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‘Mountains are like early warning systems for climate change. The impacts are 

felt first and most intensely in these fragile environments.’  

(Quote associated with Dr. Christina Figueres, former Executive Secretary of the UNFCCC).  
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ABSTRACT 

Climate change fundamentally transforms glaciated high-alpine regions, with well-known 
cryospheric and hydrological implications, such as accelerating glacier retreat, transiently 
increased runoff, longer snow-free periods and more frequent and intense summer rainstorms. 
These changes affect the availability and transport of sediments in high alpine areas by altering 
the interaction and intensity of different erosion processes and catchment properties. 

Gaining insight into the future alterations in suspended sediment transport by high 
alpine streams is crucial, given its wide-ranging implications, e.g. for flood damage potential, 
flood hazard in downstream river reaches, hydropower production, riverine ecology and water 
quality. However, the current understanding of how climate change will impact suspended 
sediment dynamics in these high alpine regions is limited. For one, this is due to the scarcity 
of measurement time series that are long enough to e.g. infer trends. On the other hand, it is 
difficult – if not impossible – to develop process-based models, due to the complexity and 
multitude of processes involved in high alpine sediment dynamics. Therefore, knowledge has 
so far been confined to conceptual models (which do not facilitate deriving concrete timings 
or magnitudes for individual catchments) or qualitative estimates (‘higher export in warmer 
years’) that may not be able to capture decreases in sediment export. Recently, machine-
learning approaches have gained in popularity for modeling sediment dynamics, since their 
black box nature tailors them to the problem at hand, i.e. relatively well-understood input and 
output data, linked by very complex processes.  

Therefore, the overarching aim of this thesis is to estimate sediment export from the high 
alpine Ötztal valley in Tyrol, Austria, over decadal timescales in the past and future – i.e. 
timescales relevant to anthropogenic climate change. This is achieved by informing, extending, 
evaluating and applying a quantile regression forest (QRF) approach, i.e. a nonparametric, 
multivariate machine-learning technique based on random forest. 

The first study included in this thesis aimed to understand present sediment dynamics, i.e. 
in the period with available measurements (up to 15 years). To inform the modeling setup for 
the two subsequent studies, this study identified the most important predictors, areas within 
the catchments and time periods. To that end, water and sediment yields from three nested 
gauges in the upper Ötztal, Vent, Sölden and Tumpen (98 to almost 800 km² catchment area, 
930 to 3772 m a.s.l.) were analyzed for their distribution in space, their seasonality and spatial 
differences therein, and the relative importance of short-term events. The findings suggest 
that the areas situated above 2500 m a.s.l., containing glacier tongues and recently deglaciated 
areas, play a pivotal role in sediment generation across all sub-catchments. In contrast, 
precipitation events were relatively unimportant (on average, 21 % of annual sediment yield 
was associated to precipitation events). Thus, the second and third study focused on the Vent 
catchment and its sub-catchment above gauge Vernagt (11.4 and 98 km², 1891 to 3772 m 
a.s.l.), due to their higher share of areas above 2500 m. Additionally, they included discharge, 
precipitation and air temperature (as well as their antecedent conditions) as predictors.  
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The second study aimed to estimate sediment export since the 1960s/70s at gauges Vent 
and Vernagt. This was facilitated by the availability of long records of the predictors, discharge, 
precipitation and air temperature, and shorter records (four and 15 years) of turbidity-derived 
sediment concentrations at the two gauges. The third study aimed to estimate future sediment 
export until 2100, by applying the QRF models developed in the second study to pre-existing 
precipitation and temperature projections (EURO-CORDEX) and discharge projections 
(physically-based hydroclimatological and snow model AMUNDSEN) for the three 
representative concentration pathways RCP2.6, RCP4.5 and RCP8.5. 

The combined results of the second and third study show overall increasing sediment 
export in the past and decreasing export in the future. This suggests that peak sediment is 
underway or has already passed – unless precipitation changes unfold differently than 
represented in the projections or changes in the catchment erodibility prevail and override 
these trends. Despite the overall future decrease, very high sediment export is possible in 
response to precipitation events. This two-fold development has important implications for 
managing sediment, flood hazard and riverine ecology.  

This thesis shows that QRF can be a very useful tool to model sediment export in high-
alpine areas. Several validations in the second study showed good performance of QRF and 
its superiority to traditional sediment rating curves – especially in periods that contained high 
sediment export events, which points to its ability to deal with threshold effects. A technical 
limitation of QRF is the inability to extrapolate beyond the range of values represented in the 
training data. We assessed the number and severity of such out-of-observation-range (OOOR) 
days in both studies, which showed that there were few OOOR days in the second study and 
that uncertainties associated with OOOR days were small before 2070 in the third study. As 
the pre-processed data and model code have been made publically available, future studies 
can easily test further approaches or apply QRF to further catchments.  
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ZUSAMMENFASSUNG 

Der Klimawandel verändert vergletscherte Hochgebirgsregionen grundlegend, mit 
wohlbekannten Auswirkungen auf Kryosphäre und Hydrologie, wie beschleunigtem 
Gletscherrückgang, vorübergehend erhöhtem Abfluss, längeren schneefreien Perioden und 
häufigeren und intensiveren sommerlichen Starkniederschlägen. Diese Veränderungen wirken 
sich auf die Verfügbarkeit und den Transport von Sedimenten in hochalpinen Gebieten aus, 
indem sie die Interaktion und Intensität verschiedener Erosionsprozesse und 
Einzugsgebietseigenschaften verändern. 

Eine Abschätzung der zukünftigen Veränderungen des Schwebstofftransports in 
hochalpinen Bächen ist von entscheidender Bedeutung, da sie weitreichende Auswirkungen 
haben, z. B. auf das Hochwasserschadenspotenzial, die Hochwassergefahr in den Unterläufen, 
sowie Wasserkraftproduktion, aquatische Ökosysteme und Wasserqualität. Das derzeitige 
Verständnis der Auswirkungen des Klimawandels auf die Schwebstoffdynamik in diesen 
hochalpinen Regionen ist jedoch begrenzt. Dies liegt zum einen daran, dass es kaum 
ausreichend lange Messzeitreihen gibt, um z.B. Trends ableiten zu können. Zum anderen ist 
es aufgrund der Komplexität und der Vielzahl der Prozesse, die an der hochalpinen 
Sedimentdynamik beteiligt sind, schwierig - wenn nicht gar unmöglich - prozessbasierte 
Modelle zu entwickeln. Daher beschränkte sich das Wissen bisher auf konzeptionelle Modelle 
(die es nicht ermöglichen, konkrete Zeitpunkte oder Größenordnungen für einzelne 
Einzugsgebiete abzuleiten) oder qualitative Schätzungen ("höherer Sedimentaustrag in 
wärmeren Jahren"), die möglicherweise nicht in der Lage sind, Rückgänge im Sedimentaustrag 
abzubilden. In jüngster Zeit haben Ansätze des maschinellen Lernens für die Modellierung der 
Sedimentdynamik an Popularität gewonnen, da sie aufgrund ihres Black-Box-Charakters auf 
das vorliegende Problem zugeschnitten sind, d. h. auf relativ gut verstandene Eingangs- und 
Ausgangsdaten, die durch sehr komplexe Prozesse verknüpft sind. 

Das übergeordnete Ziel dieser Arbeit ist daher die Abschätzung des Sedimentaustrags am 
Beispiel des hochalpinen Ötztals in Tirol, Österreich, auf dekadischen Zeitskalen in der 
Vergangenheit und Zukunft – also Zeitskalen, die für den anthropogenen Klimawandel 
relevant sind. Dazu wird ein Quantile Regression Forest (QRF)-Ansatz, d.h. ein 
nichtparametrisches, multivariates maschinelles Lernverfahren auf der Basis von Random 
Forest, erweitert, evaluiert und angewendet. 

Die erste Studie im Rahmen dieser Arbeit zielte darauf ab, die "gegenwärtige" 
Sedimentdynamik zu verstehen, d. h. in dem Zeitraum, für den Messungen vorliegen (bis zu 
15 Jahre). Um die Modellierung für die beiden folgenden Studien zu ermöglichen, wurden in 
dieser Studie die wichtigsten Prädiktoren, Teilgebiete des Untersuchungsgebiets und 
Zeiträume ermittelt. Zu diesem Zweck wurden die Wasser- und Sedimenterträge von drei 
verschachtelten Pegeln im oberen Ötztal, Vent, Sölden und Tumpen (98 bis fast 800 km² 
Einzugsgebiet, 930 bis 3772 m ü.d.M.), auf ihre räumliche Verteilung, ihre Saisonalität und 
deren räumlichen Unterschiede, sowie die relative Bedeutung von Niederschlagsereignissen 
hin untersucht. Die Ergebnisse deuten darauf hin, dass die Gebiete oberhalb von 2500 m ü. 
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M., in denen sich Gletscherzungen und kürzlich entgletscherte Gebiete befinden, eine zentrale 
Rolle in der Sedimentdynamik in allen Teileinzugsgebieten spielen. Im Gegensatz dazu waren 
Niederschlagsereignisse relativ unbedeutend (im Durchschnitt wurden 21 % des jährlichen 
Austrags mit Niederschlagsereignissen in Verbindung gebracht). Daher konzentrierten sich die 
zweite und dritte Studie auf das Vent-Einzugsgebiet und sein Teileinzugsgebiet oberhalb des 
Pegels Vernagt (11,4 und 98 km², 1891 bis 3772 m ü. M.), da sie einen höheren Anteil an 
Gebieten oberhalb von 2500 m aufweisen. Außerdem wurden Abfluss, Niederschlag und 
Lufttemperatur (sowie deren Vorbedingungen) als Prädiktoren einbezogen. 

Die zweite Studie zielte darauf ab, den Sedimentexport seit den 1960er/70er Jahren an 
den Pegeln Vent und Vernagt abzuschätzen. Dies wurde durch die Verfügbarkeit langer 
Aufzeichnungen der Prädiktoren Abfluss, Niederschlag und Lufttemperatur sowie kürzerer 
Aufzeichnungen (vier und 15 Jahre) von aus Trübungsmessungen abgeleiteten 
Sedimentkonzentrationen an den beiden Pegeln ermöglicht. Die dritte Studie zielte darauf ab, 
den zukünftigen Sedimentexport bis zum Jahr 2100 abzuschätzen, indem die in der zweiten 
Studie entwickelten QRF-Modelle auf bereits existierende Niederschlags- und 
Temperaturprojektionen (EURO-CORDEX) und Abflussprojektionen (des physikalisch 
basierten hydroklimatologischen und Schneemodells AMUNDSEN) in den drei 
repräsentativen Konzentrationspfaden RCP2.6, RCP4.5 und RCP8.5 angewendet wurden. 

Die kombinierten Ergebnisse der zweiten und dritten Studie legen nahe, dass der 
Sedimentexport in der Vergangenheit insgesamt zugenommen hat und in der Zukunft 
abnehmen wird. Dies deutet darauf hin, dass der Höhepunkt des Sedimenteintrags erreicht ist 
oder bereits überschritten wurde - es sei denn, die Niederschlagsveränderungen entwickeln 
sich anders, als es in den Projektionen dargestellt ist, oder Veränderungen in der Erodierbarkeit 
des Einzugsgebiets setzen sich durch. Trotz des allgemeinen Rückgangs in der Zukunft sind 
sehr hohe Sedimentausträge als Reaktion auf Niederschlagsereignisse möglich. Diese 
zweifältige Entwicklung hat wichtige Auswirkungen auf das Sedimentmanagement, die 
Hochwassergefahr und die Flussökologie. 

Diese Arbeit zeigt, dass QRF ein sehr nützliches Instrument zur Modellierung des 
Sedimentexports in hochalpinen Gebieten sein kann. Mehrere Validierungen in der 
zweiten Studie zeigten eine gute Modell-Performance und die Überlegenheit gegenüber 
traditionellen Sediment-Abfluss-Beziehungen – insbesondere in Zeiträumen, in denen es zu 
einem hohen Sedimentexport kam, was auf die Fähigkeit von QRF hinweist, mit 
Schwelleneffekten umzugehen. Eine technische Einschränkung von QRF ist die Unfähigkeit, 
über den Bereich der in den Trainingsdaten dargestellten Werte hinaus zu extrapolieren. Die 
Anzahl und den Schweregrad an solchen Tagen, in denen der Wertebereich der Trainingsdaten 
überschritten wurde, wurde in beiden Studien untersucht. Dabei zeigte sich, dass es in der 
zweiten Studie nur wenige solcher Tage gab und dass die mit den Überschreitungen 
verbundenen Unsicherheiten in der dritten Studie vor 2070 gering waren. Da die 
vorverarbeiteten Daten und der Modellcode öffentlich zugänglich gemacht wurden, können 
künftige Studien darauf aufbauend weitere Ansätze testen oder QRF auf weitere 
Einzugsgebiete anwenden.
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1 INTRODUCTION

1.1 BACKGROUND: CLIMATE CHANGE IN THE 

EUROPEAN ALPS AND SUSPENDED SEDIMENT 

EXPORT 

In the European Alps, observations within the past century reveal a temperature increase 
that was about twice as high as the northern-hemispheric average, with especially pronounced 
warming after 1980, and projections suggest a further acceleration of temperature increase in 
the 21st century (Brunetti et al., 2009; Gobiet et al., 2014). High-alpine areas are particularly 
sensitive to this warming due to their cryospheric landscape elements, i.e., glaciers, snow 
cover and permafrost (Beniston et al., 2018). As a result, widespread and accelerating glacier 
retreat and thinning have been observed in the past and projected for the future (Escher-
Vetter, 2007; Abermann et al., 2009; Hanzer et al., 2018), alongside increases in ablation season 
length (Di Mauro and Fugazza, 2022), reduced snow cover duration and extent (Hanzer et 
al., 2018; Kormann et al., 2016; Rottler et al., 2021), and permafrost thaw (Klug et al., 2017) 
(see influence of temperature on cryosphere in Figure 1.1). In addition to this, precipitation 
changes, as more (liquid) precipitation occurs in summer and less in winter, concurring with 
an increase in heavy summer precipitation (Giorgi et al., 2016; Scherrer et al., 2016). 

These changes in climatic drivers translate to substantial changes in the hydrological 
processes of high-alpine catchments, as discharge from ice melt, snowmelt and firn melt is – 
or has so far been – by far the most important contributor to runoff (Kormann et al., 2016) 
(dark blue element in Figure 1.1). On decadal scales, runoff volumes transiently increase (e.g. 
from ca. 1500 mm of annual runoff at the high-alpine gauge ‘Vernagt’ in the 1980s to ca. 2300 
mm in 2007, ibid.) before a decrease after peak water, i.e. the maximum runoff from long-term 
glacier storage (Hanzer et al., 2018; Sommer et al., 2020; Farinotti et al., 2012). Regarding the 
seasonal distribution, projections indicate potential changes in hydrograph timing, including 
earlier occurrences of annual peak flows and prolonged flood seasons, particularly in 
catchments at higher elevations (Hanus et al., 2021). 

These climatological and hydrological changes alter the properties of high-alpine 
catchments (see green elements in Figure 1.1) as well as erosion processes (yellow elements 
in Figure 1.1), and the combination of all of these changes alters sediment dynamics and 
consequentially the concentration of sediments transported in suspension by high-alpine 
streams (brown elements in Figure 1.1). In the following, I will give a brief overview of the 
processes and their potential directions of change – which will also illustrate that the 
interaction and relative importance of the different processes can vary distinctly between 
catchments.  
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Figure 1.1. Complex interactions of the drivers and processes within high-alpine catchments that determine suspended 
sediment concentrations at the catchment outlet (top), and overview of downstream effects (bottom). Some arrows are omitted 
for clarity. Own representation based on Bilotta and Brazier (2008), Delaney and Adhikari (2020), Li et al. (2020), 
Nones (2019), Vercruysse et al. (2017), and Zhang et al. (2022). Image basis: Google earth V 7.3.2.5491.  

Altered catchment properties, such as decreased slope stability as a consequence of 
permafrost degradation, rapid thaw during prolonged warm periods, or more intense or 
frequent rainstorm events (Huggel et al., 2010), have been found to result in increases in mass 
movements, such as rockfalls or debris flows, for example in the Sulden catchment in the 
Italian Alps, not far from the study area of this thesis (Savi et al., 2020). On the other hand, 
decreases in frost-weathering can also lead to decreases in debris flow occurrence, as has been 
projected for the (non-glaciated) Illgraben catchment in Switzerland (Hirschberg et al., 2021). 
At the same time, temperature and precipitation changes impact land cover development, 
which can either decrease sediment availability as the vegetation cover expands, or lead to 
increased sediment export if erosion is predominant (Altmann et al., 2023). In turn, 
(pro-) glacial lakes, which have formed at increasing numbers since the last ice age due to 
glacier retreat,  can trap suspended sediments and thus interrupt the transport to the 
catchment outlet – but can also be the source of glacier lake outburst floods, which can 
transport substantial
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amounts of sediment downstream (Buckel et al., 2018; Carrivick and Heckmann, 2017; Veh et 
al., 2022). 

As a consequence of the changes in climatic drivers, hydrology and catchment properties, 
erosion processes and their interactions are changing substantially. Paraglacial erosion 
impacts deglaciated areas, and leads to increased instability of slopes in response to decreased 
glacial support (debuttressing) or increased susceptibility of oversteepened moraines to 
(freeze-thaw weathering-induced) rockfalls or landslides (Huggel et al., 2012; Hartmeyer et al., 
2020; Chiarle et al., 2021; Zhang et al., 2022).   

Beneath the glaciers, sediment is produced by glacial erosion, i.e. through abrasion, 
plucking or quarrying of the underlying bedrock by the ice and debris frozen therein, and 
subglacial fluvial activity can then transport sediments from below the glacier (Delaney et al., 
2019). While these subglacial sediment sources contributed a substantial part to the sediment 
export from glacierized catchments in the past decades (e.g. up to 70 % at the Grießgletscher, 
Switzerland; Delaney et al., 2018a), it is expected that the erosive capacity of the thinning 
glaciers will diminish (Herman et al., 2021) and subglacial fluvial sediment transport will 
decrease. Yet, a modeling study also suggested that, sediment export could continue to increase 
after peak water, as melt affects higher regions of the glaciers where transport was limited prior 
to glacier retreat, depending on the amount of sediment stored subglacially (Delaney and 
Adhikari, 2020). 

Fluvial erosion and sediment transport in proglacial areas are also subject to change, as 
transient changes in runoff coincide with potentially large supplies of recently uncovered 
glacigenic sediment, which is now easily accessible by proglacial rivers (Ballantyne, 2002; 
Carrivick and Heckmann, 2017). Erosion rates in the proglacial area can be much higher than 
from the remaining catchment (Delaney et al., 2018a), while in other catchments, sediment 
from non-glacial sources dominates (Beylich et al., 2017). Thus, the balance between erosion 
and deposition depends on the conditions in the individual catchment, such as topography 
and river morphology. This is closely linked to sediment connectivity, describing the 
effectiveness of sediment transfer in the catchment, i.e. from hillslopes to the channels and 
along the channels to the catchment outlet (Carrivick and Heckmann, 2017; Lane et al., 2017; 
Cavalli et al., 2019). Essentially, sediment connectivity determines whether proglacial areas act 
as sediment sources or sinks, which can also change as glaciers retreat (e.g. due to the formation 
of proglacial lakes, see above) (ibid.). The changes in snow cover duration and extent may 
translate to changes in nival erosion i.e. by snow gliding or avalanches (Geitner et al., 2021), 
and snowmelt-driven overland flow (Costa et al., 2018a) and as snow cover duration decreases, 
erosive precipitation has a higher chance of affecting uncovered material.  

