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A B S T R A C T   

Climate change is affecting the hydromorphological system. In many places, changes in sediment dynamics are 
closely correlated to changes in precipitation frequency and magnitude. However, in nivo-pluvial regimes, the 
hydromorphological response to climate is more challenging to predict as it is not only the amount and occur
rence of precipitation that is changing. The changes in precipitation type (i.e., snow or rain), snow accumulation, 
and snowmelt rates will also have a significant effect on the catchment net precipitation (composed of direct 
precipitation plus snowmelt contribution), and this may affect overland flow, erosion, stream discharge, sedi
ment transport, and deposition. We investigated the impacts of climate change on hydrology and geomorphology 
in a small catchment (Emme, 127 km2) located in the Swiss pre-Alps by simulating the difference between the 
hydromorphological response to net precipitation in the present climate and in three climate scenarios at the end 
of the century using the CAESAR-Lisflood landscape evolution model. For the most extreme climate scenario 
(RCP8.5), simulations showed that despite the reduction in net precipitation (by 7 %) and discharge (by 4 %), 
sediment yield at the outlet of the catchment increased by 6 %. This is not only because precipitation falls more 
as rain than snow during the cold months, but also because heavy precipitation is expected to intensify. On a 
seasonal scale, we found that the amount of net precipitation, discharge, and erosion will increase in winter at 
the end of the century, while it will decrease in spring. In all three climate scenarios, net precipitation is pro
jected to decrease in summer, but sediment yields may both decrease or increase. Autumn is the season with the 
greatest changes in erosion, while net precipitation remains constant or only slightly increases. Furthermore, we 
found that erosion and deposition patterns are changing spatially, with more erosion in mid-elevations and more 
deposition in valleys. Although our results are specific to the study site, we expect similar trends in other 
catchments of the pre-Alpine region.   

1. Introduction 

Anthropogenic climate change is modifying precipitation and tem
perature, which are major components of the hydrological cycle and 
drivers of geomorphological changes (IPCC, 2022). Mountainous envi
ronments play a crucial role in water resources and sediment supply for 
downstream reaches (Viviroli et al., 2007) and are particularly vulner
able to climate change as they are highly sensitive to warming tem
peratures that affect snowfall, snow accumulation, and melt processes 
(Chiarle et al., 2021; Reynard et al., 2012). 

Climate change directly affects runoff in mountainous catchments by 
affecting precipitation (rainfall and snowfall/melt) and evaporation, 

with precipitation being the dominant factor (Moraga et al., 2021). 
Globally, changes in precipitation include intensification of short- 
duration rainfall extremes (Ali et al., 2021b; Fowler et al., 2021; 
Hegerl et al., 2015; Trenberth et al., 2003) and shortening of winter 
periods with a shift from snow- to rain-dominated conditions (Beel et al., 
2018; Huss et al., 2017; Marty, 2008; Ruiz-Villanueva et al., 2015; 
Scherrer et al., 2004). The hydrological response to such changes in 
climate in the Alpine region is likely to result in increasing winter 
discharge (Goudie, 2006); this can be a result of precipitation amount 
increasing in the future (CH2018, 2018) or of precipitation shifting from 
solid to liquid due to temperature increase, which will lead to more 
water available for surface runoff during winter (Etter et al., 2017). An 
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increase in Alpine temperatures will lead to a significant decline in snow 
in the future (Beniston, 2012; Marty, 2008). In addition, spring dis
charges can either decrease (Moraga et al., 2021; Ruiz-Villanueva et al., 
2015) or increase (Bavay et al., 2013), depending on the projected 
changes to spring precipitation amounts and the changes in snowmelt 
contribution. These changes can have a significant impact on the 
geomorphological response of mountainous catchments considering 
that snow is a major driver of upland erosion and sediment transport 
(Costa et al., 2018a; Iida et al., 2012; Slosson et al., 2021). On the other 
hand, changes in summer discharge in unglacierized mountainous 
catchments are seemingly not affected by snowmelt but mainly by 
changes in precipitation (Moraga et al., 2021). Therefore, the expected 
intensification of extreme summer rainfall is likely to enhance the 
hydromorphological response of the catchment (Peleg et al., 2020, 
2022). In autumn, despite decreasing snow accumulation and thus 
enhanced water availability in the catchment for direct runoff, discharge 
is projected to decrease due to reduced autumn precipitation in 
Switzerland (Muelchi et al., 2021a). 

Understanding how erosion and sediment transport will change with 
climate is crucial as sediment fluxes can threaten water quality, aquatic 
biota in rivers, downstream reservoirs, and infrastructure (Bilotta and 
Brazier, 2008; Davies-Colley and Smith, 2001; Hackney et al., 2020; Li 
et al., 2020). Additionally, sediment deposition can have a significant 
impact on flood magnitude and frequency as channel bed aggradation 
can reduce the conveyance capacity of the river reaches (Lane et al., 
2007). A simultaneous increase in temperature, sediment production, 
and sediment transport has been reported in recent years for various 
mountainous catchments (Beel et al., 2018; Bennett et al., 2013; Costa 
et al., 2018a; Huggel et al., 2010, 2012; Lewis and Lamoureux, 2010; 
Micheletti et al., 2015). Model-based predictions of future erosion 
trends, however, are less in agreement. For example, Meusburger et al. 
(2012) project an increase in runoff erosion in Switzerland due to higher 
winter precipitation and a shorter winter season, yet Palazón and Navas 
(2016) estimate that sediment yield in a pre-Alpine catchment will 
decrease in a warming climate. The challenge of forecasting changes in 
geomorphological response in mountainous areas is not only due to the 
difficulty of predicting precipitation and temperature changes and their 
impacts but also because the catchment's physical properties may be 
affected as well. For example, erosion could increase on hillslopes 
without sediment yield changing at the outlet due to reduced connec
tivity between sediment sources and the fluvial system (Cavalli et al., 
2013; Micheletti and Lane, 2016; Mukundan et al., 2013). 

