (6).
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621 Figure 2: Multimodel median of seasonal and annual mean changes of runoff under RCP8.5 by 2070-2099 for winter (a), spring (b),

622 summer (c), autumn (d), and annual means (e). Black circles indicate catchments whose direction of change agrees across at least
623 90%the models.
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Figure 3: Equivalent to Figure 2 but with projections for RCP2.6
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629 Figure 4: Elevation dependence of the multimodel median (dots) of seasonal and annual mean changes of runoff by 2070-2099 under

630 RCP8.5 (a) and RCP2.6 (b). Colors indicate the mean elevation of the 93 catchments.
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Figure 5: Runoff regimes for the six representative catchments: Rosegbach (a), Kander (b), Plessur (c), Emme (d), Venoge (e), and
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Figure 6: Time of emergence for winter (a), spring (b), summer (c), autumn (d), year (e) when at least 66% of the models agree on
significant changes in the distribution of seasonal and annual means.



644
645

646
647

JJA SON

Rosegbach - Pontresina -
Berninabach - Pontresina-
Goneri - Oberwald -
Ova da Cluozza - Zernez-
Simme - Oberried -
Ova dal Fuorn - Zernez-
Rhone - Reckingen -
Poschiavino - La Roesa-
Reuss - Andermatt-
Landwasser - Davos -
Rom - Muestair-
Alpbach - Erstfeld -
Poschiavino - Le Prese -
Albula - Tiefencastel -
Vorderrhein - llanz -
Saltina - Brig-
Glenner - Castrisch -

) ) Reuss - Seedorf- 1
Riale di Calneggia - Cavergno-
Calancasca - Buséno-
Plessur - Chur-
Allenbach - Adelboden -
Kander - Hondrich -
Grosstalbach - Isenthal -
Seez - Me|s-

Ticino - Pollegio-

Linth - Mollis -
) _ Schaechen - Buerglen- Il
Riale di Pincascia - Lavertezzo -

Ticino - Bellinzona-
Moesa - Lumino-
Verzasca - Lavertezzo-
imme - Qberwil -
Engelber%e_r Aa - Buochs-
inth - Weesen-
Sionne - Sion-
Grande Eau - Aigle - |
Maggla - Locarno-
arine - Broc- |
Muota - Ingenbohl - (|
Minster - Euthal -
Emme - Eggiwil -
) Sitter - Aﬁpenze_\l- [
Kleine Emme - Werthenstein -
Alp - Einsiedeln - |
Veveyse - Vevey-
Areuse - Boudry- 11
Sense - Thoerishaus -
Emme - Emmenmatt-
Kleine Emme - Emmen -
lifis - Langnau -
_Sihl - Zuerich-
Sitter - St. Gallen -
Suze - Sonceboz -

ol

Thur - Jonschwil -

Biber - Biberbrugg -
Cassarate - Pregassona-
Necker - Mogelsberg -
Magliasina - Magliaso -
Vedeggio -"Agno-

s Thur\; Halden-
onge - vul ens-
%mme —p\?\.’llerf

Guerbe - Belp-

Goldach - Goldach-
Glatt - Herisau-

Lorze - Zug-

Tresa - Ponte Tresa-
Thur - Andelfingen -
Langeten - Huftwil -
Luthern - Nebikon -
Broye - Payerne-

Toess - Neftenbach -

S S S PR O S EESE S
P L EPEL P L LS
LSS A S S AN S A

p-value . <0.05

Figure 7: Temporal evolution of time of emergence for the seasons. Periods where p-value of the Kolmogorov-Smirnov test is lower
than 0.05 are highlighted. Only catchments with at least one detection of time of emergence in one of the seasons are shown.
Catchments are ordered by decreasing mean elevation of catchment.
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Figure 8: Multimodel median of seasonal and annual mean changes of runoff due to +1.5°C (left panels), +2°C (middle panels), and

+3°C global warming for winter (a-c), spring (d-f), summer (g-i), autumn (j-I), and year (m-o). Black circles indicate catchments
whose direction of change agrees across at least 90%the models.
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