Essentially, the geomorphological functioning of high-alpine catchments, that in the past 
were shaped by glaciers, held together by permafrost and accustomed to certain amounts of 
discharge and precipitation, are now in a transient, paraglacial state, adjusting from glacial to 
non-glacial conditions (Ballantyne, 2002). This affects the concentration of sediments 
transported in suspension by high-alpine streams. For one, sediment availability changes, as 
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more recently deglaciated areas expand and leave behind loose sediments that are susceptible 
to erosion (Heckmann et al., 2016; Carrivick and Heckmann, 2017). At the same time, 
sediment connectivity (see above) and transport capacity change, as more or less water is 
available to transport the sediments (Micheletti and Lane, 2016). 

Measuring suspended sediment concentrations (SSCs) in high-alpine streams is relatively 
straightforward and commonly done using the relatively close correlation with turbidity, which 
can be continuously monitored. In this, SSCs at a catchments outlet are similar to the heart 
rate in the human body, which can easily be felt, e.g. at the wrist, but changes therein are 
determined by the interplay of various interacting internal (bodyweight, fitness, pre-existing 
conditions) and external factors (medication, air temperature, stressors). However, given the 
sheer amount of influencing variables and their complex interactions (as illustrated by the 
tangled knot of arrows in Figure 1.1), it is not at all straightforward to understand and explain 
the very high variability in SSC – let alone deducing future changes – especially as opposing 
future trajectories are possible for many involved processes.  

1.2 MOTIVATION: WHY STUDY SUSPENDED 

SEDIMENTS IN A NATURAL HAZARDS CONTEXT? 

At first glance, a bit of sand and silt transported within alpine streams may seem harmless 
and comparatively unspectacular when compared to typical natural hazards. Yet, these 
sediments are linked to hazards both within high-alpine catchments and beyond the catchment 
boundaries. Within-catchment hazards, those that pose a direct threat to humans or 
infrastructure inside the catchment, include hillslope instabilities and associated rockfalls, 
debris flows or other forms of mass movement, as well as lake outburst given the presence of 
(pro-)glacial lakes (Heckmann et al., 2016; Savi et al., 2020).  

However, there are also sediment-related offsite consequences, and as sediment export 
(per unit area) is much higher than from lower lying areas, high-alpine areas have 
disproportionate influence on downstream areas (Beniston et al., 2018; Hinderer et al., 2013) 
(bottom part of Figure 1.1). For example, if too much sediment is transported to downstream 
areas, it can lead to river bed aggradation (i.e. filling of river channels with sediments) and 
promote or exacerbate flooding, since reductions in channel capacity can amplify flood hazards 
even if the frequency of high discharge events does not change (Slater et al., 2015; Nones, 
2019). This can increase the amount of water running outside of the channel, and cause severe 
damage (Rickenmann et al., 2016), where sediment related processes can be responsible for a 
considerable part of the incurred costs (Rickenmann et al., 2016; Badoux et al., 2014). Another 
consequence of too much sediment is reservoir sedimentation. This is primarily a problem for 
(the cost efficiency of) hydropower production, complemented by abrasion of turbines and 
other equipment (Hinderer et al., 2013), but can also reduce the ability of reservoirs to handle 
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high discharge events and thus to serve for flood protection (Hinderer et al., 2013; Guillén-
Ludeña et al., 2018).  

On the other hand, too little sediment can e.g. cause riverbank erosion and river profile 
degradation, which can alter flow velocities if the bed sediment texture or in-channel 
vegetation changes (Brils, 2008; Nones, 2019). Either way, not considering sediment transport 
and morphological changes can lead to false estimates of the impacts of floods in rivers with 
high sediment transport (Nones, 2019). Nevertheless, sediments have so far been only 
marginally considered in the European Floods Directive (ibid.) 

Further sediment-related problems relate to water quality, ecotoxicology and the cost of 
water treatment, because fine sediment particles are a key factor in transporting nutrients and 
contaminants along rivers (Naden, 2010). This includes the legacy of historical 
contaminations that are stored within sediment deposits and can lead to secondary pollution 
in case of erosion (Walling, 2005; Brils, 2008; Milner et al., 2017; Vercruysse et al., 2017). With 
respect to ecological consequences, too much sediment can lead to a reduction of primary 
production (i.e. food availability higher up the food chain), abrasion and scouring of 
invertebrates (Bilotta and Brazier, 2008; Milner et al., 2009). Especially, the settling of fine 
sediments into gaps between gravel particles hinders the flow of water within the hyporheic 
zone, which leads to reduced oxygen levels and negatively impacts benthic organisms and the 
suitable conditions for fish spawning grounds (Naden, 2010). Conversely, the provision of 
‘enough’ sediment is vital for the preservation of habitats, e.g. on floodplains, mud flats and 
deltas (Naden, 2010). 

This illustrates the importance of working towards understanding sediment dynamics in 
high-alpine areas and estimating future changes in sediment export. However, as of yet, 
knowledge on future changes is limited (Zhang et al., 2022; Carrivick and Tweed, 2021), and 
in the following, I will elucidate the two major reasons for this knowledge gap.  

1.3 CHALLENGE #1: SHORT MEASUREMENT TIME 

SERIES 

As briefly mentioned above, SSCs are commonly determined indirectly, via turbidity, once 
the relationship between SSCs and turbidity for a specific location has been established based 
on SSCs in water samples. Beyond that, insights can be gained from flushings of hydropower 
intakes (which mainly targets coarse material, i.e. bedload) (Kammerlander et al., 2017), lake 
stratigraphy analyses  (Lane et al., 2019) or differences between consecutive digital elevation 
models that can e.g. be inferred from photogrammetry (e.g. Micheletti and Lane, 2016; Delaney 
et al., 2018a; Clapuyt et al., 2019; both with coarser temporal resolutions and targeted at longer 
timescales).  
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Yet, long turbidity measurement time series, i.e. spanning several decades and therefore 
long enough to e.g. deduce trends or assess the response to climate change, are very rare (see 
also Zhang et al., 2022). There are a few long time series in Switzerland, e.g. from the upper 
Rhône river basin in Switzerland, where SSC has measured twice per week since the 1970s 
(Costa et al., 2018b; Hinderer et al., 2013) and for the Gornergletscher catchment in the Swiss 
Alps, where a series of studies exists between 1970 and 1990, complemented by measurements 
in 2016/17 (Delaney et al., 2018b). In Austria, turbidity measurements have been implemented 
at a total of 28 gauges between 2006 and 2008 (Lalk et al., 2014). Yet given the very high intra- 
and interannual variability in SSCs (Vercruysse et al., 2017), these time series are still relatively 
short, so that it is not straightforward (or even possible) to deduce meaningful trends. As a 
result, there is little information on timescales relevant to anthropogenic climate change, i.e. 
decadal timescales as opposed to longer ones (for which information can be derived e.g. from 
lake stratigraphy) (Huss et al., 2017). Thus, as the lack of measurement data precludes deriving 
meaningful trends and analysing the response to climatic changes at the relevant timescales, 
we have to employ models.  

1.4 CHALLENGE #2: LACK OF PROCESS-BASED 

MODELS 

Ideally, we would use a fully distributed physically-based model, that can take into account 
all processes relevant to sediment dynamics in high-alpine catchments, and pluvial as well as 
thermal drivers of sediment mobilization and transport (Zhang et al., 2022). Unfortunately, 
such models do not yet exist (ibid.) – and given the number and complexity of the involved 
processes (see Figure 1.1) it is questionable whether their implementation is feasible.  

Thus, up until now, studies that attempted to project future suspended sediment export 
relied on rather qualitative analyses. For example, they compared observations of warmer and 
colder ablation seasons (Stott and Mount, 2007; Bogen, 2008), determined the response of 
suspended sediment export to past changes in the meteorological or hydrological drivers and 
applied them to projected changes in these drivers (Li et al., 2021b) or fitted a multiple 
regression model to short time series and only altered the temperature input (Stott and Convey, 
2021) (see also section 4.1). Yet all these approaches cannot account for interactions between 
variables and may not be able to model decreases in sediment export (see ‘qualitative 
approaches’ in Figure 1.2). In the following paragraphs, I will give a brief overview of the state 
of current conceptual, process-based and data-based models for sediment dynamics in high-
alpine areas. 
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CONCEPTUAL MODELS 

The current understanding of the processes governing sediment export from deglaciating 
drainage basins can be illustrated using conceptual models. Such conceptual models expect an 
initial increase as deglaciation begins to accelerate, and an eventual decrease (long) after the 
glaciers have disappeared and the landscape stabilizes (upper panel of Figure 1.2) (Embleton‐
hamann and Slaymaker, 2012; Antoniazza and Lane, 2021; Carrivick and Tweed, 2021; Zhang 
et al., 2022). In between lies peak sediment, the timing of which is presumed to depend on erosive 
precipitation, so that it may occur simultaneous with or even before peak water or 
simultaneous with the completion of deglaciation or at some point in between (Zhang et al., 
2022) (see also section 4.1). While this is informative at a generalized, overarching level of 
knowledge, it is not necessarily helpful to infer specific points in time or quantitative estimates 
of future sediment yields, especially for individual catchments. 

PROCESS-BASED MODELS 

Physics-based or process-based models that can take into account all relevant processes at 
the catchment scale do not (yet) exist, owing to the complexity and large number of interacting 
processes involved in sediment dynamics in high-alpine areas (Figure 1.1) (see also review by 
Zhang et al., 2022). There are numerous process-based models for individual processes, such 
as soil erosion, for example within the well-known and often-applied Soil Water Assessment 
Tool (SWAT) (e.g. Vigiak et al., 2017) (for in-depth reviews, see: Pandey et al., 2016; Schäuble, 
2006). SWAT, however, is “weak in glaciated catchments” even for discharge (Adnan et al., 
2019), and glacier erosion processes, landslides or gully erosion cannot be considered (Vigiak 
et al., 2017) (and machine-learning techniques have shown to be more accurate; Jimeno-Sáez 
et al., 2022; Rahman et al., 2022).   

Some process-based models can even approximate glacier impact, i.e. WBMsed (Cohen et 
al., 2013) and HydroTrend (Kettner and Syvitski, 2008) (which are both based on BQART; 
Syvitski and Milliman, 2007), by using the glacier covered fraction of the analyzed catchments. 
HydroTrend even uses changes in the equilibrium line altitude (which divides the glacier into 
accumulation and ablation area; Braithwaite and Raper, 2009) to model short-term changes in 
glaciers. However, both WBMsed and HydroTrend are designed for very large spatial scales, 
such as sediment export to the oceans from large river basins, and temporal scales, such as 
changes in sediment export since the last glacial maximum, and cannot consider processes that 
can be important in high-alpine areas, such as hysteresis effects, landslides, mass movements, 
changes in hillslope stability or permafrost (de Vente et al., 2013). Thus, in recent years, data-
based approaches have increasingly been applied to modeling sediment dynamics.  
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DATA-BASED APPROACHES 

In the following section, I will outline the most common data-based approaches to model 
SSCs in increasing complexity. They all share the core principle of estimating the relationship 
between input data (e.g. discharge, precipitation) and output data (SSCs) – without applying 
any knowledge of the underlying physical processes. 

At the lowest level of complexity, univariate linear regression is applied to discharge, also 
known as sediment rating curves (SRC) (Vercruysse et al., 2017; Francke et al., 2008a) (section 
3.3.1). While being simple to implement and interpret, this approach rarely captures much of 
the variability in SSC, making it the method of choice for preliminary estimates or if data 
availability is poor.  

Multivariate regression techniques, such as generalized linear models (GLMs) (Francke et 
al., 2008a), the ‘hydroclimatic multivariate sediment rating curve’ (HMRC) (Costa et al., 2018a) 
or the ‘sediment-availability-transport model’ (SAT) (Zhang et al., 2021) have the advantage 
of being interpretable and still relatively easy to fit. However, their being bound to linear or 
monotonous relationships predestines them to struggle with threshold effects (e.g. activation 
of mass movements). Additionally, it will be difficult to consider all relevant processes, and 
GLMs proved not to be robust (Francke et al., 2008a).  

Machine-learning tools have become a popular approach to model sediment 
concentrations. While there are many different techniques (see review by Gupta et al., 2021), 
most are variants or special cases of support vector machines or artificial neural networks (e.g. 
combined with fuzzy logic = ‘neuro-fuzzy’). These more complex machine-learning tools 
generally perform better in modeling SSC than simpler models (Francke et al., 2008a; Lantz, 
2019) – as “the nature of their complexity often allows them to naturally capture complex 
interactions” (Boehmke and Greenwell, 2019). Yet, this is at the expense of interpretability, 
since they all constitute black box approaches. However, black box methods tend to perform 
well for black box problems such as high-alpine sediment dynamics, ‘where the input data and 
output data are well-understood or at least fairly simple, yet the process that relates the input 
to output is extremely complex’ (Lantz, 2019). 

One group that can also be attributed to machine learning is tree-based ensembles, i.e. 
random forests (RF) and quantile regression forests (QRF). These have so far not been applied 
to modeling sediment export to the same extent as other machine-learning approaches, but 
outperformed generalized linear models and sediment rating curves (Francke et al., 2008a) as 
well as support vector machines and artificial neural networks (Al-Mukhtar, 2019) in modeling 
sediment concentrations. As an additional benefit, RF and QRF allow to quantify model 
uncertainty due to their inherent ensemble characteristics, and it is (at least theoretically) 
possible to peek into the black box to some extent, by quantifying variable importance (which 
is complicated by interactions between the predictors as I will discuss in section 5.2).  



1.5   |   OVE RALL AI M AND RESEARCH QUESTIONS 

9 

1.5 OVERALL AIM AND RESEARCH QUESTIONS  

To sum up the above: as a result of short measurement time series and a lack of adequate 
models, future changes in sediment export from deglaciating high-alpine areas are poorly 
understood. Measurement time series are often too short to deduce trends, qualitative 
approaches can likely not model decreases and conceptual models are not suitable to deduce 
specific timings or magnitudes of sediment export for individual catchments (upper panel of 
Figure 1.2). This leaves us – in a metaphorical sense – short-sighted, as only blurred or coarse 
outlines of the past and future can be identified, and a perception of (temporal) distance is 
hardly possible.  

Figure 1.2. Schematic representation of the aims of this thesis. Top: short measurement time series preclude robust 
trend analyses, qualitative approaches may not be able to capture decreases and conceptual models cannot necessarily serve 
to deduce e.g. the timing of peak sediment for specific catchments. Bottom: This thesis aims to explore a machine-learning 
based modeling approach (QRF) informed by analyses of existing measurements (chapter 2) in order to provide estimates 
of past (chapter 3) and future (chapter 4) suspended sediment yields (SSY), which can then be analysed for trends, step-
like changes (‘break points’) and future changes in different emission scenarios.   

Therefore, the overarching aim of this thesis is to facilitate estimating changes in sediment 
export from high-alpine catchments on decadal scales (relevant to anthropogenic climate 
change), in the past and future, by informing, extending and testing a data-driven quantile 
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regression forest approach. This approach will be trained on the available short time series of 
SSC and applied to long measurement time series and projections of the predictors. To stick 
with the analogy of short-sightedness, the resulting picture will certainly still be blurry (i.e. 
associated with uncertainty), but will hopefully provide a better sense of (temporal) distance 
and prevent us from running into unexpected obstacles. From this overarching aim, the main 
research questions (RQs) of this thesis derive as follows:  

  

 

 

 

 

Thus, chapter 2 aims to learn from ‘the present’ (i.e. the period with available measurement 
data) in order to understand suspended sediment dynamics in the study area (lower panel of 
Figure 1.2). The gained insights will be used to inform the model setup (e.g. choice of 
predictors) and prioritize study areas for chapters 3 and 4, and to have a background against 
which past and future changes can be interpreted.  

Chapters 3 and 4 assess whether quantile regression forest (QRF) is a suitable approach to 
model sediment export in the past (chapter 3) and the future (chapter 4) by assessing 
advantages and limitations, considering sensitivities and comparing the performance to 
sediment rating curves (chapter 3).  

Finally, this will enable investigating changes in sediment export (and their reasons) in the 
past five decades (chapter 3) and for different emission scenarios until the end of the 21st 
century (chapter 4), by analysing the resulting SSY estimates (and the predictors) for trends 
and the consequential location of peak sediment, step-like changes and shifts in seasonality 
(Figure 1.2).   

1.6 METHODS  

1.6.1 STUDY AREA 

To answer the research questions and test the proposed modeling approach, the upper 
Ötztal region in Tyrol, Austria, offers unique opportunities. Here, the abundance of pre-

RQ1: Which are the most important predictors, areas and time 
periods for sediment export in the study area? 

RQ2: Is quantile regression forest a suitable approach to estimate 
past and future sediment export?  

RQ3: How did the suspended sediment export from the study area 
change in the past, how may it change in the future – and why? 
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existing knowledge and measurement timeseries is outstanding, especially in the Rofental, a 
subcatchment of the Ötztal upstream gauge Vent (Strasser et al., 2018) (for a map see e.g. 
Figure 2.1). For example, discharge time series are available for the gauges Vent and Vernagt 
since 1967 and 1974, respectively, alongside previous studies on hydrological modeling (Kuhn 
et al., 2016; Kormann et al., 2016; Tecklenburg et al., 2012), especially of future hydrological 
changes (Hanzer et al., 2018). The gauges Vernagt, Vent, Sölden and Tumpen along the 
Rofenache and Ötzaler Ache form a series of nested catchments, which enables investigations 
on several spatial scales of both discharge and suspended sediments. At gauge Vent, SSC 
measurements are available since 2006, and at gauge Vernagt, SSC measurements from 2000 
and 2001 (Naeser, 2002) provide a unique opportunity for model validation (section 3.3.1). 

Moreover, the two largest glaciers in the Rofental catchment above gauge Vent, the 
Vernagtferner and the Hintereisferner have been monitored since 1964/65 and 1952, 
respectively. Additionally, the VF is one of the very few alpine glaciers where summer and 
winter mass balances have been determined separately (Escher-Vetter, 2007), which allows for 
more detailed analyses (see section 3.5.2).  

Additionally, long observations of precipitation and temperature (Strasser et al., 2018) and 
previous water balance and meteorological analyses (Kuhn et al., 1982; Braun et al., 2007) are 
available. This is complemented by knowledge on permafrost (Sailer et al., 2014; Klug et al., 
2017) and a more general permafrost distribution map for the European Alps (Boeckli et al., 
2012), on the hydrological functioning of the Vent catchment via isotope-based hydrograph 
separation (Schmieder et al., 2016, 2018a), the availability of digital elevation models (Land 
Tirol, 2016), glacier inventories (e.g., Fischer et al., 2015; Buckel and Otto, 2018) and MODIS-
derived snow cover data (Matiu et al., 2020). Finally, the absence of reservoirs or (significant) 
influence of hydropower (see also section 2.2.1) allows studying sediment dynamics in a 
relatively undisturbed area.  

1.6.1 QUANTILE REGRESSION FOREST  

QRF is based on (classification and) regression trees (Breiman et al., 1984). These are 
constructed by recursively splitting the data according to rules to obtain groups with similar 
values of the response variable. (An oversimplified splitting rule example would be: if air 
temperature is ≤ 0°C, all SSC are close to zero, whereas if air temperature is > 0°C, most SSC 
will be (much) larger than 0.) 

QRF repeatedly draws random subsets of the original dataset (bootstrap samples), and 
constructs decision trees for each bootstrap sample, resulting in a forest of decision trees 
(Figure 1.3). This is identical to random forest techniques, which QRF is based on, with the 
difference that random forest only keeps the mean of all single-tree predictions, whereas QRF 
keeps the entire distribution, which enables assessments of prediction uncertainty. At each 
node, the predictors used to make the split are chosen randomly, which (theoretically) allows 
to assess predictor importance (section 5.2).  Predictive performance can be analysed through 
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out-of-bag data, i.e. how well the model predicts SSC in the data that are not included in the 
bootstrap sample.  