Numerical landscape evolution models (LEMs; see Section 3.5 for 
details) can be used to gain insight into the role of different climatic 
forcings on sediment and erosion processes at the catchment scale, while 
also taking into account changes in catchment topography and hydro
logical connectivity (Battista et al., 2020a, 2020b, 2022; Coulthard 
et al., 2012; Skinner et al., 2020). Spatially distributed LEMs are sensi
tive to the spatial resolution of rainfall; lumped rainfall can lead to an 
overprediction of sediment yield and to spatial biases of erosion and 
deposition (Coulthard and Skinner, 2016; Peleg et al., 2020, 2021). By 
combining sufficiently spatially-resolved digital elevation model (DEM) 
and precipitation, physically consistent LEMs allow to make robust 
predictions. Better insights can be gained on (a) how changes in pre
cipitation, snow accumulation, and snowmelt can affect annual and 
seasonal catchment streamflow and sediment yield; (b) how intensifi
cation of precipitation might affect sediment transport at the outlet; and 
(c) how erosion will change across the catchment. Herein, we investi
gated hydromorphological changes between present and future climates 
in a Swiss pre-Alpine catchment using the CAESAR-Lisflood LEM and 
propose a new approach to include spatially varying snow processes in 
the model. The catchment's hydromorphological response to climate 
change was evaluated for three emission scenarios, representing the 
potential projected changes in Swiss climate at the end of the century 
(CH2018, 2018). 

2. Study area 

The impact of climate change on the hydromorphological response 
was investigated in the upper Emme River catchment (46.87◦N, 7.79◦E), 
Switzerland (Fig. 1). This catchment was chosen because it has (a) 
physical characteristics (e.g., topography and lithology, Fig. S2) and 
climate that are typical for pre-Alpine catchments; (b) climate and hy
drology that are well monitored (Fig. S1); and (c) an appropriate area to 
perform numerical simulations at relatively high spatial and temporal 
resolutions. 

The catchment drainage area is 127 km2 and elevations are between 
744 and 2205 m a.s.l. The climate is temperate, with an average tem
perature ranging from − 5 ◦C in January to 13 ◦C in July, and a mean 
annual areal precipitation of 1764 mm. The glacier-free catchment is 
mostly covered by agricultural land (50 %) and less than 10 % is ur
banized. The flow regime is not affected by reservoirs or dams and there 
is no major water withdrawal. 

3. Method and data 

Fig. 2 summarizes the numerical approach used in our study. First, 
the climate data representing the present (1981–2010) and future 
(2071–2100) climates were generated at hourly resolution, under three 
emission scenarios. Second, the generated climate data were down
scaled and used to drive a snow accumulation and snowmelt model at 
hourly and 100 m resolutions. Third, outputs from the snow model 
served as input into the CAESAR-Lisflood LEM which simulated sce
narios of hydromorphological change at 50 m resolution in the catch
ment. Lastly, using the CAESAR-Lisflood outputs, the 
hydromorphological responses (sediment transport, erosion, and depo
sition) were evaluated at the catchment outlet and within the 
catchment. 

3.1. Present climate 

Five climate stations, operated by MeteoSwiss, are located between 
6 km and 13 km from the catchment boundary (Fig. S1). Station hourly 
precipitation, near-surface air temperature at 2 m (hereinafter referred 
to as temperature), and near-surface wind speed at 10 m were obtained 
for the period between 2016 and 2020. Since observed data for all sta
tions are only available from 2016, the natural stochastic variability of 

Fig. 1. Hillshade, elevation and location in Switzerland of the upper Emme 
River catchment. 
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climate is not represented (30 years of data are recommended, see 
WMO, 2018). Therefore, we used data from a climate reanalysis product 
as our reference for the present climate (Alves et al., 2021; Hersbach 
et al., 2020). The ERA5 reanalysis product (Hersbach et al., 2018) has 
hourly climate data that is uninterrupted from 1950 to present and is the 
optimal reanalysis product for this region (Horton, 2021). We extracted 
from ERA5 the same climate variables as obtained from the climate 
stations for the period 1981–2010. 

Climate reanalysis is known to contain biases and often requires a 
bias correction to agree with ground observations (Cucchi et al., 2020; 
Yin et al., 2021). The bias correction involved two adjustments to pre
cipitation: removing precipitation below a certain threshold to correct 
the frequency and applying a quantile mapping to correct the intensities 
(Piani et al., 2010). Both corrections were applied separately for each 
month to preserve the seasonality of precipitation frequency and in
tensity. The correction parameters were determined on the observed and 
ERA5 data from 2016 to 2020 and applied to ERA5 data from 1981 to 
2010 assuming that both precipitation frequency and intensity are sta
tionary between the two periods. The bias-corrected ERA5 data for 
1981–2010 were then used to calibrate the AWE-GEN weather generator 
and to simulate present climate hourly precipitation, temperature, and 
wind time series. The AWE-GEN model generates climate data with the 
same statistical properties as the data used for calibration; the ERA5 data 
in this case. The AWE-GEN model has successfully been applied in many 
climate change studies (e.g., Fatichi et al., 2016, 2021) as well as in 
geomorphic studies (e.g., Hirschberg et al., 2021). The reader can refer 
to Fatichi et al. (2011) for a complete description of the model. 

The hourly uniform precipitation time series generated by the AWE- 
GEN model were transformed to spatially varying rainfall fields with 
100 m grid cell resolution using a simplified version of the STREAP 
model (Paschalis et al., 2013). The model has been applied many times 
in the Swiss region (e.g., Peleg et al., 2022). A concise summary of the 
model is provided here but the reader can refer to Paschalis et al. (2013) 

for further details. Precipitation fields in space and time were modeled 
by first generating stochastic Gaussian quantile fields using computa
tionally efficient algorithms of the fast Fourier transform. The temporal 
correlation of the precipitation fields was modeled through an autore
gressive moving average process and controlled by wind speed and di
rection. The normalized quantile fields were then converted to 
precipitation fields using an inverse lognormal distribution and monthly 
spatial coefficient of variation that were derived from calibration for a 
neighboring location (K. Emme catchment; Peleg et al., 2020). 

