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Text S1: Sediment Cascade Model (SedCas)

SedCas is a conceptual model based on the geomorphic concept of sediment cascades

in headwaters (Bennett et al., 2014; Berger et al., 2011). It consists of two sediment

reservoirs on the hillslope and the channel. Larger hillslope failures are triggered either

by frost-weathering, rainfall or in random intervals, while smaller failures occur more often

and randomly in time. A fraction of these sediments is redeposited on the hillslope and

the remainder is directly transferred to the channel by gravity-driven processes. Sediment

transfer in the channel and out of the catchment is triggered by surface runoff. To this

end, the water balance is solved with a linear reservoir approach for hydrological response

units and under consideration of the main hydrological processes (i.e. snow accumulation

and melt, runoff generation, evapotranspiration). The channel sediment storage is eroded

by sediment-laden floods and debris flows triggered by surface runoff. The total mobilized

sediment volume depends on the surface discharge and the channel sediment storage.

The hillslope failures are sampled from a magnitude-frequency distribution character-

ized by a power-law tail (Bennett et al., 2012). This reflects the observation that the

landslides feeding the channel with sediments and the weather conditions initiating sedi-

ment flow out of the catchment are stochastic forcings (see also model of Benda & Dunne,

1997a, 1997b). Although this modelling framework does not allow for a detailed investi-

gation of sediment production and transfer processes in a spatially explicit way, it enables

the study of compound impacts of climate on sediment production and transfer processes,

and how climate signals are reflected in debris flows and sediment yield at the catchment

scale (see also Lu et al., 2005).
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Here we use the SedCas setup as described in Hirschberg et al. (2021), where we applied

it for future predictions on debris flows and sediment yield in the Illgraben. We conducted

the calibration and sensitivity analysis in a Monte Carlo framework based on 17 years of

climate and debris-flow observations (McArdell & Hirschberg, 2020). SedCas was cali-

brated primarily to reproduce debris-flow statistics such as frequency, mean and standard

deviation of the magnitudes. Further evidence of the satisfying model performance is

supported by the successful reproduction of seasonal patterns in sediment production and

transfer.

Text S2: Advanced Weather Generator Model (AWE-GEN)

AWE-GEN produces stochastic hourly time series of correlated weather variables (e.g.

precipitation, air temperature, incoming shortwave radiation) at the point scale (Fatichi et

al., 2011). It is calibrated against observations collected by the Swiss Meteorological Office

(MeteoSwiss) between 1981 and 2010 at the Montana weather station, located about 11

km away from the catchment at similar altitude (1423 m a.s.l.). Because climate statistics

are aggregated at a range of spatial scales (from hourly to annual) in the calibration,

AWE-GEN reproduces extremes as well as inter-annual variability for considered climate

variables. For more details on the model and on how it was calibrated for the Illgraben

the reader is referred to Fatichi et al. (2011) and Hirschberg et al. (2021).

Typically, 50, 30-year long time series (1500 years in total) are generated to estimate

stochastic uncertainty (e.g. Fatichi et al., 2016). To ensure that natural variability is

sufficiently considered, we simulate a time series of 10’000 years. It is representative for
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the observed climate between 1981 and 2010 and used to force SedCas and determine the

long-term means in sediment fluxes.
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Figure S1. Example DFA analysis using fractional Gaussian noise without (random noise,

α = 0.5) and with long-term memory (α = 0.75). (a) scaling of the mean spread F (s) with

sampling record length s; (b) local slope (exponent α) computed from the s− F (s) pairs.
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Figure S2. Debris-flow yields for all scenarios as a function of record duration. The median

(solid line) and the 5-95 percentile range (shaded area) are shown for all modelled scenarios

(Table S1) with SedCas.
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Figure S3. Sediment yields for all scenarios as a function of record duration. The median

(solid line) and the 5-95 percentile range (shaded area) are shown for all modelled scenarios

(Table S1) with SedCas.
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Figure S4. Number of debris flows for all scenarios as a function of record duration. The me-

dian (solid line) and the 5-95 percentile range (shaded area) are shown for all modelled scenarios

(Table S1) with SedCas.
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Figure S5. Detrended fluctuation analysis for annual debris flow yields. Each panel refers to

one scenario (see Table 1). The corresponding local slopes (exponent α) are reported in Fig. 4.
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Figure S6. The drop of the standard error in annual debris-flow yields with record length (L)

computed with SedCas. The solid black line marks the theoretical drop in standard deviation

inversely to record length, if the annual yields were independent and identically distributed

random variables. The dashed black line shows the drop from a stochastic time series with

long-term memory generated with ARFIMA (Fatichi, 2021). The intensity of long-term memory

increases with the d parameter (Montanari et al., 1997) and was fitted to the SedCas data.
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Table S1. List of model scenarios and their parameterizations. Model runs differ only in

the landslide triggering mechanism and climatic threshold for triggering of hillslope landslides.

The corresponding parameters are the hillslope landslide triggering mechanism (LStrig) and the

thresholds for snow depth (TFC−SD) and temperature (TFC−T ) for landslides to be triggered by

frost-weathering, and the rainfall threshold for landslides (TR).

Scenario Parameters Description

LStrig TFC−SD TFC−T TR

(mm SWE) (°C) (mm/d)

thermal ls25 frost-weathering 11 -0.5 - Reference, as calibrated in
Hirschberg et al. (2021a)

rainfall ls25 rainfall - - 7.9 Hillslope landslides trig-
gered by a daily rainfall
threshold

random ls25 random - - - Hillslope landslides occur
with random temporal spac-
ing (log-normal)

thermal ls16 frost-weathering 11 -2.2 - Reduced sediment supply
by ∼1/3 (16 instead of 25
yearly landslides on aver-
age) by adjusting TFC−T

thermal ls8 frost-weathering 11 -4.2 - Reduced sediment supply
by ∼2/3 (8 instead of 25
yearly landslides on aver-
age) by adjusting TFC−T

transport-limited - - - - Sediment transport follows
the transport capacity com-
puted with the SedCas hy-
drological module
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