The advantages of QRF include that it is a multivariate approach that can handle non-
normal distributions (as is the case for SSC for example) as well as interactions between 
variables (as e.g. between temperature and discharge), and that it is not bound to linear or 
monotonous relationships.  

Figure 1.3. Schematic representation of the quantile regression forest approach (modified after Carranza et al., 
2021). 
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2 UNDERSTANDING THE PRESENT

Published as: Schmidt, L. K., Francke, T., Rottler, E., Blume, T., Schöber, J., and Bronstert, A.: 
Suspended sediment and discharge dynamics in a glaciated alpine environment: identifying crucial areas 
and time periods on several spatial and temporal scales in the Ötztal, Austria Earth Surf. Dynam., 
10, 653–669, https://doi.org/10.5194/esurf-10-653-2022, 2022 

KEY POINTS 

• Analyzing 15 years of discharge and suspended sediment concentration at three 
nested gauges

• Complemented by snow cover maps, precipitation data, glacier inventories 
and glacier mass balances

• Spring onset of sediment transport coincides with snowmelt above 2500 m a.s.l.
(recently deglacierized areas, glacier forefields, little vegetation)

• Precipitation events are less important than expected (ca. ¼ of annual sediment 
export)

• Thermally induced sediment export (glacier and snow melt) is dominant

ABSTRACT

Glaciated high-alpine areas are fundamentally altered by climate change, with well-
known implications for hydrology, e.g. due to glacier retreat, longer snow-free periods 
and more frequent and intense summer rainstorms. While knowledge on how these 
hydrological changes will propagate to suspended sediment dynamics is still scarce, it is 
needed to inform mitigation and adaptation strategies. To understand the processes and 
source areas most relevant to sediment dynamics, we analyzed discharge and sediment 
dynamics in high temporal resolution as well as their patterns on several spatial scales, 
which to date few studies have done. 

We used a nested catchment setup in the Upper Ötztal in Tyrol, Austria, where high-
resolution (15-minute) time series of discharge and suspended sediment concentrations 
are available for up to 15 years (2006 – 2020). The catchments of the gauges Vent, 
Sölden and Tumpen range from 100 to almost 800 km² with 10 to 30 % glacier cover 
and span an elevation range of 930 to 3772 m a.s.l.. We analyzed discharge and 
suspended sediment yields (SSY), their distribution in space, their seasonality and spatial 
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differences therein and the relative importance of short-term events. We complemented 
our analysis by linking the observations to satellite-based snow cover maps, glacier 
inventories, mass balances and precipitation data. 

Our results indicate that the areas above 2500 m a.s.l., characterized by glacier 
tongues and the most recently deglaciated areas, are crucial for sediment generation in 
all sub-catchments. This notion is supported by the synchronous spring onset of 
sediment export at the three gauges, which coincides with snowmelt above 2500 m but 
lags behind spring discharge onsets. This points at a limitation of suspended sediment 
supply as long as the areas above 2500 m are snow-covered. The positive correlation of 
annual SSY with glacier cover (among catchments) and glacier mass balances (within a 
catchment) further supports the importance of the glacier-dominated areas. The analysis 
of short-term events showed that summer precipitation events were associated with 
peak sediment concentrations and yields, but on average accounted for only 21 % of 
the annual SSY in the headwaters. These results indicate that under current conditions, 
thermally induced sediment export (through snow and glacier melt) is dominant in the 
study area.  

Our results extend the scientific knowledge on current hydro-sedimentological 
conditions in glaciated high-alpine areas and provide a baseline for studies on projected 
future changes in hydro-sedimentological system dynamics. 

2.1 INTRODUCTION 

Glaciated high-alpine areas are central for discharge and sediment dynamics even 
beyond their catchment boundaries because the discharge and sediment fluxes from 
these areas are typically much higher (per unit area) than from lower-lying areas 
(Beniston et al., 2018; Hallet et al., 1996; Hinderer et al., 2013; Milliman and Syvitski, 
1992). As a consequence, glaciated high-alpine areas have disproportionate influence on 
downstream water quality and quantity, flood hazard, hydropower generation and 
ecological habitats (Huss et al., 2017; Vercruysse et al., 2017). 

However, glaciated high-alpine areas are also particularly sensitive to climatic change 
and climate warming is especially pronounced here (Gobiet et al., 2014). As a result of 
the rising temperatures, widespread and accelerating glacier retreat has been observed 
for several decades (e.g. Abermann et al., 2009; Sommer et al., 2020). Hydrological 
consequences include changes in water quantities (such as a transient increase in runoff) 
(Vormoor et al., 2015; Wijngaard et al., 2016), streamflow variability (van Tiel et al., 
2019) and hydrograph timing e.g. due to earlier snowmelt onset and a prolonged glacier 
melt period (Hanus et al., 2021; Kormann et al., 2016; Rottler et al., 2021, 2020).  
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Possible climate change impacts on sediment dynamics are manifold, as all of the 
hydrological changes can affect sediment dynamics by changing the magnitude and 
timing of transport capacities. At the same time, sediment supply may change as glacier 
retreat uncovers vast amounts of sediment previously inaccessible to pluvial and fluvial 
erosion (Carrivick and Heckmann, 2017; Leggat et al., 2015) and as subglacial sediment 
discharge transiently increases (Delaney and Adhikari, 2020). Intense precipitation 
events, which are projected to increase in intensity and occur more frequently (Bürger 
et al., 2019; Giorgi et al., 2016; Scherrer et al., 2016), have a higher chance of affecting 
unfrozen material during prolonged snow-free periods (Kormann et al., 2016; Rottler 
et al., 2021; Wijngaard et al., 2016) and may thereby lead to a shift in the relative 
importance of sediment sources. Adding to this, permafrost thaw can destabilize 
hillslopes and facilitate mass movements (Chiarle et al., 2021; Huggel et al., 2010; Savi 
et al., 2020). On the other hand, changes in catchment-scale connectivity can provide 
new pathways or close off old pathways for loose material to the receiving waters waters 
(Cavalli et al., 2013; Lane et al., 2017), depending on local preconditions, for example 
due to the formation of a proglacial lake.  

Balanced sediment management to address future changes is not only required in 
the context of hydropower production and reservoir sedimentation (Schöber and 
Hofer, 2018). It is also needed to prevent disturbances of the natural sediment regimes 
that may lead to decreasing species diversity and loss of habitat in aquatic environments 
(Gabbud and Lane, 2016), changing flood hazard (Nones, 2019) or changes in water 
quality (Bilotta and Brazier, 2008). In order to inform these management strategies, it is 
crucial to understand how changes in influencing factors and their complex interactions 
propagate to sediment dynamics, yet to date our understanding is still very limited (Huss 
et al., 2017).  

A first step towards facilitating the assessment of future changes is to understand 
discharge and sediment dynamics in the recent past and present. Studies that have 
embarked on this journey to date have either compared (mean) annual sediment yields 
across a number of sites (e.g. Delaney et al., 2018b; Hinderer et al., 2013; Lalk et al., 
2014; Micheletti and Lane, 2016; Schöber and Hofer, 2018; Tschada and Hofer, 1990) 
or investigated dynamics in daily or even finer temporal resolution but only at one or 
two locations (Beylich et al., 2017; Collins, 1996, 1990; Costa et al., 2018a; Guillon et 
al., 2018; Leggat et al., 2015; Orwin and Smart, 2004; Swift et al., 2005; Tsyplenkov et 
al., 2020). However, it is crucial to consider discharge and sediment dynamics in high 
temporal resolution as well as their spatial patterns in order to understand the dominant 
processes and thereby help inform modeling approaches that can put into perspective 
the effects of future changes.  

In the present study, we aim to pinpoint the areas and processes most relevant to 
sediment dynamics in combination with discharge dynamics on several spatial and 
temporal scales. Our approach builds on three combined discharge and sediment gauges 
in a nested catchment setup in the Ötztal Alpine region, where discharge data and 
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relatively long suspended sediment time series of up to 15 years are available in high 
temporal resolution for catchments of 100 to almost 800 km² in size. To improve the 
existing sediment concentration data set, we improved the relationship between 
turbidity and suspended sediment concentrations at the gauge in Sölden by operating 
an automatic water sampler. To complement our analysis, we investigate glacier 
inventories and mass balances, precipitation data, satellite-based snow cover maps and 
land cover characteristics. 

More specifically, we (1) explore changes in discharge and suspended sediment yield 
magnitudes across spatial scales, (2) analyze the seasonal distribution of both fluxes as 
well as the relative importance of (precipitation) events as compared to snow and glacier 
melt and (3) examine the importance of different elevation bands for sediment export 
in spring using a synoptic view of snow cover evolution and sediment seasonality. 

2.2 METHODS 

2.2.1 STUDY AREA 

The study area is a nested catchment setup within the Ötztal valley in Tyrol, Austria 
(Figure 2.1). The Ötztal Alps are part of the Ötztal−Stubai massif within the crystalline 
central Eastern Alps and biotite−plagioclase, biotite and muscovite gneisses, variable 
mica schists and gneissic schists dominate (Strasser et al., 2018). The entire catchment 
of 783 km² stretches from 931 m a.s.l. at the gauge in Tumpen (T) to 3772 m a.s.l. at 
the Wildspitze, the highest summit of Tyrol. Nested within are the 441 km² catchment 
of the gauge in Sölden (S) at 1343 m a.s.l. and the 98 km² catchment of the gauge in 
Vent (V) at 1891 m a.s.l. (Table 2.1). The areas between the gauges in Vent and Sölden 
(i.e., the area downstream of Vent and upstream of Sölden) and between Sölden and 
Tumpen have been termed S-V and T-S, respectively.  

The climate in the catchment is comparatively dry since it is located in the inner 
Alpine region and is shielded from precipitation arriving from both the north and the 
south (Kuhn et al., 1982). Annual precipitation recorded at valley stations such as Vent 
(687 mm) and Längenfeld (see Figure 2.1, 730 mm) (Hydrographic Yearbook of Austria, 
2016) is much lower than recordings by accumulating rain gauges in altitudes >3000 m, 
where annual precipitation can exceed 1500 mm (Kuhn et al., 2016; Strasser et al., 2018). 
The precipitation gradient with elevation has been estimated at about 5 % per 100 m 
(Schöber et al., 2014). Mean annual temperature at the gauge in Vent is 2.5 °C (Strasser 
et al., 2018) and increases to 6.3 °C at Umhausen (see Figure 2.1), 5 km upstream of the 
Tumpen gauge (Zentralanstalt für Meteorologie und Geodynamik (ZAMG), 2013). 
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Figure 2.1. Nested catchment areas of the three gauging stations Vent, Sölden and Tumpen within the 
Upper Ötztal, Tyrol, Austria. The locations of the Hintereisferner and Vernagtferner glaciers are marked by 
HEF and VF, respectively. ‘VF meteo’ shows the location of the Vernagtferner meteorological station (Bavarian 
Academy of Sciences and Humanities), providing precipitation and air temperature data for the event analysis. 
Sources: 10 m DTM of Tyrol (Land Tirol, 2016), glacier inventory 4, 2015 (Buckel and Otto, 2018), rivers 
and water bodies by tiris open government data (Land Tirol, 2021). 

The Ötztaler Ache is one of the largest tributaries of the Inn River and is fed by the 
Venter Ache and Gurgler Ache (Gattermayr, 2013). Upstream of Tumpen, the Ötztaler 
Ache is largely uninfluenced by hydropower, with a few small hydroelectric plants 
upstream of the gauges in Sölden and Tumpen that do not retain water and temporarily 
store coarse sediment fractions in sand traps. The Ötztaler Ache shows a strong 
seasonality with a snow- and ice-melt-dominated peak in summer (e.g., Strasser et al., 
2018) and low-flow conditions in winter. 

All sub-catchments are partially glaciated, ranging from almost 28 % glacier cover in 
the Vent catchment to 10 % glacier cover in the Tumpen catchment (Table 2.1). 
Glaciers in the area are subject to accelerating glacier reftreat, as can be seen in the 
difference between the two glacier inventories (3 and 4) from 2006 and 2015 (Buckel 
and Otto, 2018; Fischer et al., 2015). The magnitude of this glacier retreat is illustrated 
in the reduction in glacier cover from almost 35 % in 2006 to 28 % in 2015 in the Vent 
catchment. With respect to land cover, high elevations are dominated by glaciers and 
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bare rock or sparsely vegetated terrain while lower altitudes are characterized by 
mountain pastures and coniferous forests as well as agriculture in the valley floors. 

Table 2.1. Characteristics of the sub-catchments. Calculations based on: 1DTM of Tyrol, 10m resolution 
(Umweltbundesamt, 2018), 2Glacier inventory 3 (Fischer et al., 2015) and 3Glacier inventory 4 (Buckel and 
Otto, 2018) using ArcGIS Version 10.6.1. 

Catchment Vent (V) S-V Sölden (S) T-S Tumpen 
(T) 

Catchment size        
[km²] 1 98.1 342.7 440.8 342.0 782.8 

Mean elevation          
(min - max) 
[m.a.s.l.] 1 

2891      
(1891-
3772) 

2607      
(1343-
3619) 

2670         
(1343-
3772) 

2250        
(931- 
3496) 

2487        
(931- 
3772) 

Mean slope         
(min – max) [°]1 25 (0 - 76) 29 (0 - 83) 28 (0 - 83) 32 (0 - 83) 30 (0 - 83) 

Glacier cover GI 3   
(2006) [%] 2 34.4 14.8 19.2 4.9 12.9 

Glacier cover GI 4  
(2015) [%] 3 28.1 11.9 15.6 3.6 10.3 

Glacier cover GI 3  
(2006) [km²] 2 33.7 50.8 84.5 16.8 101.3 

Glacier cover GI 4  
(2015) [km²] 3 27.6 41.0 68.6 12.4 81.0 

2.2.2 DATA AND ANALYSES 

2.2.2.1 DISCHARGE AND SEDIMENT CONCENTRATION 

DATA 

For our analyses, we used discharge and turbidity-based suspended sediment 
concentration data from the three gauging stations in Vent (Rofenache), Sölden and 
Tumpen as depicted in Figure 2.1 (Table 2.2).  

Although discharge data have been recorded by the Hydrographic Service of Tyrol 
since 1967 and 1976 in Vent and Tumpen, respectively, we only considered the period 
of time when concomitant turbidity measurements are available, i.e., since 2006. This 
was to focus on analyzing the present and recent past and to exclude long-term trends, 
e.g., due to increased glacier ablation since the 1980s (Hock, 2020), as much as possible.

Sediment concentration data at all stations are acquired by continuous turbidity
measurements using optical infrared turbidity sensors (Solitax sensors by Hach, yielding 
tentative concentrations in mg L-1). At the gauges in Vent and Tumpen, we used the 
data as received by the Hydrographic Service of Tyrol. These data result from a 
calibration of turbidity data to sediment concentrations based on water samples that 
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were taken by hand close to the turbidity probes in the stream and at several points 
spanning the width of the gauge (for details see Lalk et al., 2014). These data have been 
quality-checked by the Hydrographic Service except for the years 2019 and 2020. 

Table 2.2. Characteristics and sources of investigated data. (HD: Hydrographic Service of Tyrol, Austria; 
TiWAG: Tiroler Wasserkraft AG/hydropower company of Tyrol). *Turbidity measurements in Vent and 
Sölden are interrupted during the winter months to prevent damage to the equipment by ice. 

Station Variable Temporal 
resolution 

Spatial 
resolution 

Time period Source 

Vent 
(Rofenache) 

Discharge 15 min Gauge 
measurement 2006 - 2020 HD 

Suspended 
sediment 
concentrations* 

15 min Gauge 
measurement 2006 - 2020 HD 

Sölden 
Discharge 15 min Gauge 

measurement 2012 - 2020 TiWAG 

Suspended 
sediment 
concentrations* 

15 min Gauge 
measurement 

2012 – 2020 
(2018 
missing) 

TiWAG 

Tumpen 
Discharge 15 min Gauge 

measurement 2006 - 2020 HD 

Suspended 
sediment 
concentrations 

15 min Gauge 
measurement 2006 - 2020 HD 

All
catchments Snow cover daily 250 m 2002 - 2018 

Matiu 
et al. 
(2020) 

Similarly, at the gauge in Sölden, the TiWAG used water samples taken close to the 
turbidity sensor  to translate turbidity measurements into a continuous sedigraph from 
2012 to 2017 (see Schöber and Hofer, 2018, for details). We took additional water 
samples in 2019 and 2020 using automatic samplers (MAXX P6 L Vacuum) in order to 
improve the data situation especially at rarely sampled high concentrations and to 
continue observations as measurements by the TiWAG had been discontinued after 
2017. For this purpose, the turbidity values recorded by the turbidity probe were 
recorded by a logger programmed to initiate sampling if one of three criteria was met: 
(i) regular sampling to ensure one sample at least every 4 d, (ii) threshold-based sampling 
to obtain samples across the whole range of possible turbidity values and (iii) event-
based sampling. For the latter, a sample was initiated if the turbidity increase was steeper 
than a predetermined empirical threshold and if the absolute turbidity level exceeded 
the moving average of the past 10 d. The suction tube of the automatic sampler in 
Sölden was attached to the turbidity sensor’s case, which was immersed at the side of 
the channel. The collection of one sample takes ca. 1.5 minutes, and we specified that 
two samples had to be at least 30 min apart. Gravimetric sediment concentrations 
SSCg [g L-1] were then determined in the laboratory by filtering the water samples onto 
glass fiber filters with a pore size of 0.45 µm and drying the filters at 60 °C until the 
weight was constant (see e.g. Delaney et al., 2018b).
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In total, we took 99 samples in Sölden between April 2019 and October 2020. To 
verify whether these can be combined with the 268 samples taken by the TiWAG 
between 2012 and 2017, we tested for significant differences between linear models 
estimated for the two groups by means of an ANCOVA (analysis of covariance). This 
showed no significant differences between the two linear models. However, strictly 
speaking, the assumptions for an ANCOVA are violated because the residuals of the 
TiWAG data are not normally distributed (Shapiro−Wilk test, p < 0.001). By contrast, 
the residuals of our data are normally distributed (Shapiro−Wilk test, p = 0.03), which 
allows for the computation of confidence and prediction intervals around the linear 
model (Figure 2.2). Since all data points of the TiWAG samples are located within the 
prediction interval and the linear model based on TiWAG data lies within the 
confidence interval of the linear model based on our data, we conclude that there is 
good enough agreement to estimate one linear model using all 367 available samples. 
The resulting model (𝑆𝑆𝑆𝑆𝑆𝑆[g L−1 ] = 1.8487 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 [g L−1] + 0.0079, R²  =  0.84) i s 
applied to the complete turbidity time series.  

The variance observed in the SSC−turbidity relationship does not appear to be 
unusually high compared to other studies reporting similar coefficients of determination 
(Delaney et al., 2018b; Felix et al., 2018) and can be attributed to changes in particle 
size, shape or color (Merten et al., 2014).  