Besides precipitation, we also required the temperature to be a 
gridded product as it is a crucial factor to distinguish between precipi
tation falling in liquid or solid form. Temperature, which is elevation- 
dependent, was initially generated for a reference elevation. By intro
ducing a lapse rate parameter (lr) that defines the rate at which tem
perature decreases as elevation increases, the temperature was 
calculated for all elevations in the catchment (e.g., Ragettli and Pellic
ciotti, 2012). The calibration of the lapse rate is explained in Section 3.4. 

3.2. Future climate 

Climate model outputs allow estimating Factors of Change (FC) that 
can be combined with the present climate to generate time series of the 
required climate variables for a future period (Fatichi et al., 2011; 
Moraga et al., 2021; Peleg et al., 2019). FC can describe either additive 
(e.g., for temperature) or multiplicative (e.g., for precipitation) differ
ences between statistics of baseline and future climate variables. Three 
Representative Concentration Pathways (RCP; IPCC, 2022) were 
considered when computing FC: a stringent mitigation scenario 
(RCP2.6), an intermediate scenario (RCP4.5), and an unmitigated sce
nario (RCP8.5). The median FC from the official Swiss climate pro
jections (CH2018, 2018) for mean precipitation and temperature were 
used as an input into the AWE-GEN model on a seasonal basis to 
generate plausible future climate variables over the period 2071–2100 

Fig. 2. Schematic overview of the methodology. Refer to the section numbers in brackets for further information. Dashed arrows indicate data used for bias 
correction, calibration, or validation. 
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with respect to the 1981–2010 reference period. AWE-GEN stochasti
cally generates each 30-year realization independently to address the 
natural climate variability (Fatichi et al., 2016), keeping the FC of mean 
temperature and precipitation (Table 1, Table S2) in general agreement 
with the CH2018 FC. 

3.3. Rainfall intensification 

Using FC on mean statistics to simulate future climate is a simple 
method, yet it has limitations in hydromorphological impact studies 
(Coulthard et al., 2012). The main limitation is linked to its inability to 
explicitly modify low- and high-frequency events (Moraga et al., 2021), 
which will underestimate the expected intensification of extreme rain
fall in all seasons across Switzerland (CH2018, 2018.; IPCC, 2022), and 
hence the expected hydromorphological response (Costa et al., 2018b; 
Micheletti and Lane, 2016). 

The estimated intensification of short-duration extreme rainfall in
tensity in Switzerland has a rate of 6–13 % ◦C− 1 (Molnar et al., 2015), 
which is close to the theoretical Clausius-Clapeyron intensification rate 
of 7 % ◦C− 1 (Trenberth et al., 2003), and to the global estimate (Ali et al., 
2021a). We computed the scaling of hourly extreme rainfall with tem
perature by applying the binning method to the observed temperature 
and rainfall in the catchment (Lenderink and Van Meijgaard, 2008). 
Intensification rates were computed for the 90th to 99.9th percentile 
hourly rainfall using 12 equally sized temperature bins and a linear 
regression from the bin with lowest to highest temperature (limiting the 
analysis to temperatures exceeding 5 ◦C to avoid snow events; Ali et al., 
2021a). The scaling rates are higher as precipitation intensity increases; 
the intensification rates computed for the 90th, 99th and 99.9th per
centiles are respectively 5.2 % ◦C− 1, 8.1 % ◦C− 1 and 10.6 % ◦C− 1. 
Extreme rainfall generated by the AWE-GEN model was intensified post- 
simulation considering the observed scaling rates and the predicted in
crease in temperature. We kept the seasonal total volumes of simulated 
precipitation unchanged by lowering all precipitation intensities to 
compensate for the increase in intense rainfall. 

3.4. Snow module 

The catchment is located in the pre-Alps where snow processes play 
an important role in the hydrological system (Muelchi et al., 2021b). 
However, in its original version, precipitation is the only input to the 
CAESAR-Lisflood model. Using precipitation without pre-processing 
would imply that snow is directly routed in the model (i.e., snow 
accumulation and melt are ignored). To overcome this issue, precipita
tion was pre-processed before being used as input (Bennett et al., 2014; 
Welsh et al., 2009). The pre-processing involved partitioning of pre
cipitation between rain and snow, snow accumulation and eventually 
melting of the snowpack. The sum of precipitation falling in liquid form 
and snowmelt is referred to as “net precipitation” and constituted the 
input to CAESAR-Lisflood. 

The first step of the snow module is the partitioning of precipitation 

into rain or snow based on a snowfall temperature threshold (PT). All 
precipitations were considered to fall either in solid or liquid form if the 
temperature is respectively below or above the snowfall temperature 
threshold. Snowpack accumulation and melting were simulated using 
the Enhanced Temperature Index model (ETI; Carenzo et al., 2009) 
where the snow albedo is expressed as a logarithmic decay of fresh snow 
albedo (Brock et al., 2000): 

M =

{
TF × T + SRF × (1 − α) × I, T > TT

0, T ≤ TT
(1)  

where T is the hourly temperature, I is the incoming shortwave radia
tion, TT is the melt onset temperature threshold, TF and SRF are tem
perature and shortwave radiation parameters, and α is the albedo that is 
expressed as: 

α = α1 − α2log10(Tacc) (2)  

where α1 and α2 are respectively the fresh snow albedo and the empirical 
snow albedo parameter and Tacc is the accumulated daily maximum 
temperatures since the last snowfall. 