From the discharge and SSC data, we calculated sediment discharge Qsed [t/s] (for 
the analysis of events), water yield WY [m³/time], suspended sediment yield SSY 
[t/time] (to assess the magnitude of water and sediment export) and annual specific 
discharge sQ [mm a-1], annual specific suspended sediment yield sSSY [t km-2 a-1] (for 
comparison among gauges) as follows:  

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) ∙ 𝑄𝑄(𝑡𝑡), where Q is discharge [m³ s-1] 

𝑊𝑊𝑊𝑊 = ∆𝑡𝑡 ∙ ∑ 𝑄𝑄 and 𝑆𝑆𝑆𝑆𝑊𝑊 = ∆𝑡𝑡 ∙ ∑ 𝑄𝑄𝑄𝑄𝑄𝑄𝑡𝑡 ,  w here ∆t is the co rre spo ndin g temporal 
resolution [s], and 

𝑄𝑄𝑄𝑄 = 𝑊𝑊𝑊𝑊
𝐴𝐴 

 and 𝑄𝑄𝑆𝑆𝑆𝑆𝑊𝑊 =  𝑆𝑆𝑆𝑆𝑊𝑊
𝐴𝐴 

, where A [km²] is the catchment area. 

In order to assess discharge and sediment flux seasonality, we calculated the 
percentage of annual water yield pw(WOY) and annual suspended sediment yield 
psed(WOY) exported in a given week of year (WOY) as 

p𝑤𝑤(WOY) =  𝑊𝑊𝑊𝑊(𝑊𝑊𝑊𝑊𝑊𝑊)
𝑊𝑊𝑊𝑊(𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦)

and  p𝑠𝑠𝑠𝑠𝑠𝑠(WOY) =  𝑆𝑆𝑆𝑆𝑊𝑊(𝑊𝑊𝑊𝑊𝑊𝑊)
𝑆𝑆𝑆𝑆𝑊𝑊(𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦)

. 
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Figure 2.2. Gravimetric suspended sediment concentrations SSCg in samples vs. turbidity measured at the 
gauge in Sölden. TiWAG samples taken between 2012 and 2017 are all located within the prediction interval 
of the linear regression based on our samples and the linear model based on TiWAG data is located within the 
confidence interval.  

2.2.2.2 SEDIMENT EVENT ANALYSIS 

To assess the relative importance of sediment events in time and space, we analyzed 
the largest Qsed events of each year in Vent and Tumpen. We excluded Sölden from the 
analysis, as comparability would be limited since data are missing before 2012 and in 
2018. 

For the Vent catchment, we analyzed the events with respect to the antecedent air 
temperature and precipitation conditions. Since availability of high-quality (i.e. gap-free) 
data in high temporal resolution is limited, we confined this analysis to the years 2011 
to 2020. We based our analysis on Qsed calculated from discharge and sediment 
concentrations at the gauge in Vent and precipitation and air temperature data from the 
Vernagtferner station (2640 m a.s.l., located 6.25 km west of the gauge in Vent within 
the catchment) provided by the Bavarian Academy of Sciences. We visually identified 
Qsed peaks that were clearly higher than the characteristic daily amplitude of the 
respective season. Since automatic event detection is not straightforward and thresholds 
are unsuitable due to the intense interannual and seasonal variability in Qsed, we used 
expert knowledge to visually identify the events based on the beginning of the rising 
limb and the return to the before-event Qsed or the point of inflection before the next 
event or daily fluctuation.  

In order to be classified as a precipitation event, precipitation had to be > 3 mm in 
the 24 hours before of the end of the Qsed event. We chose this low threshold, since the 



24 

2  |  UNDERSTANDI NG THE PRESENT  

point-like measurements often represent an underestimate of catchment precipitation 
due to the high spatial variability of precipitation within the almost 100 km² catchment 
and topographic effects. Additionally, we considered the hydrograph shape at the gauge 
in Vent as complementary indication, which typically shows a sharp increase in the case 
of a precipitation event. For classification as a melt-induced event, liquid 
precipitation had to be smaller than 3 mm within 24 h and the mean absolute 
temperature had to be above 1.5 °C. Additionally, we used the temporal development 
in daily snow cover data (Sect. 2.2.2.3) for the verification of snowmelt events.  

For the Tumpen catchment, we visually identified Qsed peaks as described above for 
the years 2011 to 2020 to ensure comparability. However, given the almost 800 km² 
area of the Tumpen catchment with considerable topography, there are only a few 
stations measuring precipitation for the whole time and in sufficient temporal (i.e., sub-
daily and preferably sub-hourly) resolution. Therefore, we did not classify the events 
with respect to precipitation events. 

2.2.2.3 GIS ANALYSIS, SNOW COVER DATA AND 

STATISTICAL ANALYSES 

To derive the catchment areas for the three gauges, we used ArcGIS (version 10.6.1; 
Environmental Systems Research Institute, 2018) and the 10 m Digital Terrain Model 
of Tyrol (Land Tirol, 2016) to calculate the flow direction (D8) and flow accumulation, 
and finally we used the watershed tool. We then clipped the glacier areas of the glacier 
inventories 3 (Fischer et al., 2015) and 4 (Buckel and Otto, 2018) with the resulting 
catchment areas to obtain the respective glacier areas within the catchment (Table 2.1) 
and erased the areas of glacier inventory 4 of 2015 from the inventory 3 of 2006 to 
assess recently deglaciated areas.  

In order to analyze land cover classes within the different elevation bands, we first 
calculated 250 m elevation bands for the whole catchment area upstream the gauge in 
Tumpen using the contour tool. Subsequently, we clipped glacier inventories and 
CORINE land cover data (Umweltbundesamt, 2018) to the elevation band areas.  

We calculated average weekly snow-free areas based on data provided by Matiu et 
al. (2020), who used MODIS remote sensing products and derived daily nearly cloud-
free snow cover data for the European Alps using temporal and spatial filters. We used 
these gridded data and intersected them with the areas of the 250 m elevation bands to 
gain the daily percentages of snow-free area for each elevation band and averaged these 
for each week of the year. In this, our basic idea is similar to the active contributing 
drainage area (ACDA) as proposed by Li et al. (2021), which uses the freezing line 
altitude to quantify the percentage of the catchment where the ground is unfrozen and 
thus susceptible to erosion. However, as an advantage over the ACDA, which yields the 
percentage of unfrozen area for the whole catchment, we are able to differentiate 
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between different areas within the catchment. We consider the resulting snow-free 
fraction of the respective elevation bands to be potentially erodible under the 
assumption that the ground no longer covered by snow is largely unfrozen and thus 
susceptible to erosion.  

All statistical analyses were conducted in R version 3.5.1 (R Core Team, 2018). 

2.3 RESULTS 

2.3.1 SPATIAL DIFFERENCES IN MEAN ANNUAL

DISCHARGE AND SUSPENDED SEDIMENT 

YIELDS

Mean annual specific discharge (sQ) is highest in the Vent catchment with 1543 
mm a-1, and gradually decreases to 885 mm a-1 in the T-S catchment, i.e. the area 
between the lowest gauge in Tumpen and the gauge in Sölden. Specific suspended 
sediment yield (sSSY) is markedly higher in the Vent catchment (1532 t km-2 a-1 on 
average) as compared to Sölden and Tumpen (1071 and 954 t km-2 a-1 on average) and 
the intermediate catchments. Adding to this, sSSY shows much higher interannual 
variability than sQ and the variability is highest at the gauge in Vent.  

Absolute mean annual discharge and sediment yield increases with increasing 
catchment size (Table 2.3). The distributions of both fluxes are severely right-skewed 
(as the location of mean to maximum values show) since low values are much more 
frequent than high values. Maximum sediment concentrations decrease slightly with 
increasing catchment size, which points to a dampening along the flow-path. 

Table 2.3. Mean (min−max) observed values of discharge (Q), suspended sediment concentration (SSC) and 
suspended sediment yield (SSY) at the three gauges. For better comparability between the stations, SSCs recorded 
during the winter months from November to April were set to zero if there were NA values. 

Station Q [m³ s-1] 
mean 
(min-max) 

SSC [g L-1] 
mean 
(min-max) 

SSY [103 t a-1] 
mean 
(min-max) 

Vent 
(2006 – 2020) 

4.8 
(0.1 – 76.3) 

0.54 
(0 – 59.2) 

150.3 
(72.0 – 238.0) 

Sölden 
(2012 – 2020) 

19.2 
(0.9 – 247.6) 

0.59 
(0 – 49.2) 

472.3 
(291.3–797.0) 

Tumpen 
(2006 – 2020) 

27.2 
(2.7 – 266.2) 

0.60 
(0 – 50.7) 

747.6 
(339.8–1167.8) 

To investigate whether the spatial differences of mean sQ and sSSY are equally 
distributed across the seasons, we subdivided the year into seasons that match 
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governing hydrological processes, so that ‘spring’ from April to June corresponds to the 
time dominated by snowmelt and ‘summer’ from July to September corresponds to the 
bulk of glacier melt (Figure 2.3). 

Figure 2.3. Mean annual specific discharge (sQ) and suspended sediment yields (sSSY) at the gauges Vent, 
Sölden and Tumpen as well as the intermediate catchments between gauges in Vent and Sölden (S-V) and 
between gauges in Sölden and Tumpen (T-S). Bars are divided into seasons: winter (Jan – Mar), spring (Apr – 
Jun), summer (Jul – Sep), autumn (Oct – Dec). Whiskers depict minimum and maximum annual values. 

Both discharge and suspended sediment export are not equally distributed 
throughout the year. The discharge regimes at all gauges are clearly dominated by spring 
and summer streamflow (April – September), whereas autumn and winter discharge 
contributions (October – March) are small and almost equal across all sub-catchments. 
The most striking differences between the sub-catchments occur during the glacier melt 
period in summer, when sQ in the Vent catchment is markedly higher than in the 
downstream catchments.  

Sediment yield is even more seasonal than discharge, with almost no export during 
autumn and winter (October – March). Mean summer sSSY values are markedly higher 
in Vent (1250 t km-2 a-1) than in the other catchments (660 – 860 t km-2 a-1), and 
differences between the sub-catchments are less pronounced in spring (ranging from 
200 t km-2 a-1 in the S-V to 300 t km-2 a-1 in the T-S sub-catchment). 

2.3.2 DISCHARGE AND SUSPENDED SEDIMENT

YIELDS IN RELATION TO GLACIER COVER AND 

GLACIER MASS BALANCES

Annual specific discharge (sQ) and suspended sediment yields (sSSY) show 
significant positive correlations (significance level α = 0.01) with increasing glacier cover 
among the respective catchments, although the high inter-annual variation in sSSY leads 
to a much weaker relationship and lower R² than for sQ (Figure 2.4).  
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Figure 2.4. Annual specific discharge (left) and annual specific suspended sediment yields (right) vs. glacier 
cover (glacier inventory 4, 2015; Buckel and Otto, 2018) in the sub-catchments. 

Minimum and maximum annual water yields at the three gauges differed by a factor 
of 1.3 to 1.5 in the years 2006 to 2020, while annual sediment yields varied by a factor 
of 3.3 to 5.4 (see also whiskers in Figure 2.3 or the range of values at each gauge in 
Figure 2.4 and Figure 2.5). For both variables, the interannual variability was most 
pronounced at the highest gauge in Vent. 

In order to examine this, we considered the relationship between annual water 
yield and annual suspended sediment yield as well as the relationship of both to annual 
glacier balances. Unfortunately, we had to limit the latter analysis to the Vent catchment 
as mass balance data for glaciers within the other sub-catchments are lacking.  

Figure 2.5. Annual water and suspended sediment yield at the gauges in Vent, Sölden and Tumpen. 

We did not find a clear relationship of annual water yield and annual sediment yield at 
any of the gauges (Figure 2.5). However, the interannual variability can be at least partly 
attributed to differences in glacier mass balances: both sQ and sSSY in Vent correlate 
positively with the cumulative annual mass balances of Vernagt- and Hintereisferner 
(Figure 2.6), the two largest glaciers within the Vent catchment. Although the 
correlation for the entire available sQ and mass balance time series since 1976 (grey line 
in left panel of Figure 2.6) is significant (α = 0.01), the correlation for the years since 
2006 (i.e., the period of time investigated in this paper) is not significant and has a very 
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low R². The correlation between sSSY and annual balances is significant at a level of α 
= 0.05. 

Figure 2.6. Correlation of annual specific discharge and annual specific suspended sediment yields at the 
gauge in Vent with the sum of annual mass balances of the two largest glaciers within the Vent catchment (in 
millimeters), Vernagtferner and Hintereisferner (World Glacier Monitoring Service, 2021), corresponding to the 
respective glacier areas. The grey points, line and R² in the left panel refer to the entire available sQ and mass 
balance time series starting in 1976. 

2.3.3 SEASONALITY OF DISCHARGE AND 

SUSPENDED SEDIMENT YIELDS AND SPATIAL 

DIFFERENCES THEREIN 

In order to assess discharge and suspended sediment seasonality for different spatial 
scales, we calculated the percentages of annual water yield pw(WOY) and annual 
suspended sediment yield psed(WOY) that are transported in a given week of year WOY 
(Figure 2.7). 

Water yield is very low between October and March at all gauges due to temperatures 
below the freezing point. As temperatures start to rise in spring, snowmelt usually starts 
around March in low elevations and mid-May in high elevations (see also Figure 2.8) 
causing the initial increases in water yield. In Sölden and Tumpen, peak pw(WOY) values 
are recorded in early June, whereas the highest pw(WOY) values in Vent are not achieved 
until the end of June or early July. Water yield at all gauges recedes as temperatures start 
to drop in September.  

Suspended sediment seasonality is even more pronounced than discharge 
seasonality, as sediment yields start to increase later in the year and decrease earlier, and 
they are thus constrained to a smaller time window at all gauges (Figure 2.7). The highest 
psed(WOY) values occur during the ice-melt-dominated period after mid-July, coinciding 
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with the highest weekly pw(WOY) at the gauge in Vent but delayed with respect to peak 
pw(WOY) at the lower-lying gauges (Figure 2.7).  

Discharge seasonality becomes more pronounced with elevation (Figure 2.7): of the 
annual water yield, 62 %, 52 % and 50 % are generated in summer in Vent, Sölden and 
Tumpen, and 11%, 13% and 14% in winter and autumn, respectively. An analysis of 
the individual years showed that the timing of the water yield increase in early spring is 
very similar at the three gauges. However, initially specific discharge is lower in Vent 
compared to Sölden and Tumpen, as snowmelt starts roughly at the same time in spring 
in all sub-catchments, but at a much lower rate upstream compared to downstream as 
temperatures above the freezing point occur earlier in lower areas. Later in summer, 
specific discharge is higher in Vent as compared to Sölden and Tumpen.  

Figure 2.7. Seasonality illustrated by mean percentages of annual water yield (pw(WOY)) and suspended 
sediment yield (psed(WOY)) per week of year at the three gauges. Lightly colored areas show interquartile ranges 
(i.e. 25 % and 75 % quantiles).  

Interestingly, the timing and seasonal distribution of specific sediment yield are very 
similar at the three gauges (Figure 2.7), although absolute sediment yield is higher at the 
downstream gauges. This was also confirmed by an analysis of individual years: only in 
4 of the 15 years of data (2007, 2009, 2018 and 2019) were very small portions of the 
annual SSY in Tumpen transported starting 2 weeks before the initial rise in Vent, but 
the first sharp increase in SSY was always simultaneous at the three gauges. Thus, 
suspended sediment seasonality changes only slightly with elevation: 81 %, 80 % and  
76 % of the annual SSY are transported in summer in Vent, Sölden and Tumpen 
and 18 %, 19 % and 23 % in spring, respectively. The striking decrease in 
psed(WOY) at all stations in week 33 (i.e. around mid-August) is due to the 
coincidental absence of large events in the observed period in this week compared to 
the weeks before and after.  



2  |   UNDERSTANDI NG THE PRESENT 

30 

2.3.4 SPATIOTEMPORAL DYNAMICS OF SNOW

COVER AND SUSPENDED SEDIMENT 

SEASONALITY

To explore the simultaneous onset of sediment export at all sites and the delay 
compared to the initial rises in water yield, we used a synoptic view of the mean 
spatiotemporal snow cover evolution with sediment seasonality.  

The spatial snow cover evolution shows that in March (ca. week 10), the entire area 
above 2000 m is usually covered by snow (Figure 2.8). Until the end of April (ca. week 
18), the area above 2500 m is still entirely snow-covered while about 20 % and 60 % of 
the two elevation bands below 2500 m are already snow-free. Starting in May, snow 
melts in areas above 2750m.  

Figure 2.8. Mean weekly percentage of annual SSY psed(WOY) and median snow free fraction resolved to 
selected elevation bands (above 2000 m a.s.l.) within the Tumpen catchment. Lightly colored areas depict 
interquartile ranges (i.e. 25 % and 75 % percentiles). 

The initial rise in psed(WOY) at all gauges coincides with the onset of snowmelt 
above 2500 m. Further differentiation between the elevation bands above 2500 m is 
difficult: firstly, an analysis of the individual years showed that snowmelt often started 
simultaneously in all elevation bands above 2500 m (although with different intensities). 
Furthermore, Matiu et al. (2020) warn against analyses of short periods of time that are 
too detailed due to uncertainties in the snow cover data and advise to average over 
weeks to months. Yet what was clear from the analysis of individual years as well as 
from Figure 2.7 is that the onset of snowpack removal in the areas below 2500 m always 
preceded the initial rise in suspended sediment psed(WOY) at the three gauges. 
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In autumn, sediment export declines as soon as the first snow cover starts to build 
up, which happens simultaneously at all elevations above 2000 m but to variable extents. 

2.3.5 CHARACTERISTICS OF AREAS ABOVE 2500 M

A.S.L. 

To investigate whether the co-occurrence of snowmelt above 2500 m with spring 
increases in sediment export is linked to changes in land cover, we analyzed CORINE 
land cover data for the individual elevation bands (Figure 2.9). The most striking 
differences between the areas below and above 2500 m a.s.l. are the decrease in natural 
grasslands and the increase in bare rock surfaces. Moreover, the first glacier areas can 
be found above 2500 m and for most glaciers in the area, the (tip of the) glacier tongue 
is located here. In the elevation band below, between 2250 and 2500 m a.s.l., 93 % of 
the 0.5 km² glacier area that had remained in this elevation band during the glacier 
inventory of 2006 had melted by 2015. Thus the most recently deglaciated proglacial 
zones – with a much larger area of 3.2 km² glacier retreat between 2006 and 2015 – are 
located between 2500 and 2750 m.  

Figure 2.9. Land cover in the elevation bands between 2000 and 3000 m a.s.l., based on CORINE land 
cover data (Umweltbundesamt, 2018). 

2.3.6 EVENT-BASED ASSESSMENT OF SUSPENDED

SEDIMENT DYNAMICS

For Vent, we identified between 6 and 16 Qsed events per year and a total of 100 
events. Of the counted events, 95 % were shorter than 24 hours and the periods 
classified as events correspond to 0.5 to 1.5 % of the year. All events combined 
transported on average 7 % of the annual water yield (min. 4 % - max. 9 %, i.e., 6 × 106 
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to 13 × 106 m³) and 25 % of the annual sediment yield in Vent (min. 12 % – max. 
40 %, i.e., 8.5 × 103 to 57 × 103 t).  

In Tumpen, we identified between 7 and 13 events per year and a total of 84 events. 
Compared to the 100 events identified in Vent, this means that some of the events 
detected in Vent did not stand out against the diurnal amplitude in Tumpen. The events 
in Tumpen were slightly longer than the events in Vent, as only 83 % were shorter than 
24 hours. All events combined on average accounted for 6 % of the annual water yield 
(min. 4 % and max. 9 %, i.e. 35 × 106 and 80 × 106 m³) and 26 % of the annual SSY in 
Tumpen (min. 16 % to max. 38 %, i.e., 102 × 103 t to 372 × 103 t). Similar to Vent, the 
periods classified as events correspond to 1 to 2 % of the year. 

Although we only examined the events of the last 10 years, these proportions seem 
to be representative for the whole time series since 2006, as indicated by the grey area 
in Figure 2.10, which shows that up to almost 40 % of the cumulated yield is transported 
within 2 % of the time.  