Most of the parameters can be fixed as constants from literature for 
similar Alpine sites: TF = 0.04 mm d− 1 ◦C− 1, SRF = 0.0105 m2 mm W− 2 

h− 1, α1 = 0.713 and α2 = 0.07 (Brock et al., 2000; Carenzo et al., 2009; 
Ragettli and Pellicciotti, 2012). The temperature lapse rate (lr), the 
snowfall temperature threshold (PT), and the melt onset temperature 
threshold (TT) were calibrated with snow water equivalent (SWE) data 
measured by the Swiss Federal Institute for Forest, Snow and Landscape 
Research (WSL) for the period 1999–2015. The following parameters 
were calibrated based on the monthly mean SWE averaged over the 
study area with a Nash-Sutcliffe Efficiency (NSE, ranging from − ∞ to 1, 
where 1 is the optimal value; Nash and Sutcliffe, 1970) of 0.93: lr =
7.5 ◦C km− 1, PT = − 1 ◦C and TT = 5 ◦C. 

Simulated snow cover extent was validated by comparing the annual 
duration of snow-covered cells in seven different elevation bands with 
the satellite imagery snow-cover product MODIS MOD10A1 (Costa 
et al., 2018b; Hall and Riggs, 2021; Fig. S3) for the years 2000 and 2001. 
MODIS cells may not be classified as snow cover in case of missing data 
or cloud cover for example. Therefore, images with more than 30 % of 
the cell information not classified as snow cover were excluded from the 
analysis (Costa et al., 2018b). Cells were accounted as snow-covered if 
the simulated snow depth was larger than 1 cm (Stanzel et al., 2008). 
The validation was conducted by dividing the catchment into seven 
different elevation bands to account for the spatial variability of snow 
accumulation. 

3.5. CAESAR-Lisflood LEM 

CAESAR-Lisflood (Coulthard et al., 2013) is a LEM that simulates 
erosion and deposition at high space-time resolution within catchments 
(e.g., Hoober et al., 2017) and river reaches (Feeney et al., 2020; Poeppl 
et al., 2019; Ramirez et al., 2020; Ziliani et al., 2020). The model is a 
combination of the Lisflood-FP 2D hydrodynamic model that generates 
the flow propagation (Bates et al., 2010) and the CAESAR cellular au
tomaton geomorphic model (Coulthard et al., 2002; Van de Wiel et al., 
2007). In CAESAR-Lisflood, rainfall-runoff is estimated using a modified 
version of TOPMODEL (Beven and Kirkby, 1979) and a simplified form 
of the shallow water equations to compute discharge across cell 
boundaries in each cardinal direction. Manning's equation is then used 
to calculate flow depth and velocity, which are used to derive shear 
stress. The CAESAR-Lisflood model does not distinguish between over
land flow and streamflow which are simulated in the same manner. The 
simulated shear stress is then used to estimate sediment erosion from 
each cell using the Meyer-Peter and Müller (1948), Wilcock and Crowe 
(2003), or Einstein (1950) sediment transport formulae. Bedload sedi
ments are deposited in neighboring cells, while suspended sediments 
deposit according to sediment fall velocity and concentration. Up to 9 

Table 1 
Seasonal FC for temperature (additive) and precipitation (%) between the 
simulated 1981–2010 reference period and the 2071–2100 future climates for 
RCP2.6, RCP4.5, and RCP8.5.   

DJF MAM JJA SON 

Mean change in temperature [◦C] 
RCP2.6  0.94  1.91  1.30  1.11 
RCP4.5  2.24  2.09  3.17  2.31 
RCP8.5  3.57  3.90  5.46  4.26  

Mean change in precipitation [%] 
RCP2.6  11.4  − 1.8  − 0.4  − 11.1 
RCP4.5  − 1.9  − 0.1  − 4.1  − 1.3 
RCP8.5  6.9  0.6  − 19.7  − 7.9  
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sediment grain sizes can be modeled, with three having the option of 
being bedload or suspended. Importantly, modeling multiple grain sizes 
allows for the representation of spatially varying grain size distribution. 
In each cell of the DEM, grain sizes are stored in a surface active layer, 
several buried layers (strata), and a base layer. All these layers are un
derlaid by a bedrock layer which can either be set as erodible or non- 
erodible across the entire study area. Slope processes, such as land
slides and soil creep, are modeled as a function of user-defined constant 
thresholds or rates to allow material to be transported from the hill
slopes into the channels. As such, slope failures do not consider soil 
saturation. For a full description of CAESAR-Lisflood, the reader can 
refer to Coulthard et al. (2013). 

The precipitation input can be distributed (e.g., Peleg et al., 2021), 
making CAESAR-Lisflood ideal to study the impact of a changing climate 
where snow processes vary spatially. In addition, CAESAR-Lisflood has 
been frequently applied in Alpine landscapes (Peleg et al., 2020; Ram
irez et al., 2020, 2022; Welsh et al., 2009) and this provides further 
support for using the model in the current study. 

The catchment topography was represented in the model using a 
DEM (Fig. 1), and a bedrock elevation map was used to determine the 
depth of erodible sediments (Fig. S1). Both datasets were obtained from 
the Swiss Federal Office of Topography (swisstopo), at a grid resolution 
of 50 m. The sediment grain size distribution (with six-grain sizes, 
Table 2) was measured at three locations in the catchment and assumed 
to be representative of the entire catchment (Baudirektion des Kantons 
Bern, 1988; Fig. 1; Section S1; Fig. S4). Most of the hydrological, hy
draulic, and geomorphic parameters for CAESAR-Lisflood were adopted 
from a study in the Kleine Emme, an adjacent catchment to the upper 
Emme River catchment (Peleg et al., 2020), and are listed and explained 
in Table S1. Three CAESAR-Lisflood parameters were calibrated 
(Fig. S5) to adapt the model to this study: (1) the discharge threshold for 
depth calculation Qmin (below this threshold, the sediment flux is 
assumed to be negligible and the hydrodynamic model is allowed to run 
in a steady state to speed up computations); (2) the Manning's n 
roughness coefficient; and (3) the m value (this parameter controls the 
duration and peak of the hydrographs generated by rainfall events). The 
model parameters were kept constant throughout all simulations. As the 
grain sizes are initially homogeneously distributed in the catchment, a 
10-year spin-up simulation was run to generate a more representative 
spatial distribution of grain sizes across the catchment (Coulthard and 
Skinner, 2016; Skinner et al., 2020). 

We validated the hydrodynamics of CAESAR-Lisflood by comparing 
the simulated and observed hydrograph at the outlet of the catchment 
for an intense precipitation and discharge event that occurred on August 
30th, 2017. We chose this event because it has good meteorological and 
discharge data. Additionally, the discharge is not influenced by ante
cedent hydrological conditions as it was close to baseflow before the 
start of the event. The observed discharge at the outlet (Eggiwil; Fig. 3) 
was recorded by the Swiss Federal Office for the Environment at in
tervals of 1 h. Besides an adequate NSE value of 0.82, the maximum 
absolute error (MaAE) is as low as 3.87 m3 s− 1. This implies that the 
model can satisfactorily simulate the intense hydrological response of 
the catchment. 

Because of the absence of monitored sediment yield in the catch

ment, the sediment yield simulated by CAESAR-Lisflood can only be 
validated with erosion rates in similar environments. For the present 
climate (1981–2010), the simulated mean annual sediment yield at the 
outlet of the catchment was 275.5× 103 m3 yr− 1. Assuming a mean 
sediment density of 2 Mg m− 3 (Zappone and Kissling, 2021), the mean 
annual sediment yield can be converted to 4300 Mg km− 2 yr− 1. This 
value agrees with erosion rates reported in the literature for catchments 
of similar size (García-Ruiz et al., 2015). Additionally, the simulated 
suspended sediment concentrations are in agreement with observations 
in a similar river in the neighboring Kleine Emme catchment (Battista 
et al., 2020a; Section S2 and Fig. S6). 

4. Results 

We first present the results of the changes in climate and their 
hydromorphological response at the outlet of the catchment for seasonal 
scales and individual extreme events. We then present the impact of 
climate change on erosion and deposition across the catchment. 

4.1. Climate change 

We found that the seasonal changes in net precipitation at the end of 
the century were more pronounced in RCP8.5 than in RCP2.6 (Fig. 4), as 
expected. In RCP2.6, winter was the only season for which the difference 
from the present climate was higher than 10 %, i.e., likely higher than 
the natural climate variability (Fatichi et al., 2016). In RCP4.5 and 
RCP8.5, the 10 % threshold was exceeded also for the spring period, and 
in RCP8.5 also for the summer period. 

Winter was the season with the highest changes to net precipitation 
in all three emission scenarios (Fig. 4), even though the precipitation 
amount itself was small. This was due to an increase in precipitation 
introduced by the FC (Table 1) but also by the warming climate 
increasing snowmelt by 39 %, 66 %, and 101 % in RCP2.6, RCP4.5, and 
RCP8.5, respectively. While snowmelt increased in all three scenarios, 
this is not the case for snowfall which decreased by more than 20 % in 
RCP4.5 and RCP8.5 but increased by 4 % in RCP2.6. The increased 
winter precipitation in RCP2.6 thus compensated for the 0.94 ◦C warmer 
winter leading to the increase in snowfall. The reduced snow 

Table 2 
Particle size distribution and contribution to sediment yield (SY) at the outlet in 
the simulation for present climate.  

Grain size 
[mm] 

Proportion in the river channel 
[%] 

Contribution to baseline SY 
[%]  

0.4  3.5  16.1  
10  14.5  43.3  
40  20.3  27.8  
100  24.5  7.8  
200  25.0  3.7  
500  12.2  1.3  

Fig. 3. Observed and simulated discharges at the outlet of the catchment for 
the validation event with Qmin = 0.03 m3 s− 1, n = 0.08, and m = 0.005. 
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accumulation in winter impacted the net precipitation in spring. This is 
due to lower snow availability for melting and thus less snowmelt, which 
is an important contributor to net precipitation in spring. Consequently, 
despite the negligible FC for spring precipitation (with changes up to 1.8 
% only), the net precipitation was reduced for all the RCPs, with a 
maximum reduction of 22 % for RCP8.5. 

In summer, the snow processes were negligible as net precipitation 
consisted of 97 % of rain in the present climate and more than 99 % in 
the future. On one hand, summer precipitation amounts were 
decreasing, especially in RCP8.5 where the reduction reached 20 % 
(Table 1), but on the other hand, summer extreme rainfall was intensi
fying due to warmer temperatures. Net precipitation in autumn did not 
change considerably (maximum change of 7.1 %, Fig. 4). Despite a 
precipitation reduction in all future scenarios (Table 1), net precipita
tion increased in RCP4.5 and RCP8.5. The major change was the 
decrease of snowfall by more than 34 %, which led to a decrease in 
snowmelt by more than 26 % due to a lower snow cover. 

4.2. Discharge at the outlet 

The changes to net precipitation were reflected in the discharge. As a 
result, the hydrological response in RCP2.6 was similar to the present 
climate while the response was greatly impacted in RCP8.5 (Fig. 4). Due 
to the small runoff in winter, future winters were found to have the 
greatest proportional seasonal difference compared to the present 
discharge. However, the highest absolute differences were found in 
autumn for RCP2.6, in spring for RCP4.5, and in summer for RCP8.5. 