Figure 2.10. Duration curves of water and suspended sediment yield based on 15-min data. The grey area 
represents the percentage of time classified as events. Note that the three lines for suspended sediment are very 
similar and might appear as only one line. 

Of the identified events, 84 % were associated with precipitation, while the 
remaining events were associated with the melting of snow or ice. The events associated 
with precipitation transported on average 21 % (min. 7 % - max. 40 %) of the annual 
SSY and 5 % (min. 2 % - max. 9 %) of the annual water yield. The most extreme event 
was observed in August 2014, when 26 % of the annual SSY (ca. 26 000 t) and 2.2 % of 
the annual water yield were transported in only 25 h. We hypothesize that this was 
associated with mass movements, as the event was preceded by a prolonged 
precipitation period (67 mm within 7 d and 30 mm within 24 h before the event), but 
do not have field observations from this time. 
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However, we did observe an event on 28 August 2020, when an extreme precipitation 
event of about 100 mm within 3 d led to a mass-wasting event onto the Hintereisferner, 
one of the largest glaciers within the Vent catchment. A total of 13 % of the annual SSY 
at the gauge in Vent (about 15 000 t) was exported within the first 30 h and 20 % within 
4 d. The starting zone of the observed mass movement is located in an area with a high 
probability of permafrost occurrence (Boeckli et al., 2012). 

2.4 DISCUSSION 

2.4.1 MAGNITUDES OF WATER AND SUSPENDED

SEDIMENT YIELD

We determined the order of magnitude of mean specific discharge (sQ) and specific 
suspended sediment yields (sSSY) on several spatial scales of 900 to 1500 mm a-1 for 
discharge and 1000 to 1500 t km-2 a-1 for sSSY, which generally correspond well to 
values reported for other catchments in the Ötztal and Stubai Alps (Schöber and Hofer, 
2018). Our estimates of sSSY fall at the high end compared to the extensive collection 
of studies compiled by Hinderer et al. (2013) for the European Alps: only three 
catchments (the Haut Glacier D’Arolla and, the Tsidjiore Nouve and the Vispa with 
higher or similar glacier cover compared to Vent) showed higher annual sSSY than at 
the gauge Vent. Remarkably, the specific discharge of the order of 1500 mm at the gauge 
in Vent appears high compared to areal precipitation estimates for the Vent catchment 
between 1200 and 1500 (Hanzer et al., 2018; Kuhn et al., 2016; Stoll et al., 2020), leaving 
almost no room for evapotranspiration. This phenomenon can be explained by the 
contribution of non-equilibrium glacier melt and thus release of water from long-term 
glacier storage (Hock et al., 2005). 

2.4.2 SPATIAL DIFFERENCES IN DISCHARGE AND

SSY AS WELL AS RELATIONS TO GLACIER

COVER AND MASS BALANCES

We found that mean annual values for both sQ and sSSY were highest at the gauge 
in Vent and thus correlate positively with glacier cover among the analyzed catchments. 
Similar correlations have been reported across the European Alps for spatially distinct 
catchments (Hinderer et al., 2013; Lalk et al., 2014; Schöber and Hofer, 2018) as 
opposed to the situation of nested catchments in our study.  

The increase in specific discharge with glacier cover among catchments is reasonable 
given its correlation with high-altitude, non-equilibrium glacier storage and higher 
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contribution of glacier meltwater in Vent compared to lower elevations, where 
snowmelt gains in relative importance (Kormann et al., 2016; Kuhn et al., 2016; Weber 
and Prasch, 2016a). However, precipitation also increases with elevation: mean annual 
precipitation at the gauge in Vent of 666 mm is much lower than the 1200 to 1500 
mm estimated for the Vent catchment, and even 1525 to 1900 mm is reported for the  
11.4 km² Vernagtferner sub-catchment (2600 – 3600 m elevation) (Braun et al., 2007; 
Kuhn et al., 2016; Hanzer et al., 2018; Stoll et al., 2020). Further contributing factors 
are lower temperatures and vegetation cover leading to lower evapotranspiration 
in higher elevations. 

Looking at interannual differences within the Vent catchment, annual sQ of the 
period 2006 to 2020 did not show a significant correlation with glacier mass balances 
and a very low R², as opposed to the entire available time series since 1976 (Figure 2.6). 
We attribute this to the leverage of individual years such as 2014, when a ca. 10-year 
flood occurred in the Ötztaler Ache on August 13th and the percentage of the annual 
water yield during precipitation events was 9 % (the highest percentage of the 10 years 
examined) while, unusually, the annual glacier mass balance was close to zero.  

The increase in mean sSSY with glacier cover is in line with the current 
understanding that glaciers act as important sediment sources, especially during the 
transitional, paraglacial state of deglaciation (Ballantyne, 2002), through glacial erosion, 
the provision of proglacial sediments following their retreat and the transport of 
subglacial sediments by meltwaters (Beylich et al., 2017; Delaney et al., 2018a; Schöber 
and Hofer, 2018). This is further supported by the negative correlation between annual 
glacier mass balance and annual sSSY (i.e., positive correlation between glacier ablation 
and sediment export) as well as our finding that differences in mean annual sQ and 
sSSY were mainly due to differences during the glacier melt period. Interestingly, 
specific discharge volumes show much lower interannual variability than sSSY, which 
we attribute to the compensating effect of glaciers for interannual streamflow variability 
(Hock et al., 2005). We did not find a clear relationship between annual water yield and 
annual sediment yield at any of the gauges and conclude that annual water yield does 
not seem to explain much of the interannual variability in SSY.  

2.4.3 SEASONALITY OF DISCHARGE AND 

SUSPENDED SEDIMENT YIELDS AS WELL AS 

SPATIAL DIFFERENCES THEREIN

We further assessed the spatiotemporal distribution by analyzing the seasonality of 
discharge and SSY at the three gauges. This showed that discharge seasonality is scale-
dependent, as water yield increases earlier at the lower gauges due to earlier onsets of 
snowmelt, as well as lower relative contributions of glacier melt and higher relative 
contributions of precipitation in lower elevations (see also Kormann et al., 2016, Weber 
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and Prasch, 2016). Accordingly, the highest weekly percentages of annual water yield 
pw(WOY) are observed during the snowmelt phase at the gauges in Sölden and Tumpen 
but during the glacier melt phase in Vent. This can be attributed to the higher percentage 
of glacier cover further upstream and associated higher daily discharge maxima during 
summer (Gattermayr, 2013). In contrast, SSY seasonality is synchronous at the three 
gauges. The mean annual cycle suggests that sediment discharge is negligible in winter. 
It has to be noted, that there are no direct SSC measurements at the Vent and Sölden 
gauges during late autumn and winter, as the respective monitoring is routinely paused 
to avoid damages to the equipment by ice and reinstalled before the initial rise in 
concentrations in spring. However, turbidity recordings at the gauge in Tumpen show 
that the total sSSY of roughly 0.5 t km-2 in January to March accounts for less than 1 % 
of the annual sSSY. Sediment supply seems to be limited in spring as the initial rise in 
water yield precedes the beginning of sediment export and similar discharge volumes 
transport higher amounts of sediment in late summer compared to spring 

2.4.4 SPATIOTEMPORAL DYNAMICS OF SNOW-
COVER AND SUSPENDED SEDIMENT 

SEASONALITY

To explore the reasons behind the simultaneous onset of suspended sediment export 
at the three gauges, we investigated the temporal evolution of snow-free area in different 
elevation bands. The snowmelt timing as derived from the MODIS product (Matiu et 
al., 2020) is well in accordance with the timing as reported by Kuhn et al. (2016).  

As the spring increase in sediment export at all gauges coincides with snowmelt 
above 2500 m a.s.l., we conclude that the areas above 2500 m are crucial source areas, 
where the determining processes are activated as the snow melts. These processes 
include the initiation of ice melt and export of sediment from subglacial and proglacial 
areas as well as increased susceptibility of snow-free and possibly unfrozen hillslopes to 
pluvial erosion. The suitability of snow-free area as a proxy for these processes is also 
supported by the coinciding decline in sediment transport and build-up of first snow 
cover in autumn.  

The areas above 2500 m contain landscape elements such as glacier tongues and 
proglacial areas, which have been identified as very significant for sediment dynamics 
in other catchments (Delaney et al., 2018a; Orwin and Smart, 2004; Schöber and Hofer, 
2018). For example, Delaney et al. (2018a) found that although far more sediment 
originated subglacially, erosion rates in proglacial areas were over 50 times greater than 
in the rest of the Griesgletscher catchment in the Swiss Alps. As another characteristic 
of the areas above 2500 m, permafrost is likely to occur in favorable or cold conditions 
according to the permafrost distribution map provided by Boeckli et al. (2012) and as 
demonstrated by Klug et al. (2017). Thus, erosion processes associated with permafrost 
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thawing could also play a role, for example as the active layer becomes susceptible to 
pluvial erosion once it has thawed (Li et al., 2021a).  

We conclude that sediment export in all three catchments is limited as long as the 
areas above 2500 m are frozen or snow-covered and subglacial sediment sources are 
still inactive. This has implications for the future, since these areas will likely be snow-
free for longer periods in summer (Hanus et al., 2021; Hanzer et al., 2018) during which 
sediments from these areas can be mobilized. At the same time, the crucial areas might 
increase in size as glaciers retreat and recently deglaciated areas increase. Additionally, 
assuming that permafrost degradation is an ongoing and largely irreversible process, the 
increase in erodible surfaces due to permafrost melt seems very likely. 

2.4.5 EVENT-BASED ASSESSMENT OF SUSPENDED

SEDIMENT DYNAMICS

All Qsed events combined (up to 2 % of the total time span) on average accounted 
for 25 % and 26 % of the annual sediment yield but only 7 % and 6 % of annual water 
yield in Vent and Tumpen, respectively. In combination with the more pronounced 
seasonality of SSY, this explains the much ‘flashier’ behavior compared to discharge 
(Figure 2.10). Similar proportions have been reported for other glaciated catchments 
(Leggat et al., 2015; Wulf et al., 2012), which suggests greater availability and/or easier 
mobilization of sediments compared to fluvial systems wherein up to 90 % of sediment 
is transported during short, high-discharge events (Delaney et al., 2018b).  

In Vent, 84 % of the events were associated with precipitation. While this implies 
that, so far, thermally induced sediment export through snow and glacier melt yields the 
biggest share of SSY in Vent, we also showed that individual summer rainstorm events 
can account for up to 26 % of the annual yield  (ca. 26 000 t) within just over 24 hours 
if mass movements are involved. Since we had to limit this analysis to the Vent 
catchment, we cannot assess spatial variation in the importance of precipitation events. 

We suggest that hydro-sedimentological events such as the one observed in August 
2020 – involving mass movements that were triggered by heavy precipitation and are 
probably associated with increased hydro-sedimentological connectivity and/or 
permafrost thaw – are likely to occur more frequently in the future: in view of expected 
future developments, such as more frequent high-intensity summer rainstorms (Giorgi 
et al., 2016), prolonged snow-free periods in summer during which these rainstorms can 
become erosive (Hanus et al., 2021; Hanzer et al., 2018), the exposure of vast amounts 
of sediment due to glacier retreat (Carrivick and Heckmann, 2017; Lane et al., 2017) and 
accelerating permafrost thaw, which facilitates more frequent slope-failure events (Savi 
et al., 2020), heavy precipitation events have the potential to drastically gain in 
importance with regard to sediment export.  



2.5   |   CONCLUSION 

37 

2.4.6 OUTLOOK 

To our knowledge, this study represents the first extensive analysis of discharge and 
suspended sediment dynamics on multiple spatial and temporal scales in a glaciated, 
high-alpine setting. The employed approach can bridge the gap between detailed, small-
scale investigations of individual (pro-)glacial areas and wide-area comparisons of 
numerous gauges in low temporal resolution. Our results extend the knowledge 
on hydro-sedimentological dynamics in glaciated high-alpine areas and can therefore 
serve as a basis for future studies and management strategies. For example, studies 
attempting to model sediment dynamics in high-alpine areas might consider 
focusing more attention on the areas above 2500 m compared to other parts 
of the study area. Likewise, studies on future changes in high-alpine sediment 
dynamics need to consider the potentially changing role of precipitation and mass 
movements relative to the currently dominating thermal processes.  

2.5 CONCLUSION 

Discharge dynamics in glaciated high-alpine areas are expected to change 
fundamentally due to climate change, yet little is known about how exactly these changes 
propagate to sediment dynamics. To provide the basis for future studies investigating 
these future changes, we analyzed discharge and suspended sediment concentration data 
from the recent past in a nested catchment setup in the Ötztal in Tyrol, Austria, and 
aimed to identify the areas, time periods and processes that are crucial for suspended 
sediment and discharge dynamics. 

We showed that mean annual discharge and suspended sediment export were 
highest in the smallest, highest, most glaciated sub-catchment above the gauge in Vent 
and that annual water and sediment yields correlated significantly with annual glacier 
mass balances. This demonstrates that glaciated areas are important sediment sources 
and glacier meltwater contribution is high.  

Discharge seasonality is more pronounced at higher elevations due to a later onset 
of snowmelt, higher glacier melt contributions and a considerable positive precipitation 
gradient with elevation.  

However, the onset of suspended sediment export in spring occurs almost 
synchronously at the three gauges and the time lag compared to the spring increase in 
discharge points towards a limitation of sediment supply during this time. We analyzed 
sediment seasonality in synopsis with snowmelt timing in different elevation bands, 
which suggests that the areas above 2500 m a.s.l., including glacier tongues, bare rock 
surfaces and recently deglaciated areas, are crucial for suspended sediment dynamics. 
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Our analysis showed that sediment dynamics are largely dominated by melt-driven 
processes, as precipitation events play a subordinate role compared to thermally induced 
discharge and suspended sediment export. However, single large rainfall events can 
significantly contribute to the annual sediment budget, which we attribute to the 
activation of additional sediment supply by mass-wasting processes and increased 
hydro-sedimentological connectivity during phases of excessive overland flow. We 
discuss the fact that these events are likely to occur more frequently in the future, which 
may result in a shift in the relative importance of precipitation events for sediment 
dynamics.  

Our study extends the scientific knowledge on current hydro-sedimentological 
dynamics in glaciated high-alpine areas and provides a baseline for investigations on 
projected future changes in hydro-sedimentological system dynamics. Such future 
investigations should focus on the areas above 2500 m and the role of precipitation 
events when addressing future changes in suspended sediment and discharge dynamics, 
e.g., in modeling studies.

2.6 DATA AVAILABILITY 

Discharge and suspended sediment concentration data from the gauges at Vent and 
Tumpen recorded by the Hydrographic Service of Tyrol, Austria, as well as sediment 
concentrations from our samples taken in Sölden are published under 
https://doi.org/10.23728/b2share. be13f43ce9bb46d8a7eedb7b56df3140 (Schmidt 
and Hydrographic Service of Tyrol, Austria, 2021).  

Discharge and turbidity time series recorded by the TiWAG at the gauge in Sölden 
along with suspended sediment concentration data in TiWAG samples can be requested 
via info-ausbau.kw.kaunertal@tiwag.at. 

Precipitation and air temperature data recorded at the Vernagtferner hydro-
meteorological station by the Bavarian Academy of Sciences and Humanities are 
successively made available on PANGEA and data until 2012 are already available at 
https://doi.pangaea.de/10.1594/PANGAEA.829530 (Escher-Vetter et al., 2014). 

The DTM of Tyrol is available at https://www.data.gv.at/katalog/dataset/land-
tirol_tirolgelnde (Land Tirol, 2016). 

Land cover data are available at https://www.data.gv.at/katalog/dataset/clc2018 
(Umweltbundesamt, 2018). 

Glacier inventories are available at DOI 10.1594/PANGAEA.844985 (Fischer et al., 
2015) and DOI 10.1594/PANGAEA.887415 (Buckel and Otto, 2018). Glacier mass 
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balances are available at DOI 10.5904/wgms-fog-2021-05, 2021 (World Glacier 
Monitoring Service, 2021). Snow cover data are available via DOI 10.3390/data5010001 
(Matiu et al., 2020). 
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3 RECONSTRUCTING THE PAST

Published as: Schmidt, L. K., Francke, T., Grosse, P. M., Mayer, C., and Bronstert, A.: Reconstructing 
five decades of sediment export from two glacierized high-alpine catchments in Tyrol, Austria, using 
nonparametric regression, Hydrol. Earth Syst. Sci., 27, 1841–1863, https://doi.org/10.5194/hess-27-
1841-2023, 2023. 

KEY POINTS 

• Exploring a machine-learning approach (Quantile Regression Forest) to model
sediment export

• Based on temperature, discharge and precipitation as predictors and suspended
sediment concentrations as response

• Model performs well in an extensive validation and outperforms sediment rating curves

• Application to five decades of predictor data suggests that sediment export has
increased

• Step-like increases after 1981 are linked to temperature-driven enhanced glacier melt

ABSTRACT 

Knowledge on the response of sediment export to recent climate change in glacierized 
areas in the European Alps is limited, primarily because long-term records of suspended 
sediment concentrations (SSCs) are scarce. Here we tested the estimation of sediment export 
of the past five decades using quantile regression forest (QRF), a nonparametric, multivariate 
regression based on random forest. The regression builds on short-term records of SSCs and 
long records of the most important hydro-climatic drivers (discharge, precipitation and air 
temperature – QPT). We trained independent models for two nested and partially glacier-
covered catchments, Vent (98 km²) and Vernagt (11.4 km²), in the upper Ötztal in Tyrol, 
Austria (1891 to 3772 m a.s.l.), where available QPT records start in 1967 and 1975. To assess 
temporal extrapolation ability, we used two 2-year SSC datasets at gauge Vernagt, which are 
almost 20 years apart for a validation. For Vent, we performed a five-fold cross-validation on 
the 15 years of SSC measurements. Further, we quantified the number of days where predictors 
exceeded the range represented in the training dataset, as the inability to extrapolate beyond 
this range is a known limitation of QRF. Finally, we compared QRF performance to sediment 
rating curves (SRC). We analysed the modelled sediment export time series, the predictors and 
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glacier mass balance data for trends (Mann–Kendall test and Sen’s slope estimator) and step-
like changes (using the widely applied Pettitt test and a complementary Bayesian approach). 

Our validation at gauge Vernagt demonstrated that QRF performs well in estimating past 
daily sediment export (Nash–Sutcliffe efficiency (NSE) of 0.73) and satisfactorily for SSCs 
(NSE of 0.51), despite the small training dataset. The temporal extrapolation ability of QRF 
was superior to SRCs, especially in periods with high-SSC events, which demonstrated the 
ability of QRF to model threshold effects. Days with high SSCs tended to be underestimated, 
but the effect on annual yields was small. Days with predictor exceedances were rare, indicating 
a good representativity of the training dataset. Finally, the QRF reconstruction models 
outperformed SRCs by about 20 percent points of explained variance. Significant positive 
trends in the reconstructed annual suspended sediment yields were found at both gauges, with 
distinct step-like increases around 1981. This was linked to increased glacier melt, which 
became apparent through step-like increases in discharge at both gauges as well as change 
points in mass balances of the two largest glaciers in the Vent catchment. We identified 
exceptionally high July temperatures in 1982 and 1983 as a likely cause. In contrast, we did not 
find coinciding change points in precipitation. Opposing trends at the two gauges after 1981 
suggest different timings of peak sediment. We conclude that, given large-enough training 
datasets, the presented QRF approach is a promising tool with the ability to deepen our 
understanding of the response of high-alpine areas to decadal climate change.  