Discharges increased in winter by 60 %, 85 %, and 161 %, and 
decreased in spring by 5 %, 18 %, and 20 % for RCP2.6, RCP4.5, and 
RCP8.5, respectively (Fig. 4). The lack of snow dominated the changes in 
spring, especially for RCP4.5 as the FC between RCP4.5 and the baseline 
scenario in spring was only − 0.6 % for precipitation and reached 18 % 
for discharge. While the total discharge in summer was reduced in 
RCP8.5 by 21 %, which is similar to the change in net precipitation, 
RCP2.6 and RCP4.5 summer discharges remained similar to the present 
(maximum change of 2 %) due to only a small decrease in summer 
precipitation. In autumn, discharges decreased in RCP2.6 and increased 
in RCP4.5 and RCP8.5 due to the higher proportion of precipitation 
falling in liquid form (Fig. 4). 

In all simulations, seasons with equal total net precipitation might 
not lead to equal total discharge. For example, although net precipita
tion in spring was higher than in summer in RCP2.6 and RCP4.5, total 
discharge in summer exceeded that in spring. Seasons with more intense 

hourly net precipitation yet less total precipitation had higher mean 
seasonal discharge (Fig. S7). This agrees with the non-linear response of 
discharge to precipitation reported in previous studies (Coulthard et al., 
2012). In RCP8.5, however, the intensification of hourly summer rainfall 
did not compensate for the seasonal reduction of precipitation amount. 

4.3. Sediment yield at the outlet 

In the present climate, the seasonality was marked by high sediment 
yield in summer and almost no sediment yield in winter (Fig. 4). This 
was still the case for RCP2.6 and RCP4.5 but less for RCP8.5 where 
autumn sediment yield increased compared to the present climate, 
making it the season with the highest sediment yield. In RCP4.5, the 
sediment yield in autumn increased too, but summer was still the season 
with the highest sediment yield (Fig. 4). In all future climate simula
tions, sediment yield at the outlet increased in winter and decreased in 
spring. 

Despite the negligible proportion and volume of suspended sedi
ments (defined as grain size 0.4 mm in the model) compared to the other 
grain sizes, the suspended sediments were relatively large contributors 
to the total sediment yield at the outlet due to their easy mobilization 
(Table 2). The impact of the grain size is also illustrated by the fraction 
of sediment yield for 40 mm and 100 mm; the proportion in the catch
ment of the former was larger than the latter, yet sediments with smaller 
grain sizes were more eroded and transported towards the outlet 
(Table 2). The contribution of the different grain sizes to total sediment 
yield at the outlet did not change at the end of the century (Table S3). 

4.4. Climate-hydrology-geomorphic multiplier 

A complex non-linear relation between net precipitation, discharge, 
and sediment erosion and transport was observed in the model. For 
example, in RCP8.5, similar spring and summer net precipitations and 
discharges led to different sediment yields and different summer and 
autumn discharges led to similar sediment yields (Fig. 4). This nonlin
earity was also observed when comparing the total volumes of precipi
tation, discharge, and sediment yield (Table 3). In comparison to the 
present climate, the future climate was drier (RCP4.5 and RCP8.5) and 
the discharge remained either in the same order (RCP4.5) or decreased 
(RCP8.5) but the total sediment yield increased. 

The contribution of hourly sediment yields to total sediment yield at 
the outlet was also analyzed according to their percentile volume. More 
than 90 % of the total sediment yield at the outlet was a result of the 10 

Fig. 4. Total seasonal net precipitation (Prnet, bars of rainfall and snowmelt - respectively without and with transparency), discharge (Q, bars) and sediment yield 
(SY, triangles) at the outlet of the catchment for the present (grey-black) and the three climate scenarios (yellow to orange) representing the climate at the end of 
the century. 
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% largest hourly sediment yields for both baseline and RCP8.5 (Fig. 5); 
most sediments that were transported out of the catchment were flushed 
during high flows. In fact, the average discharges causing these hourly 
sediment yields were 14.2 m3 s− 1 and 15.1 m3 s− 1 for the present and 
RCP8.5 simulations respectively, corresponding to the 3 % highest 
hourly discharges. The ratio between the mean discharges and the cu
mulative volume of hourly sediment yields belonging to different 
percentile classes highlighted the amplification effect from discharge to 
sediment. In fact, the cumulative volume of the 90th to 100th percentiles 
hourly sediment yields was around 20 times higher than the cumulative 
volume of the 80th to 90th percentiles. This ratio reduced to 5 when 
comparing the mean discharges simulated simultaneously to these 
sediment yields. 

4.5. Erosion and deposition across the catchment 

We further analyzed the differences between the DEMs after running 
30-year simulations for present and RCP8.5 (Fig. 6). As end-of- 
simulation DEMs include changes from the initial DEM, the analysis of 
the difference between two (or more) end-of-simulation DEMs is not 
straightforward. A negative difference between RCP8.5 and baseline end 
of simulation DEMs can correspond either to a decrease in deposition or 
an increase in erosion in future climate compared to present (Fig. 6a). 
Positive DEM differences were concentrated in low elevations and ab
sent in high elevations (above 1000 m). In higher elevations, erosion 
increased in future climate compared to the baseline simulation. How
ever, erosion was limited at elevations higher than 1500 m (Fig. 6b) 
where depth to bedrock is lower or even null (Fig. S1). Additionally, grid 
cells located in low elevations mostly eroded in the present climate and 
RCP2.6, while experiencing deposition in RCP4.5 and RCP8.5 (Fig. 6b), 

showing the shift from erosion- to deposition-dominated valleys in the 
future. This might be due to higher erosion on slopes and a limited 
transport capacity downstream. Fig. 6 also shows that cells with nega
tive values were sparser than the positive ones: unlike deposition, the 
increase in erosion was not mainly concentrated along rivers. 