3.1 INTRODUCTION 

Sediment production rates per unit area are highest in the world’s mountains (Hallet et al., 
1996), headed by modern glacierized basins (Hinderer et al., 2013). As a consequence, 
sediments transported from these rapidly deglaciating high-alpine areas have substantial effects 
on downstream hydropower production and reservoir sedimentation (Schöber and Hofer, 
2018; Guillén-Ludeña et al., 2018; Li et al., 2022), flood hazard (Nones, 2019; Brooke et al., 
2022) and water quality, nutrient and contaminant transport and aquatic habitats (Gabbud and 
Lane, 2016; Bilotta and Brazier, 2008; Vercruysse et al., 2017) and impact global sediment and 
biochemical balances (Herman et al., 2021). Thus, there is considerable interest in water 
resource research and management to gain better understanding of sediment dynamics in high-
alpine areas and to mitigate and adapt to future changes. 

However, there is still limited quantitative understanding of sediment transport in high-
alpine rivers and their relation to changes in climatic forcing over temporal scales relevant to 
investigating changes associated with anthropogenic climate change, i.e. at decadal and 
centennial scales as opposed to longer ones (Huss et al., 2017; Antoniazza and Lane, 2021; 
Herman et al., 2021). This is partly due to the complexity of sediment dynamics in high-alpine 
areas, which are the result of an intricate system of climatic forcing and 
hydrogeomorphological processes (Costa et al., 2018b; Vercruysse et al., 2017; Zhang et al., 
2022).  
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A significant body of knowledge exists on how some of the components of these complex 
systems have changed in recent decades due to rising temperatures. Cryospheric changes 
include widespread and accelerating glacier retreat (Abermann et al., 2009; Sommer et al., 2020) 
and reduced extent and duration of snow cover (Beniston et al., 2018; Chiarle et al., 2021). As 
a result, hydrological regimes are changing from glacial to nival regimes and from nival to 
pluvial regimes (Beniston et al., 2018), which results in changes in water quantities (Vormoor 
et al., 2015; Wijngaard et al., 2016), streamflow variability (van Tiel et al., 2019) and hydrograph 
timing (Kormann et al., 2016; Kuhn et al., 2016; Hanus et al., 2021; Rottler et al., 2020, 2021). 
These hydrological changes can translate to changes in erosivity, sediment transport capacities 
and fluvial erosion. At the same time, sediment supply changes, as glacier retreat uncovers 
large amounts of sediment previously inaccessible to pluvial and fluvial erosion (Carrivick and 
Heckmann, 2017; Leggat et al., 2015), subglacial sediment discharge transiently increases 
(Costa et al., 2018b; Delaney and Adhikari, 2020) and continuing permafrost thaw destabilizes 
slopes and facilitates mass movements (Huggel et al., 2010, 2012; Beniston et al., 2018; Savi et 
al., 2020). Adding to this, erosive precipitation has a higher chance of affecting unfrozen 
material during prolonged snow-free periods (Kormann et al., 2016; Rottler et al., 2021; 
Wijngaard et al., 2016). 

However, the magnitude of these impacts is catchment-specific, as it depends, e.g., on the 
area occupied by glaciers and permafrost or basin hypsometry (Huss et al., 2017) and is thus 
not easily transferable from one site to another. Aggravatingly, high-alpine sediment dynamics 
are highly variable, so that long time series are required to assess systematic changes. However, 
most records are too short for such analyses and long-term data are extremely rare, especially 
in glacierized headwaters, which are often especially challenging to monitor.  

To our knowledge, only very few examples of decadal sediment records from the European 
Alps exist in the current literature, as opposed to their availability for, e.g., High Mountain Asia 
(Singh et al., 2020; Li et al., 2020, 2021b; Zhang et al., 2021), the Andes (Vergara et al., 2022) 
or the Arctic (Bendixen et al., 2017a) (for an extensive review, see Zhang et al., 2022). Costa 
et al. (2018b) report on an exceptional record of suspended sediment concentrations from the 
upper Rhône basin, Switzerland, of almost five decades, though these recordings are severely 
affected by anthropogenic impacts (hydropower generation and gravel mining) and integrate 
over an area of 5340 km². Michelletti and Lane (2016) and Lane et al. (2017) reconstructed 
coarse sediment export from hydropower intake flushings at decadal scales in three small 
catchments in the Hérens Valley, Switzerland, not taking into account however the amount of 
suspended sediment transport, which is often at least as large as the amount transported as 
bedload (Schöber and Hofer, 2018; Mao et al., 2019; Turowski et al., 2010). Further long-term 
sediment records can be inferred from sediment stratigraphy (e.g., Bogen, 2008; Lane et al., 
2019), yet such studies are of course confined to catchments where lakes or reservoirs are 
present. To compensate for this lack of measurement data, we aim to estimate longer-term 
past suspended sediment dynamics based on the available shorter records of suspended 
sediment concentrations. 
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Quantile regression forest (QRF) (Meinshausen, 2006) represents an approach that has 
been successfully applied to modeling suspended sediment concentrations in past 
geomorphological studies, in badland-dominated catchments in Spain (Francke et al., 2008a, 
b) and in a tropical forest in Panama (Zimmermann et al., 2012). QRF is a multivariate,
nonparametric regression technique based on random forest, from the category of machine-
learning (ML) approaches, which generally seek to identify patterns from complex data
(Tahmasebi et al., 2020). Comparative studies have reported that QRF performs favorably
compared to sediment rating curves and generalized linear models (Francke et al., 2008a) and
that performance of random forest (which QRF is based on) was superior to support-vector
machines and artificial neural networks (Al-Mukhtar, 2019) in modeling suspended sediment
concentrations. Importantly, as an advantage to other ML approaches, QRF allows us to
quantify the model uncertainty by estimating prediction accuracy (Francke et al., 2008a; Al-
Mukhtar, 2019).

Thus, the first objective of this study was to extensively test QRF as an approach for 
estimating past suspended sediment dynamics at decadal scales in high-alpine areas. Previous 
studies have included proxies for drivers of sediment transport and erosive processes, e.g., 
precipitation, discharge, seasonality and antecedent conditions (Francke et al., 2008a, b; 
Zimmermann et al., 2012). We built on this setup and adapted it by including air temperature 
as a predictor, since many processes relevant to sediment dynamics in high-alpine areas are 
temperature-sensitive (e.g., snowmelt and glacier melt, thawing of topsoil). To assess model 
performance, we evaluated several validations and compared the results to sediment rating 
curves based on data from the two gauges ‘Vent Rofenache’ and ‘Vernagt’ that are located in 
a nested catchment setup in the Rofental, within the upper Ötztal in Tyrol Austria. This nested 
setup provides a favorable opportunity to test the QRF model and gives a good overview of 
sediment dynamics in this catchment.  

The second objective of this study is to examine the resulting estimates of annual 
suspended sediment yields with respect to changes at decadal scales. Thus, we analyzed the 
time series for trends, some of which could be expected, e.g., due to ongoing temperature 
increase. However, the possibility of sudden, tipping-point-like shifts in response to climatic 
changes has been suggested for cryospheric geomorphic systems as well (Huggel et al., 2012), 
and sediment dynamics especially (Vercruysse et al., 2017) and indeed step-like increases in 
suspended sediment concentrations have been observed in other catchments (Costa et al., 
2018b; Li et al., 2020, 2021b; Zhang et al., 2021). Hence, we used change point detection 
methods to assess whether the detected trends are gradual or follow a step-like pattern. We 
extended these analyses to the predictors (temperature, discharge and precipitation) and annual 
mass balances to assess possible reasons for changes in suspended sediment yields.  
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3.2 STUDY AREA 

The study area is located in the ‘Rofental’, a valley in the upper Ötztal in the Tyrolean Alps, 
Austria. For more than 100 years, the area has been subject to intense glaciological and 
hydrometeorological research, yielding outstanding datasets (Strasser et al., 2018). The entire 
catchment is 98.1 km² upstream from gauge ‘Vent Rofenache’ (hereafter ‘Vent’), and nested 
within is the 11.4 km² catchment upstream from gauge ‘Vernagt’ (see Figure 3.1). Gauge Vent 
is run by the Hydrographic Service of Tyrol and gauge Vernagt by the Bavarian Academy of 
Sciences and Humanities. The catchments’ elevations range from 1891 m a.s.l. at gauge 
Vent and 2635 m at gauge Vernagt to the summit of Wildspitze, the highest peak in Tyrol, at  
3772 m.  

The study area’s shielded location in the inner Alpine region leads to the relatively warm 
and dry climate (Kuhn et al., 1982). Mean annual temperature and  precipitation at the gauge 
in Vent are 2.5°C and about 660 mm (Hanzer et al., 2018; Hydrographic yearbook of 
Austria, 2016; Strasser et al., 2018), but a considerable precipitation gradient with elevation 
of about  5 % per 100 m has been described (Schöber et al., 2014).  

Both catchments are heavily glacierized, with approximately 28 % and 64 % glacier cover 
in 2015 (Buckel and Otto, 2018). The two largest glaciers within the Vent catchment, 
Vernagtferner and Hintereisferner, have been systematically observed since the 1950s and 
1960s and have shown accelerating retreat since the beginning of the 1980s (Abermann et al., 
2009), which is expected to continue in the future (Hanzer et al., 2018). 

The catchment is drained by the river Rofenache, which flows into the Ötztaler Ache, one 
of the largest tributaries to the river Inn. The hydrological regime (glacial to nival) shows a 
pronounced seasonality as most of the discharge is fed by snowmelt and glacier melt and about 
89 % of the discharge in Vent occurs from April to September (Schmidt et al., 2022b; Hanzer 
et al., 2018).  

The Ötztal Alps are part of the Ötztal–Stubai massif within the crystalline central-eastern 
Alps, and the catchment geology is dominated by biotite–plagioclase, biotite and muscovite 
gneisses, variable mica schists and gneissic schists (Strasser et al., 2018). The land cover of 
higher elevations is dominated by glaciers, bare rock or sparsely vegetated terrain, whereas 
mountain pastures and coniferous forests are present at lower altitudes. 

Suspended sediment concentrations at the gauge in Vent proved to be the highest in an 
Austria-wide comparison (Lalk et al., 2014), and annual suspended sediment yields are about 
1500 t km-2 on average (Schmidt et al., 2022b). Suspended sediment dynamics showed an even 
more pronounced seasonality compared to discharge, as 99 % of the annual suspended 
sediment yields are transported from April to September (ibid.).   
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Figure 3.1. Map of the catchment area upstream gauge Vent, and nested within the Vernagt catchment, with 
glaciers Vernagtferner (VF) and Hintereisferner (HEF) as well as the measurement station Martin-Busch-Hütte (MB). 
Smaller glaciers Hochjochferner, Platteiferner and Mitterkarferner are denoted by HJF, PF and MKF, respectively. 
Sources: 10 m DTM of Tyrol (Land Tirol, 2016), glacier inventory 4 (2015) (Buckel and Otto, 2018), and rivers from 
tiris open government data (Land Tirol, 2021). 

3.3 METHODS 

In essence, we trained a nonparametric model on suspended sediment concentrations and 
predictors (discharge, temperature, precipitation) and then used this model and long-term 
records of the predictors to reconstruct past suspended sediment concentrations (SSCs) and 
derive annual suspended sediment yields. We then analyzed the resulting time series with 
respect to trends and change points.  

In the following section, we briefly describe the general modeling approach and the 
validations, the QRF approach and its predictors, the input data and their preparation for the 
model as well as the statistical tools used for analyzing the results. 

In our analyses, we focus on (annual) suspended sediment yields instead of concentrations, 
due to the strong seasonality in discharge (Schmidt et al., 2022b). This gives more weight to 
days with higher discharge, which are more influential for overall sediment export to 
downstream areas and the potential resulting problems, as opposed to, e.g., mean annual SSCs, 
which weigh days at the beginning and end of the season, with low discharge and low 



3.3  |   METHODS 

47 

concentrations, and days during the glacier melt period equally. We use the term 
‘reconstructing’ to describe the estimates of SSCs (or the resulting yields) from our model 
predictions.  

3.3.1 GENERAL MODELING APPROACH AND 

ADAPTATIONS TO CONDITIONS AT THE TWO 

GAUGES

We combined the analysis of the two gauges Vent and Vernagt to gain a more reliable and 
comprehensive understanding of past sediment dynamics in the Rofental from their distinct 
data context.  

At gauge Vent, continuous turbidity-derived SSC time series have been recorded at high 
temporal resolution (15 min) since 2006, providing abundant training data for our model. 
Additionally, the long-term predictor data are available back until 1967, facilitating insights 
into long-term changes in catchment dynamics - yet only at daily resolution, which 
predetermines the temporal resolution of the reconstruction model. This is challenging as 
sediment concentrations vary considerably during 1 d, leaving us with the need to assess 
whether a daily model adequately represents sediment dynamics. 

At gauge Vernagt, the availability of hourly discharge (Q), precipitation (P) and temperature 
(T) data back until 1974 is remarkable. However, turbidity-derived SSC data have only been 
recorded for the years 2000, 2001, 2019 and 2020 (see Figure 3.2, upper panel ‘Vernagt’, left-
hand side, plots labeled ‘SSC’). Additionally, the data in 2019 and 2020 are affected by episodic 
siltation and periods when the turbidity sensor reached saturation: 0.47 % of the two summers 
of data were affected by saturation, and about 8 % were affected by siltation. The latter was 
mainly due to one period of about 16 d in August 2019. Additionally, there were three shorter 
incidents (1.5 h to 1.5 d), two in 2019 and one in 2020. These issues first need to be dealt with 
in order to provide accurate training data for our model, as it is sensitive to the range of values 
represented in the training data (Francke et al., 2008a). However, the 16-year gap between the 
measurement periods provides the rare opportunity to verify the model’s skill in estimating 
past SSCs against real measurement data.

To address these issues and benefit from these opportunities, we preformed three 
preparatory steps before the final reconstruction models (Figure 3.2).  

Gap-filling model: at gauge Vernagt, we trained a model on SSCs determined from 131 
water samples and the predictors (Q, P, T) at the highest possible (i.e., 10 min) resolution 
(Figure 3.2, upper panel). We used the resulting modeled SSC to replace periods in the 
2019/2020 SSC data that were affected by siltation or sensor saturation. As the sampling 
scheme was customized to cover hydro-sedimentological conditions as widely as possible (see 
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Schmidt et al., 2022b), the water samples also partially cover the periods to be addressed by 
the gap filling. 

Validation A - temporal resolution: we ran models at both hourly and daily resolution 
on all available training data at gauge Vernagt to assess the error magnitude due to the coarser 
temporal resolution in the final reconstruction models. 

Validation B – extrapolation: we trained a model on the corrected Vernagt SSC data of 
2019 and 2020 at daily resolution and estimated SSC back until 2000 for validation against the 
2000-2001 measurement data (Figure 3.2, center). 

Figure 3.2. Overview of the modeling approach. SSC: suspended sediment concentration; Q: discharge; P: 
precipitation; T: temperature. 

Finally, we ran the ‘reconstruction models’ at daily resolution (for consistency between the 
two gauges), taking into account all available training data to estimate SSC back until 1967 and 
1975, respectively.  

Beyond Validations A and B, we assessed whether and how often the ranges of the 
predictors in the training data were exceeded during the reconstruction period, since it is a 
known limitation of QRF that it is not possible to extrapolate beyond the range of values 
represented in the training data (Francke et al., 2008a). For example, if the discharge measured 
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on a day in the reconstruction period exceeds the maximum discharge within the training 
period (Qtrain, max), the model potentially underestimates SSCs on that day.  

Additionally, we compared QRF performance to the performance of sediment rating 
curves, one of the most commonly used approaches to estimate suspended sediment 
concentrations (Vercruysse et al., 2017), by fitting a power function between SSC and Q of the 
form 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎 ∙  𝑄𝑄𝑏𝑏, where a and b are regression coefficients.  

3.3.2 QRF FOR MODELING SUSPENDED SEDIMENT

CONCENTRATIONS  

To reproduce suspended sediment dynamics, the desired models have to account for a 
multitude of processes controlling SSCs (discharge dynamics, temperature-dependent 
activation of sediment sources and transport processes, precipitation, antecedent wetness 
conditions, etc.), need to deal with non-normal distributions of both predictor and response 
variables and have to handle correlations between the predictors (Zimmermann et al., 2012). 

QRF (Meinshausen, 2006) represents a multivariate approach that can deal with 
nonlinearity, interactions and nonadditive behavior without making assumptions about 
underlying distributions. QRF performed favorably in reproducing sediment dynamics as 
compared to generalized linear models or sediment rating curves (Francke et al., 2008a). QRF 
is a generalization of random forest (RF) regression tree ensembles (Breiman, 2001). 
Regression trees (a.k.a. classification and regression trees − CARTs) (Breiman et al., 1984) 
apply recursive rule-based data partitioning in order to group data with similar values of the 
response variable (Francke et al., 2008a). To produce a ‘forest’, RF and QRF employ an 
ensemble of these trees, each one grown on a random subset (bootstrap sample) of the training 
data. Predictive performance is evaluated on those parts of the data that are not considered in 
the bootstrap sample, i.e., the out-of-bag data (OOB) (ibid.). Model predictions are then 
obtained from the mean of predictions of each single tree (RF) or are based on the distribution 
of these single-tree predictions (QRF). As QRF keeps the value of all observations within a 
node, it enables the quantification of the model uncertainty with the help of these inherent 
ensemble characteristics. This represents an advantage over other nonparametric approaches 
applied to SSC modeling, such as traditional fuzzy logic or artificial neural networks (ibid.).  

Building on the developed model setup (Francke et al., 2008b; Francke, 2017; 
Zimmermann et al., 2012), we chose the predictors to represent proxies for processes 
important to sediment dynamics in high-alpine areas. For example, discharge is crucial for 
sediment transfer and, potentially, channel erosion, while precipitation drives hillslope erosion 
and mass wasting events. We extended the set of primary predictors by adding air temperature, 
as many processes determining sediment dynamics in high-alpine areas are temperature-
sensitive (e.g., the activation of sediment sources, such as the occurrence of rain vs. snow, the 
availability of subglacial and proglacial sediments and their transport through glacier melt 
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waters, but also potential permafrost thaw). From these three primary predictors (discharge, 
precipitation and temperature, QPT), we derived information on antecedent conditions for 
each time step by computing ancillary predictors derived thereof. These ancillary predictors 
can capture that, e.g., longer-term discharge behavior is linked to potential exhaustion of 
sediment sources or storage, prolonged warm periods may lead to increased glacier ablation 
associated with intensified transport of glacial sediment, and high antecedent moisture 
conditions prior to a precipitation event may favor mass movements. To keep correlation 
between these derived predictors as low as possible, we used non-overlapping windows 
of increasing sizes (e.g.,  24 h, 24 – 72 h, 72 h to 7 d and 7 d to 20 d ahead of each time step) 
to compute sums of the primary predictors (Zimmermann et al., 2012). To complete the set 
of predictors, we used the day of year to capture the pronounced seasonality in high-alpine 
sediment dynamics (Schmidt et al., 2022b) and the rate of change in discharge (see also 
Francke et al., 2008b; Zimmermann et al., 2012). 

Further, we tuned the model with respect to the length of the antecedent periods 
considered: we optimized the length of the time windows for the highest model performance 
with respect to daily or hourly SSCs using the Nash−Sutcliffe efficiency index (see section 
3.3.4.1). Besides the length of the antecedent periods, the two most important 
hyperparameters for QRF are the number of trees in a “forest” and the number of selected 
predictors at each node, implemented as parameter ‘mtry’ in R. To increase robustness, 
we set the number of trees to 1000, which is twice the default value. The parameter ‘mtry’ is 
optimized for maximum performance in the modeling process. Additionally, we optimized 
model performance in a cross-validation with five folds, as is commonly done 
(Murphy, 2012). However, unlike cross-validation approaches in the classical sense, which 
randomly pick a set of individual data points, we divided the training data into 
five equal temporally contiguous chunks to avoid unrealistically good performance 
simply due to autocorrelation of temporally close points in time. Finally, in the 
‘reconstruction model’, we derived annual suspended sediment yields by performing 250 
Monte Carlo realizations of the annual SSY for each year, which allows for assessing the 
prediction uncertainty, from which the mean and quartiles of annual suspended sediment 
yields were computed. We chose 250 Monte-Carlo realizations as this yields 
sufficiently robust estimates of the mean annual SSY (the confidence intervals of the mean 
are ca. ± 1.25 % of the mean) while keeping computation times reasonable.  

3.3.3 CHARACTERISTICS, SOURCES AND ADJUSTMENTS

OF INPUT DATA 

Here we describe the input data and their preparation for modeling. An overview of details 
such as coordinates of stations and gauges, the temporal resolution of the different time series, 
their sources and data availability can be found in Table 3.A1 in the appendix. 
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3.3.3.1 DISCHARGE DATA, PRECIPITATION AND 

TEMPERATURE DATA 

Gauge Vent has been operated continuously by the Hydrographic Service of Tyrol since 
1967 (Strasser et al., 2018) and discharge has been measured at 15 minute resolution through 
water stage recordings, complemented by a radar probe since 2000. At gauge Vernagt, 
discharge has been recorded since 1974 (Bergmann and Reinwarth, 1977) and is determined 
through water stage recordings and tracer-calibrated stage−discharge relations. Additionally, 
this is complemented by ultrasonic stage measurements, providing nearly uninterrupted 
discharge series since 1974 (Braun et al., 2007). The temporal resolutions of the discharge time 
series at both gauges vary over time (from five and ten to 60 minutes; for details, see Table 
3.A1 in the appendix).

Precipitation and temperature have been recorded close to the gauge in Vent (see Figure 
3.1) since 1935 and are available at daily resolution. Both time series showed gaps, which 
creates a problem when using the chosen QRF approach. Thus, to fill the gaps in the 
precipitation time series, we used data recorded at gauge Vernagt: we derived a linear model 
between all days when daily precipitation sums were available from both stations and used the 
resulting linear model for conversion (i.e., PVent = PVernagt/1.3). Likewise, temperature data 
recorded at Martin-Busch-Hütte (see Figure 3.1) were aggregated to daily means and used to 
fill gaps in the temperature time series (TVent = TMB ∙ 2.8089). As a result, 2 % of the 
precipitation and 0.25 % of the temperature time series were filled (see Figure 3.A1 in the 
appendix).  

At gauge Vernagt, precipitation and temperature have been recorded at high temporal 
resolution (5 to 60 min; for details, see Table 3.A1 in the appendix) next to the gauge since 
1974. To fill the present gaps, we used data recorded by the Hydrographic Service since 2010 
in close proximity to the Vernagt station. As some gaps still remained, we subsequently used 
data recorded at Martin-Busch-Hütte (conversion factors: TempVernagt = -0.002536 ∙ 
TempMB²+ 0.9196 ∙ TempMB - 0.474; PrecipVernagt = 0.895 ∙  PrecipMB). With this, 12 % of the 
precipitation time series and 9 % of the temperature time series were filled, although many of 
these filled gaps occur during the winter months, when the discontinued discharge data inhibit 
QRF modeling anyway (see Figure 3.A1 in the appendix). Some gaps still remain, but these, 
too, are mostly restricted to winters. We excluded the data from 1974 from the analyses at 
gauge Vernagt, as data were not available for the entire year. 

3.3.3.2 TURBIDITY AND SUSPENDED SEDIMENT 

CONCENTRATION DATA 

At gauge Vent, turbidity has been measured since 2006 using two optical infrared turbidity 
sensors (Solitax ts-line and Solitax hs-line by Hach). To calibrate the turbidity measurements 
to SSCs, water samples are taken manually from the stream close to the turbidity sensors 
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frequently (Lalk et al., 2014). Turbidity measurements are paused every winter (between 
October and April) to avoid damage to the equipment. However, the equipment is reinstalled 
early enough to capture the spring rise in concentrations, and winter sediment transport can 
be considered negligible (Schmidt et al., 2022b). 

At gauge Vernagt, water is diverted into a measuring chamber (Bergmann and Reinwarth, 
1977), where turbidity can be recorded while avoiding damage to the equipment by large rocks 
in the main channel. Turbidity was recorded in the summers of 2000 and 2001 (Staiger-Mohilo 
STAMOSENS 7745 UNIT) (Naeser, 2002) and 2019 and 2020 (Campbell OBS501). Water 
samples for calibration of turbidity to SSC were taken directly next to the turbidity sensor by 
hand in 2000 and 2001 (57 samples) and by means of an automatic sampler (ISCO 6712) in 
2019 and 2020 (131 samples). The latter initiated sampling if one of two criteria was met: (i) 
regular sampling to avoid long gaps between two samples or (ii) threshold-based sampling to 
obtain samples across the whole range of possible turbidity values. Gravimetric sediment 
concentrations SSCg were then determined in the laboratory and used to convert turbidity to 
SSC (2000–2001: SSC (in g L-1) = 0.1583 ∙ turbidity (in V) -13.0877 (Naeser, 2002); 2019–20: SSC 
(in g L-1) = 0.00212 ∙ turbidity (in FNU)). 

3.3.3.3 AGGREGATION/DISAGGREGATION TO DIFFERENT 

TEMPORAL RESOLUTIONS 

As temporal resolutions varied between the different time series, we aggregated or 
disaggregated the data to achieve homogenous temporal resolutions for the respective 
QRF models at daily, hourly and 10 min resolution. Data at 10 min resolution were only 
needed for the gap-filling model at gauge Vernagt. For this, we had to disaggregate 
precipitation and temperature data from 60 min resolution in 2000 and 2001 by dividing 
hourly precipitation sums by 6 and replicating mean hourly temperature values for 
the six corresponding 10 min time steps.  

For the analysis of annual Q, P and T, we summed up daily discharge volumes as derived 
from daily mean discharge (Qsum (in m³ d-1) = 60 ∙ 60 ∙ 24 ∙ Qmean (in m³ s-1)), added up daily 
precipitation sums and computed annual averages of daily mean temperature. At gauge 
Vernagt, we only considered data between 1 May and 30 September of each year due to 
inconsistent gaps in winter temperature and precipitation measurements.  
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3.3.4 ANALYSIS OF THE RESULTS 

3.3.4.1 UNITS, CONVERSIONS AND PERFORMANCE 

MEASURES 

From SSCs (modeled and from turbidity) and discharge (Q), we calculated sediment 
discharge Qsed (in mass/time) (for analyses at high temporal resolution), daily Q-weighted SSC 
averages SSCdaily (in kg m-3) (i.e., the total daily sediment discharge ∆t∙ΣQsed divided by the daily 
discharge volume ∆t∙ΣQ; this assigns more weight to time steps with higher discharge, which 
are more influential for sediment export), annual SSYs (in t a-1) and specific annual sSSY (in 
t km-2 a-1) (for comparability among the gauges) as follows:  

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) =  𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) ∙ 𝑄𝑄(𝑡𝑡),   (1) 

where Q is discharge (in m³ s-1), 

𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑦𝑦𝑑𝑑𝑑𝑑𝑦𝑦 =  ∆𝑡𝑡∙∑ 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)
∆𝑡𝑡∙∑ 𝑄𝑄(𝑡𝑡) 

, (2) 

where ∆t is the corresponding temporal resolution (in s) and Σ sums over all time steps of 
the day, 

𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑊𝑊 = ∆𝑡𝑡 ∙ ∑ 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) , and (3) 

𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎 𝑄𝑄𝑆𝑆𝑆𝑆𝑊𝑊 =  𝑦𝑦𝑎𝑎𝑎𝑎𝑎𝑎𝑦𝑦𝑑𝑑 𝑆𝑆𝑆𝑆𝑊𝑊
𝐴𝐴 

, (4) 

and where A (in km²) is the catchment area and Σ sums over all timesteps of the year. 

To quantify model performance, and for our validation, we used the Nash−Sutcliffe efficiency 
(NSE) index: 

𝑁𝑁𝑆𝑆𝑁𝑁 = 1 −  ∑ [𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠(𝑑𝑑)− 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑜𝑜𝑠𝑠(𝑑𝑑)]2𝑛𝑛
𝑖𝑖=1
∑ [𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠(𝑑𝑑)− 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠����������]2𝑛𝑛

𝑖𝑖=1
 , (5) 

where “obs” and “mod” refer to observed and modeled SSC values and  𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑏𝑏𝑠𝑠��������� is the 
mean of observed SSC values (Zimmermann et al., 2012, based on Nash and Sutcliffe, 1970). 
The NSE is dimensionless and ranges from -∞ to 1, and a model with a NSE over 0.5 can be 
considered accurate (Moriasi et al., 2007; Mather and Johnson, 2014). However, sediment 
export in the study area is highly seasonal (see also Schmidt et al., 2022b), so that the NSE 
might be misleading, as models reproducing seasonality but failing to reproduce smaller 
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fluctuations can still report a good NSE value (Schaefli and Gupta, 2007). Thus, we additionally 
computed the normalized benchmark efficiency (BE) as follows: 

𝐵𝐵𝑁𝑁 = 1 −  ∑ [𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠(𝑑𝑑)− 𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑜𝑜𝑠𝑠(𝑑𝑑)]2𝑛𝑛
𝑖𝑖=1

∑ [𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠(𝑑𝑑)− 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝑠𝑠𝑛𝑛𝑏𝑏ℎ(𝑑𝑑)]2𝑛𝑛
𝑖𝑖=1

 , (6) 

where SSCbench refers to the benchmark model suspended sediment concentration at 
time step i. Commonly, this benchmark model is the mean of the observations for every 
Julian day over all years within n (i.e., the mean annual cycle) (see, e.g., Pilz et al., 2019). 
However, this is heavily influenced by individual events in our case, so we used the 60 d 
moving average of the mean SSC for every Julian day instead. As for the NSE, a BE value 
of 1 corresponds to perfect agreement of simulation to measurements, and a model with 
BE > 0 is able to reproduce dynamics better than simply using statistics (Pilz et al., 2019). 

3.3.4.2 METHODS FOR TREND ANALYSIS AND CHANGE 

POINT DETECTION 

In order to quantify time series behavior, we generally followed the approach of first 
analyzing for the existence of a trend. If a trend was detected, we assessed whether the trend 
was homogenous by analyzing for change points. If a change point was identified, we then 
examined the resulting segments of the time series for trends.  

Most of the investigated time series are not normally distributed, and some show 
autocorrelation. Thus, to calculate trend significance, we used the nonparametric 
Mann−Kendall test for linear trend detection in a version that was modified to detect trends 
in serially correlated time series (Yue and Wang, 2004) as recommended by Madsen et al. 
(2014). To estimate trend magnitude, we used Sen’s slope estimator (Sen, 1968). Both methods 
are implemented in the mkTrend function of the R package “FUME” (Santander Meteorology 
Group, 2012). In our results, we only plot and refer to trends that were significant at least at a 
significance level α = 0.05 after correction for autocorrelation.  

For change point (CP) detection, we used the nonparametric Pettitt test (Pettitt, 1979), 
which is commonly used as it is a powerful rank-based test for a change in the median of a 
time series and is robust to changes in distributional form (Yue et al., 2012), as implemented 
in the R package ‘trend’ (Pohlert, 2020). However, it only gives one change point location 
without uncertainty quantification around its location and was shown to be sensitive to the 
position of the change point within the time series; i.e., detection at the beginning and end of 
the series is unlikely (Mallakpour and Villarini, 2016).  

Thus, as a complementary advanced approach that counterbalances the weaknesses of 
Pettitt’s test, we used Bayesian regression with change points as implemented in the R 
package “mcp” (which stands for “multiple change points”; hereafter we refer to this method 
as “MCP”) (Lindeløv, 2020). This represents a much more flexible approach which allows 
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us to assess uncertainty through the resulting posterior distributions of the change point 
location and is applied in an increasing number of studies in different fields of research (e.g., 
Veh et al., 2022; Yadav et al., 2021; Pilla and Williamson, 2022). Although MCP allows us 
to detect multiple change points, we only considered one change point as we aimed to 
detect the largest shift in the time series and to ensure comparability with Pettitt’s test. 
Unless specified otherwise, we used the uninformative default prior, allowed free slope 
estimation before and after the change point, assumed a disjoined slope (i.e., step-like 
change) at the change point and allowed for changes in variance at the change point.  

As mentioned earlier, we computed 250 Monte Carlo realizations of the annual SSY as a 
result of the QRF model. We propagated this uncertainty by applying the trend and change 
point detection methods not only to the mean estimates but also to the 250 resulting time 
series realizations.  

All calculations were done in R version 4.2.1 (R Core Team, 2018). 

3.4 RESULTS PART I – MODEL EVALUATION 

3.4.1 VALIDATION A: INFLUENCE OF THE REDUCTION OF

TEMPORAL RESOLUTION 

The temporal resolution for long-term reconstruction is limited to daily, as the respective 
long-term predictor data are available only at daily resolution at gauge Vent. As a result, we 
can expect some loss of information, e.g. on short-term precipitation intensity, which can be 
crucial for sediment dynamics. To assess the error magnitude, we ran two variants of the 
models at gauge Vernagt, at daily and hourly resolution based on all available training data (i.e. 
2000, 2001, 2019 and 2020). We then compared daily sediment discharge (Qsed) calculated from 
the OOB model estimates to Qsed calculated from measured turbidity (Figure 3.3a). It is 
important to stress that OOB estimates of any given day represent model predictions of only 
those regression trees where the particular day was not part of the training data. Both models 
reproduced daily Qsed very well, where the daily model showed a larger scatter, which is also 
reflected in the slightly lower NSE and BE. The comparison of annual sSSY (Figure 3.3b) 
showed very similar estimates in most years. To rule out that model performances were 
strongly influenced by discharge (which is both a predictor in the model and is used to calculate 
Qsed), we also compared hourly and daily out-of-bag SSC instead of Qsed. However, the resulting 
NSEs of 0.97 and 0.82 and BEs of 0.95 and 0.73 for the hourly and daily models, respectively, 
still represent very good model performance in general and show that the loss of model skill 
between the two models because of different temporal resolutions is acceptable. Thus, we used 
the daily-resolution models at both gauges in the following analyses for better comparability 
and applicability to the full length of the available time series. 
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Figure 3.3. (a) Daily Qsed calculated from out-of-bag prediction of daily and hourly models vs. Qsed calculated 
from turbidity at gauge Vernagt. (b) Comparison of mean annual sSSY estimates of the daily and hourly models at gauge 
Vernagt. NSE: Nash−Sutcliffe efficiency; BE: benchmark efficiency. Dashed lines indicate a ratio of 1:1. 

3.4.2 VALIDATION B: CAPABILITY OF TEMPORAL

EXTRAPOLATION 

To evaluate the capability of the QRF models to reconstruct past sediment dynamics, we 
trained a daily model on the 2019-2020 (n = 212) data at gauge Vernagt and used the data of 
2000-2001 (n = 367) for validation. The comparison of Qsed determined from turbidity to 
modeled Qsed showed that the model underestimates high daily Qsed (Figure 3.4a). Nevertheless, 
the NSE of 0.73 and BE of 0.66 are indicative of a good representation of sediment dynamics 
at daily resolution. Comparing mean daily measured and modeled SSC instead of Qsed, the NSE 
of 0.51 and BE of 0.33 still represent a satisfactory model performance (Moriasi et al., 2007; 
Pilz et al., 2019). Conversely, when training the model on the data from 2000 and 2001 and 
estimating Qsed (and SSC) for 2019 and 2020, performance was slightly lower, with an NSE of 
0.6 (0.45) and BE of 0.38 (0.15) (Figure 3.4a).  

In the ‘validation model’ results, annual yields were affected by overestimation in late 
August 2000 and underestimation in July 2001 (Figure 3.4b). As a result, the mean annual sSSY 
estimates were 31 % higher and 16 % lower than observed annual sSSY in 2000 and 2001, 
respectively. Considering the spread of the model results (i.e., the 2.5 and 97.5 percentiles of 
the 250 model predictions as depicted by the whiskers in Figure 3.4b, which were chosen as 
they are more robust than the extremes while covering 95 % of the estimates), 19 % 
overestimation compared to the maximum model estimate in 2000 and 4 % underestimation 
compared to the minimum model estimate in 2001 remained. Unfortunately, annual yields of 
the validation model trained on the 2000-2001 data cannot be compared in the same way, since 
observations show gaps in both 2019 and 2020 (see also the caption of Figure 3.4a). 
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Figure 3.4. (a) Daily Qsed estimates from QRF validation models vs. Qsed from turbidity at gauge Vernagt. (b) 
Annual sSSY based on turbidity observations, estimates of the validation model (without 2000-2001 data) and estimates 
of the reconstruction model (all training data) in 2000 (left) and 2001 (right). This comparison was not possible for 2019 
and 2020, since observation data are missing in May - July 2019 and May - June 2020. Boxes depict mean model 
estimates and whiskers depict the 2.5 and 97.5 percentiles of model predictions. NSE: Nash−Sutcliffe efficiency; BE: 
benchmark efficiency. 

At gauge Vent, more years of data were available, so that the results of the five-fold cross-
validation provided a more detailed picture of the temporal extrapolation ability (Table 3.1). 
Some cross-validation periods showed rather low NSE values, which indicates that they are 
harder to predict with only the remaining training data, and therefore contain more valuable 
data for training the full QRF model. For example, the period 2012 to 2014 with the lowest 
NSE contains the most extreme event in August 2014, which was likely linked to mass 
movements (Schmidt et al., 2022b). Similarly, the period 2018 to 2020 also shows a low NSE 
and a mass-movement event was observed in 2020 (ibid.). Including such periods in the 
training data apparently is of importance to the fidelity of the model. Conversely, the same 
cross-validation with a sediment rating curve shows that QRF performance is much better, 
especially in those periods that are harder to predict. Consequently, QRF clearly excels over 
the traditional approach (see also section 3.4.4). 

Table 3.1. Results of the five-fold cross-validation at gauge Vent for QRF and SRCs, with respect to mean daily SSC 
compared to turbidity measurements, expressed as Nash−Sutcliff efficiency (NSE) of the model estimates for each one-fifth 
of the time series in the cross-validation (with corresponding years in parentheses) and the full models (OOB: out-of-bag in 
the case of QRF). 

NSE 
(OOB) 
full 

NSE 
(2006–2008)   

NSE 
(2009–2011)     

NSE 
(2012–2014)     

NSE 
(2015–2017)     

NSE 
(2018–2020)    

QRF 0.6 0.48 0.55 0.21 0.69 0.39 
SRC 0.41 0.41 0.33 0.09 0.61 -0.055
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3.4.3 EXCEEDANCES OF PREDICTOR RANGES IN THE

PAST

At gauge Vent, the maximum temperature of the training period (Ttrain, max) was not 
exceeded during the reconstruction period. The maximum discharge of the training period 
(Qtrain, max) was overstepped on 4 d in 1987, and precipitation within the reconstruction period 
was larger than the maximum precipitation during the training period (Ptrain, max) on 3 d within 
the reconstruction period. 

At gauge Vernagt, Qtrain, max was exceeded six times in the reconstruction period, and four 
of these days occurred in 2003. There was one day at gauge Vernagt, where Ttrain, max was
exceeded in 2017. Ptrain, max was exceeded on 5 d within the reconstruction period; however on 
two of these days, the temperature was below zero and discharge was very low, so we 
considered these days negligible for annual sediment export. 

There were also days at both gauges when discharge was lower than the minimum discharge 
measured during the training period (Qtrain, min). Yet all of these days were in April, May or 
October, when SSCs are very low, and as very low discharge also translates to very low 
transport capacities, we considered the error negligible for annual sediment yields. 