The monthly total erosion of suspended and d50 sediments (0.4 mm 
and 100 mm, respectively) across the catchment is analyzed against 
monthly precipitation (Fig. 7). There was considerably more data for 
monthly net precipitations below 10 mm at present compared to RCP8.5 
since winter solid precipitation accumulated more in the present colder 
climate. As solid precipitation accumulates in present cold months, the 
net precipitation is low compared to future warmer months where solid 
precipitation melts and contributes to net precipitation. The linear fits 
for both grain size sediments have a steeper slope for the RCP8.5 
simulation data than for the baseline ones (Fig. 7, Table S4). This implies 
that in RCP8.5 climate conditions, we can expect more erosion to occur 
than in the present climate in wet months, i.e., months with more than 
60 mm of precipitation. Furthermore, the months with the highest 
erosion corresponded to months where snow accumulation was negli
gible, i.e., the warm summer months where short-duration rainfall 
events intensified. Considering the non-linear response of hydro
morphology to precipitation and the role of high-intensity discharge 
events in sediment transport (Sections 4.4 and 4.5), it is expected that 
months with equal net precipitation but with different distributions of 
rainfall intensities will experience different erosion rates. 

5. Discussion 

Our results showed that for the study site, climate change impacts 
non-linearly the relation between net precipitation, streamflow, and 
sediment yield (Table 3, Fig. 5), in agreement with previous studies 
(Coulthard et al., 2012; Skinner et al., 2020). Moreover, the changes 
were amplified under RCP8.5 compared to RCP2.6 and RCP4.5 
(Table 3), as also reported for other pre-Alpine catchments (Muelchi 
et al., 2021b). Seasonally, the magnitude and direction of the impact 
were not the same (Figs. 4 and 7). An increase in winter discharge and 
sediment yield accompanied by a decrease in spring was found in all 
future simulations. This is a result of the precipitation shift from snow to 
rain allowing precipitation to contribute to runoff earlier as it is not 
stored in the snowpack and leads to discharge becoming more evenly 
distributed through the seasons towards the end of the century. While 
some studies have suggested a possible disappearance of snow in foothill 
regions around the Alpine chains by the end of the century (Beniston, 
2012), we found that this is not the case in our pre-Alpine catchment. 
Additionally, total sediment fluxes are found to be more susceptible to 
climate change than discharge, which is a similar result to previous 
studies (Lewis and Lamoureux, 2010; Li et al., 2020). The impact of the 
shift from nivo-pluvial towards pluvial regimes on discharge seasonality 
agrees with studies in similar catchments (Meißl et al., 2017; Moraga 
et al., 2021) yet it contrasts with results for mountain catchments with 
runoff projected to increase also in spring (Bavay et al., 2013; Slosson 
et al., 2021). 

Our finding that high sediment yield events are the main contributor 
to total sediment yield (Fig. 5) has also been observed in other catch
ments (Costa et al., 2018a; Coulthard et al., 2012; Micheletti and Lane, 
2016). We stress that in warm seasons the amplification effect from 
precipitation to discharge and from discharge to sediment yield for high- 
intensity rainfall events resulted in an increase in total sediment yield 
despite the decrease in total precipitation in future climates (Table 3, 
Fig. 4). This is a result of the intensification of heavy rainfall due to 
increased water holding capacity of the air (Fowler et al., 2021) and 
agrees with our finding that for similar monthly net precipitation, higher 
erosion is expected under future climate condition compared to present 
climate (Fig. 7). In cold seasons, the shift from a nivo-pluvial towards a 
pluvial catchment led to an average three times higher change in sedi
ment yield than net precipitation, as winter precipitation was falling 

Table 3 
Percent of total precipitation, discharge, and sediment yield at the outlet in 
future scenarios compared to the baseline scenario.   

Precipitation (%) Discharge (%) Sediment (%) 

RCP2.6  99  100  100 
RCP4.5  98  101  113 
RCP8.5  93  96  106  

Fig. 5. Fraction of total sediment yield at the outlet for different percentiles of 
hourly sediment yields in the baseline and RCP8.5 scenarios (bars) along with 
the corresponding simulated mean discharges (lines). RCP8.5 hourly sediment 
yields are classified according to the hourly sediment yield volume threshold 
corresponding to present climate percentiles. 
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increasingly as rainfall. As similar trends in the intensification of sum
mer heavy rainfall and the shift towards a pluvial catchment system in 
winter are foreseen along the Alps (Molnar et al., 2015; Moraga et al., 
2021), we expect the same mechanism observed in our catchment to be 
applied to other pre-Alpine catchments. However, the contribution of 
the different grain sizes to sediment yield at the outlet remained un
changed between present and future climates. 

We have tested the significance of the trends reported in the results 
section using the Mann-Whitney U test (Mann and Whitney, 1947) for a 
significance threshold of 0.05. We note that the trend in sediment yields 
at the outlet of the catchment is not statistically significant in RCP8.5 
despite the decrease in net precipitations being significant (Table 3). In 
RCP4.5, the decrease in net precipitation is not statistically significant, 
while the increase in sediment yield is significant, and in RCP2.6, 
neither changes are significant. Despite the trend in sediment yield not 
being statistically significant in RCP8.5, we stress that the changes are 

beyond the model's expected uncertainties (Skinner et al., 2018), and 
that mean changes at the outlet provide only partial information. 
However, considering the significance of the trends across the catch
ment, we found that the changes in monthly mean erosion and deposi
tion (Fig. 6) are significant for RCP4.5 and RCP8.5 in all elevation bands. 
Additionally, the trends in mean annual sediment yields dampen the 
changes in high sediment yields (90th percentile), for which the changes 
are statistically significant in all the emission scenarios. 

We also show that the impacts of climate change on erosion and 
deposition differ across the catchment, with erosion increasing in high 
elevations and decreasing in the valleys (Fig. 6). Similar trends are re
ported by Hirschberg et al. (2021) for a nearby Alpine catchment. 
Snowpack melting and precipitation partitioning between snow and 
rainfall depend on temperature, and therefore high elevations (where 
snow processes are more meaningful) are more sensitive to changes in 
net precipitation. The catchment's hypsometry is thus an important 

Fig. 6. (a) Scaled difference between the end of simulation DEMs for RCP8.5 and present. (b) Boxplot of monthly mean erosion and deposition for different elevation 
ranges (refer to Fig. 1). Boxes range from 25th to 75th percentiles and the horizontal grey lines indicate the median values. Negative and positive values correspond 
respectively to erosion and deposition. 

Fig. 7. Log-log plot of monthly total erosion in the catchment as a function of monthly areal average net precipitation for the present climate and RCP8.5 simulations 
for (a) 0.4 mm (suspended sediments) and (b) 100 mm (d50) grain sizes. Black (present) and orange (RCP8.5) lines are linear fits. The shaded areas show what is 
referred to as wet months in the text. 
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characteristic that modulates changes to future net precipitation and 
subsequently to sediment transport (Slosson et al., 2021). This high
lights the need to use a distributed and relatively high spatial resolution 
LEM that can also explicitly account for different precipitation types 
when assessing changes to the hydromorphological response in moun
tainous catchments. 

We analyzed the geomorphological changes between the present and 
future climates by running a 30-year simulation for each scenario. 
However, CAESAR-Lisflood has a simplified framework for modeling 
vegetation which is not representative in the context of climate change. 
Vegetation interaction with erosion was therefore not represented in the 
model, although climate warming can involve biomass changes (e.g., 
Fatichi et al., 2021) that could significantly impact sediment transport 
(Gianinetto et al., 2020; Palazón and Navas, 2016). Other processes 
were not represented such as snow gliding, reduced precipitation 
erosivity through snow accumulation, or the impact of the bedrock ge
ology on erosion (Geitner et al., 2021; Meusburger et al., 2014). The 
changes to slope failures were not investigated as their representation in 
CAESAR-Lisflood is simplistic, with no consideration of soil saturation. 
Future development of the model including a more physically-based 
way of modeling landslides should be addressed in future research. 
Furthermore, the LEM simulated a constant evaporation rate, indepen
dent of temperature. However, evapotranspiration will increase in a 
warming climate which will reduce the runoff and could potentially 
impact the geomorphological response (Mukundan et al., 2013). Yet, 
excluding some processes in similar modeling frameworks (Battista 
et al., 2020a, 2022) allows to isolate the effects of the different sediment 
erosion and sediment transport drivers. Future climate change impact 
studies are suggested, therefore, to explicitly consider the effects of 
climate change on both sediment supply and sediment transport. Here, 
the latter was investigated in response to changes in precipitation. 

Beyond the processes that were not represented in the model, we also 
note that the sediment yield was not validated specifically for this 
catchment and for the specific simulated years. Despite several surveys 
having been conducted in the catchment, no continuous monitoring 
measurements are available. We therefore only compared the simulated 
estimates to observations from other catchments (see Section 3.5); this 
approach is a common one in LEM modeling (e.g., Coulthard et al., 
2012; Coulthard and Skinner, 2016). The simulated erosion rate is 
higher than other values reported for Switzerland (e.g., Prasuhn, 2011). 
However, this is not a limitation of our results considering the high 
variability and uncertainty of erosion measurement methods (García- 
Ruiz et al., 2015) and that we based the analysis on a comparison be
tween future and present erosion estimates rather than on the absolute 
values (Li and Fang, 2017). 

Furthermore, the bias-corrected ERA5 data could have been used 
directly as an input to the LEM to simulate the hydromorphological 
response to the present climate. However, since we simulated climate 
variables for the future climate using the AWE-GEN weather generator, 
we had to be consistent and use the model to simulate hourly precipi
tation, temperature, and wind for the present climate instead of using 
the ERA5 data directly. The main advantage of using the AWE-GEN 
model is its ability to ensure the cross-correlation between tempera
ture and precipitation. 

We investigated the hydromorphological responses to climate 
change in a pre-Alpine area using a single catchment. Nonetheless, as 
this catchment is a representative pre-Alpine catchment, with typical 
pre-Alpine rain/snow-discharge-erosion interactions, and as the 
magnitude of climate change is projected to be similar across the region, 
we think the general findings observed in our study could be applicable 
to other pre-Alpine catchments as well. 

6. Conclusions 

We present a framework to study the impact of climate change on 
sediment erosion and deposition in nivo-pluvial catchments, i.e., where 

snow processes and their future changes are relevant together with 
changes in rainfall. Our results demonstrate that the projected changes 
in the hydromorphological response are characterized by high vari
ability - both temporally (e.g., seasonal changes) and spatially (e.g., 
within the catchment; elevation-dependent). It highlights the need to 
simulate future geomorphological changes using a high space-time 
resolution modeling chain, and the necessity of using spatially varying 
precipitation and including temperature-driven processes like precipi
tation partitioning and snowmelt. Moreover, we demonstrate that most 
of the erosion and sediment transport occur in response to heavy pre
cipitation events, which last only a small fraction of the geomorphic 
system evolution time. This points to the importance of modeling not 
only the mean changes in precipitation but also to explicitly consider the 
intensification of heavy precipitation events in climate change studies. 

The results of our numerical experiment imply that more erosion is to 
be expected at the end of the century over pre-Alpine regions, despite 
the decrease in precipitation and discharge amounts. The main factors 
controlling erosion fluxes are the future intensification of heavy pre
cipitation, in combination with catchments becoming more pluvial and 
less nivo-pluvial dominated. Higher erosion rates are expected in future 
wet months with equal net precipitation to present but with higher 
rainfall intensities. The most pronounced changes in erosion processes 
are foreseen in winter and autumn months, while spring and summer 
months show respectively a decrease or varying changes in erosion rates 
in the future. Higher erosion rates are expected at mid-elevations, while 
a shift from erosion- to deposition-dominated patterns is foreseen in the 
valleys. Further research is required to quantify the economic (e.g., for 
the hydropower sector) and ecologic (e.g., river fauna and flora) im
plications of these changes. 
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