3.4.4 PERFORMANCE OF THE RECONSTRUCTION 

MODELS

To test the performance of the reconstruction models, we compared out-of-bag SSC 
estimates of the reconstruction models and SSC estimates of sediment rating curves (trained 
on all available data) to turbidity measurements at both gauges (Figure 3.5).  

QRF performance is superior to sediment rating curves (SRCs) at both gauges with respect 
to mean daily SSCs: as can be seen in Figure 3.5 and the NSE and BE values, SRCs are generally 
less capable of capturing the variability in the training data. The NSE and BE values of the 
QRF model represent a satisfactory performance at gauge Vent and very good performance at 
gauge Vernagt (Moriasi et al., 2007). Considering mean annual SSCs at gauge Vent, QRF 
performs much better than SRCs. At gauge Vernagt, QRF performs very well and slightly 
better than SRCs, but there are only four years available for comparison, which confines the 
representativity of this analysis. 
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Figure 3.5.  Measured versus modeled sediment concentration and yield using QRF (OOB estimates, red) and SRC 
(blue). (a, b, c) Gauge Vent; (d, e, f) gauge Vernagt; (a, d) QRF, daily values; (b, e) SRC, daily values, (c, f) QRF and 
SRC, annual values. NSE: Nash−  Sutcliffe efficiency; BE: benchmark efficiency. 

Performance with respect to Qsed is slightly better for both models as compared to SSC. 
SRC estimates yield values for NSE of 0.73 and BE of 0.61 at gauge Vernagt and NSE of 0.49, 
and BE of 0.35 at gauge Vent. Still, QRF performance is superior (NSE of 0.89 and BE of 
0.84 at gauge Vernagt and NSE of 0.64 and BE of 0.54 at gauge Vent). For both models, 
performance is better at gauge Vernagt than at gauge Vent. 

Rare days with extremely high SSC (and Qsed above ca. 7000 t d-1) are systematically 
underestimated by both models. However, it is important to emphasize that Figure 3.5 shows 
OOB predictions, i.e., the QRF model predictions for these ‘extreme’ days if the particular day 
in question is not part of the training data. To quantify the effect of this underestimation of 
daily Qsed on annual SSY for the QRF model, we calculated the difference between measured 
and estimated daily Qsed (OOB) for the 10 d with the highest Qsed in the turbidity time series at 
both gauges. The differences correspond to 0.6 to 2.8 % of the annual SSY at gauge Vernagt 
and 1.7 to 19.1 % of the annual SSY at gauge Vent. However, the 19.1 % underestimation is 
attributable to the most extreme event in the time series, where 26 % of the annual SSYs were 
exported within 25 h in August 2014, likely in association with a mass-movement event (see 
Schmidt et al., 2022b). The full model estimate of the ‘reconstruction model’ (i.e. not OOB 
estimates) for this day shows an underestimation of only 6 %. 
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3.5 RESULTS PART II: ANALYSIS OF ESTIMATED 

ANNUAL SSSYS, PREDICTORS AND MASS 

BALANCES 

3.5.1 ANNUAL SSSYS AND THEIR DEVELOPMENT OVER

TIME

In the resulting time series, the average sSSY of all years (± 1 standard deviation) is 1401 
(± 453) t km-2 a-1 at gauge Vent and 1383 (± 668) t km-2 a-1 at gauge Vernagt. This indicates 
overall similar magnitudes of sediment export per catchment area but with much higher 
variability at gauge Vernagt. To assess how suspended sediment dynamics changed over time, 
we analyzed the time series of annual sSSYs at the two gauges for trends and change points. 

At both gauges, mean modeled annual sSSYs show significant positive trends (Figure 3.6). 
In Vent, 97.6 % of the 250 time series realizations show significant positive trends (Sen’s slope 
(SS): 9 – 15 t km-2 a-1), and at gauge Vernagt, all realizations show significant positive trends 
(SS: 28 – 35 t km-2 a-1). At gauge Vent, Pettitt’s test yields a significant change point in 1981 in 
annual sSSY, which is also true for 99.6 % of the realizations (for one realization, the change 
point was detected in 1980). Accordingly, the MCP analysis shows a rather narrow probability 
density distribution around 1980/81 for all realizations, with a maximum probability density 
in 1981.  

At gauge Vernagt, MCP shows very similar probability density distributions to those of 
Vent with maximum probabilities in 1981 for all realizations. However, Pettitt’s test detects a 
change point in 1989 (p < 0.01; 66 % of realizations in 1989 and 27 % in 2002). As we elaborate 
in the discussion, this is likely due to a limitation of Pettitt’s test. Thus, we divided both time 
series in 1981 to examine the resulting segments for trends.  

In the first segment, no significant trends were detected at gauge Vernagt, and at gauge 
Vent, only 2 of the 250 realizations show significant positive trends (SS of 11.1 and 3.9 t km-

2 a-1; see Figure 3.5). In the second segment (i.e. after 1981), we detected a negative trend in 
mean annual sSSY at gauge Vent (SS = - 7.6 t km-2 a-1) and in 42 realizations (SS of - 13.1 to 
- 5.9 t km-2 a-1). In contrast, at gauge Vernagt, mean sSSYs (SS = 23.5 t km-2 a-1) as well as 248
of the realizations (SS of 20.2 to 27.9 t km-2 a-1) show strong positive trends. The average sSSYs
(± 1SD) of all years after 1981 are 1579 (± 391) t km-2 a-1 at gauge Vent and 1537 (± 603) t km-

2 a-1 at gauge Vernagt.
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Figure 3.6. Mean specific annual suspended sediment yields (sSSYs) as reconstructed by the QRF model (black 
points).  Whiskers depict 2.5 % and 97.5 % quantiles of the 250 QRF realizations. The overall trend of mean annual 
sSSY is given by Sen’s slope (black line) and trends of all 250 QRF realizations in grey. Change points determined by 
Pettitt’s test (red dashed line) and MCP (posterior distributions of 250 realizations as solid light red and mean as dark 
red lines). Trends in the time series segments before and after 1981 are given as dark blue (mean) and light-blue 
(realizations) lines (only plotted if significant).   

3.5.2 RESULTS PART III: ANALYSIS OF PREDICTORS

AND GLACIER MASS BALANCES 

We found positive trends in annual sSSYs at both gauges with high probabilities of a step-
like increase around 1981. To assess whether this coincides with changes in temperature (i.e., 
changes in snowmelt and/or glacier melt and discharge) or changes in precipitation, we 
analyzed time series of the predictors, temperature, discharge and precipitation, as well as 
glacier mass balance data with respect to trends and change points.  
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Figure 3.7. (a, b ) Annual discharge yields at gauges Vent and Vernagt. (c ) Annual and summer (May – Sept) 
precipitation in Vent. (d ) Summer (May – September) precipitation at gauge Vernagt. (e ) Mean annual and July 
temperatures in Vent. (f ) Mean summer (May – Sept) and July temperatures at gauge Vernagt. (g ) Annual mass 
balances of the Hintereisferner (HEF). (h ) Annual, winter and summer mass balances of VF.  Dashed vertical lines 
show change point locations according to Pettitt’s test, and solid lines show Sen’s slope. Both are only drawn if they are 
significant at α = 0.01. Lines at the bottom show posterior density distributions of MCP change point locations, with 
colors corresponding to the respective variables if several variables are depicted within one plot. 

Annual specific discharge sums at both gauges show significant positive overall trends 
(Figure 3.7a) and b). In Vent, both change point detection methods indicate high probabilities 
of a change point in 1981. At gauge Vernagt, annual discharge volumes roughly doubled within 
the examined period, from ca. 1250 mm to ca. 2500 mm. The two change point (CP) detection 
methods disagree as in the case of annual sSSYs, as Pettitt’s test detects a change point in 1990 
while MCP suggests a change point with high probability in 1981. Dividing both time series in 
the year 1981, both segments of the Vent time series show insignificant trends, while both 
segments at gauge Vernagt show significant positive trends (first segment: Sen’s slope = 32.7 
mm a-1, p < 0.01; second segment: Sen’s slope = 17.2 mm a-1 p < 0.001).  



63 

3.5   |  RESULTS PART I I :  ANALYSIS OF ESTIMATED ANNUAL SSSYS , PREDICTORS 
AND MASS BALANCES 

We analyzed mean monthly discharge volumes and found significant positive trends in May 
and June in Vent (a detailed figure can be found in Appendix Figure 3.A2). As with 
temperature, change points are indicated by both methods in 1981 for July discharge and 
around 1995 for June discharge. At gauge Vernagt, discharge shows significant positive trends 
from May through August (see Figure 3.A3 in the Appendix). In June, a CP is indicated around 
1995 by both methods, and in July, MCP indicates a CP around 1981, but Pettitt’s test does 
not yield a significant change point. For May and August discharge, Pettitt’s test yields change 
points in the late 1990s and mid-1980s, respectively, but MCP shows very widespread 
probability distributions.  

Summer precipitation sums (May – September) at gauge Vent (Figure 3.7c) show no 
significant trend, while annual precipitation sums show a significant positive trend. A 
change point is identified by Pettitt’s test in 1991 (p < 0.001) while MCP yields a 
widespread probability distribution with the highest probability in the late 1990s. At gauge 
Vernagt, we confined the analysis to summer precipitation (May – September) as the time 
series is affected by gaps in some winters (see Figure 3.A1 in the appendix). Summer 
precipitation at gauge Vernagt shows a significant positive trend (Figure 3.7d). Pettitt’s test 
yields a significant change point in 1992 while MCP gives a very widespread distribution. 

We derived mean annual temperatures at gauge Vent, however, at gauge Vernagt, we 
computed mean summer temperatures (between May and September) instead, as temperatures 
are missing in winter in many years (see also Figure 3.A1 in the appendix). Both time series 
show significant positive trends but no clear change points, as Pettitt and MCP disagree and 
MCP yields a very widespread probability distribution (Figure 3.7e and f). Additionally, we 
analyzed mean monthly temperatures over time and found that while most months show 
positive trends, at both gauges July is the only month with a high change point probability 
around 1981 (Figure 3.7e and f). At both stations, July temperatures in 1982 and 1983 were 
exceptionally warm. 

In addition to the hydroclimatic predictors considered in the QRF model, we analyzed 
independent data of annual mass balances of the Vernagtferner (VF) and Hintereisferner 
(HEF), the two largest glaciers in the Vent catchment with long glaciological mass balance 
records. Since 1965 (VF) and 1952 (HEF), the two glaciers have been regularly and extensively 
surveyed for volume changes (World Glacier Monitoring Service, 2021; Strasser et al., 2018). 
Annual mass balances of both glaciers show significant negative trends (Figure 3.7g and h). 
Significant change points are indicated in 1985 for both glaciers by the Pettitt test, while MCP 
attributed (much) higher probabilities for change points to the year 1981. Notably, annual mass 
balances of both glaciers are almost exclusively negative after 1980 (with the exception of 1984, 
where mass balances are barely positive). Dividing the time series in 1981, no significant trends 
are detected in the first segments of both time series and significant negative trends in the 
second segments (HEF: -20 mm a-1; VF: -17 mm a-1).  

Summer mass balances were only (continuously) available for the Vernagtferner and show 
a strong negative trend and both Pettitt and MCP detect change points in 1981 (Figure 3.7h). 
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No significant trends are detected in the resulting time series segments. Winter mass balances 
do not show a significant trend or change points.  

3.6 DISCUSSION 

3.6.1 MODEL EVALUATION 

The presented study aimed to examine extensively whether quantile regression forest is a 
suitable method for estimating past sediment export. Overall, the final QRF reconstruction 
models outperformed SRCs by about 20 percent points in explained variance at both gauges 
– even though we assessed OOB estimates of QRF versus rating curves based on all available
data. OOB performance was better at gauge Vernagt (NSE of 0.82 with respect to daily SSCs)
than at gauge Vent (NSE of 0.6), although even the latter corresponds to a satisfactory
performance (Moriasi et al., 2007). We suggest that there are three reasons for this difference
in performance. First, the Vent catchment is much larger (almost 100 km²) than the 11.4 km²
Vernagt catchment. Thus, suspended sediment dynamics at gauge Vent integrate over more
different processes, which adds to the complexity compared to the mostly melt-driven Vernagt
catchment. Second, precipitation measurements at gauge Vent are unlikely to be representative
of the entire catchment, due to the catchment size and especially due to topographical effects.
Thus, more localized rainstorms are likely to be captured more poorly. Third, SSCs at gauge
Vent reach much higher values than at gauge Vernagt, so that uncertainties in the turbidity
measurement are more relevant: at low concentrations, the light emitted by the turbidity sensor
is predominantly scattered by solid particles, while at high concentrations, absorption becomes
the dominant process. This causes the relation between the light detected by the photo sensor
in the turbidity probe and SSCs to become nonlinear (Merten et al., 2014) and leads to a much
higher variance in the SSC−turbidity relationship. However, despite these effects and the lower
NSE with respect to daily Qsed at gauge Vent, annual sSSYs show very good agreement. Thus,
we conclude that – given the availability of a large-enough and varied training dataset and
sufficiently long records of the predictors – QRF represents a reliable tool with the ability to
broaden our understanding of the response of high-alpine areas to climate change in the past
decades.

Nevertheless, a few limitations need to be considered. As a major limitation, QRF cannot 
extrapolate if predictors in the reconstruction period exceed the range of values represented 
in the training dataset (Francke et al., 2008a). In these cases, the modeled values will potentially 
suffer from overestimation or underestimation. At the same time, assessing the number of 
such exceedances in the period of model application provides an indication of the 
representativity of the training dataset, which must be sufficiently large and varied for such 
data-driven approaches (Vercruysse et al., 2017). In our case, exceedances were rare (7 d at 
gauge Vent and 10 d at gauge Vernagt), so we consider the error negligible for annual sediment 
export. We strongly encourage future studies to assess the number and severity of such 
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exceedances for this purpose, especially in view of changing conditions, e.g., due to 
(prospective) climate change. 

More generally, the QRF model can only reproduce the quantitative and qualitative 
conditions as represented within the training data. This has several implications. First, the 
spread of the QRF model results needs to be interpreted as a minimum estimate of uncertainty, 
as it can only reproduce the ‘known unknown’, i.e., the variability represented in the training 
data and their respective relationships or the lack thereof. Second, major qualitative changes 
in the functioning of the modeled system, such as changes in connectivity, e.g., through the 
formation of proglacial lakes or large-scale storage of sediments along the flow paths, cannot 
be captured. However, for the catchments considered in this study, such major changes are at 
least not indicated in historic aerial images (Laser- und Luftbildatlas Tirol, 2022) and the 
longitudinal profiles of the major water courses are very steep, which precludes significant 
sediment storage. 

We found that our models at both gauges underestimated rare, high daily SSCs and Qsed 
(Figure 3.3 – Figure 3.5). This is not surprising given that these events are rare and that Figure 
3.3 to Figure 3.5 show out-of-bag predictions, which means that the respective estimates are 
based only on those trees that have seen few or none of these conditions. Including them in 
the training of the final reconstruction model alleviated this effect. 

Further, we suspected that the aggregation of precipitation and discharge to daily values 
might involve some loss of information e.g. on subdaily precipitation intensity and maximum 
discharge, which would very likely affect sediment export estimates. Indeed, the 
underestimation is a little more pronounced in the daily model as compared to hourly 
resolution, yet the difference was relatively small (Validation A, Figure 3.3a). Adding to this, 
the underestimation at the daily scale does not seem to propagate to annual estimates, as high 
annual sSSYs are not systematically underestimated to the same extent (Figure 3.5b) and the 
underestimation of rare events at the daily scale has a limited effect on the annual estimates 
(section 3.4.4). This is in accordance with the finding that only about one-fourth of the annual 
yield in Vent is transported during (precipitation) events (Schmidt et al., 2022b), as opposed 
to other fluvial systems where the majority of the annual sediment yield is transported by 
several extreme events (Delaney et al., 2018b). Consequently, the proposed QRF model is also 
applicable at daily resolution, enabling its application to the longer time series available. 

We assessed temporal extrapolation ability at gauge Vernagt by training a model on the 
data of 2019/20 and comparing the estimates to measurements in 2000 and 2001 (Validation 
B; Figure 3.4), which showed overestimation and underestimation of annual sSSYs by 31 % 
and 16 %, respectively. In interpreting these results, it has to be considered that the amount 
of data used for training is very small and less than half of the final reconstruction model (212 
of 579 d), while the amount of training data is known to be crucial in data-driven models (e.g., 
Vercruysse et al., 2017). Specifically, turbidity recordings only started in mid-July 2019, so that 
only one spring season was available for training. Thus, given the rigorousness of this test and 
the temporal distance of 20 years, we find that the validation yields satisfactory results with 
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good agreement of dynamics on short timescales and annual estimates. The validation model 
trained on the data of 2000/2001 yielded lower but still satisfactory NSE values. We attribute 
this to higher discharge and temperature values in 2019 and 2020, which, again, points to the 
importance of exceedances. With better data availability at gauge Vent, we assessed temporal 
extrapolation ability through a five-fold cross-validation. This showed that some periods were 
harder to model based solely on the remaining data. This means that these periods contain 
rather distinct data and are thus especially valuable as training data for the full QRF model, as 
they contained the highest SSC and Qsed in the time series. We repeated this cross-validation 
with the SRCs. It proved to be inferior to QRF in most periods, which showed that in our 
case QRF is better able to extrapolate from limited data, especially with respect to periods 
containing extreme events, which are difficult to describe per se, due to threshold effects such 
as the activation of mass movements (Zhang et al., 2022). This seems to contradict the fact 
that, numerically, a SRC is indeed capable of extrapolating beyond the range of the training 
data, whereas QRF is not. As QRF still performed better in modeling periods with extreme 
events in the cross-validation, we attribute this to the circumstance that QRF is able to model 
interactions and is not bound to a linear or monotonous relationship between the predictors 
and SSC estimates. Apparently, these features are more important and influential than 
extrapolation in the sense of sheer “extension of a curve”. 

3.6.2 ANALYSIS OF ANNUAL SSSYS, PREDICTORS AND

MASS BALANCES

The overall magnitudes of annual yields at the two analyzed gauges fall at the high end 
compared to an extensive collection from the European Alps (Hinderer et al., 2013) and are 
in good accordance with yields from other catchments in the Stubai and Ötztal Alps (Schöber 
and Hofer, 2018; Tschada and Hofer, 1990) (see also Schmidt et al., 2022b). Their 
reconstruction for the past five decades constitutes an important contribution to the 
understanding of long-term sediment budgets, as other existing records commonly only cover 
some decades.  

The reconstructed annual sSSYs at both gauges show overall positive trends and change 
points around 1981. The two change point detection methods did not agree at gauge Vernagt, 
where MCP yielded high change point probabilities around 1981, whereas Pettitt’s test 
detected a significant change point in 1989 (or 2002 in some realizations). Similarly, the results 
did not agree for July temperatures and discharge at gauge Vernagt. We attribute this to a 
limitation of Pettitt’s test, which is known to be much less sensitive to break points located 
near the beginning or end of the time series (Mallakpour and Villarini, 2016). Notwithstanding, 
we conclude that there is a high probability of change points around 1981 in the reconstructed 
sSSY as well as discharge and July temperature time series at gauge Vernagt, as the MCP 
probability distributions are very narrow and similar to the corresponding probability 
distributions in Vent.   
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Our results suggest that the step-like increase in modeled sSSY is linked to the onset of 
increased ice melt. Mean annual temperature in Vent and mean summer temperature at gauge 
Vernagt at both locations show gradual positive trends without a clear change point. However, 
mean July temperatures show high change point probabilities around 1981 at both locations, 
which is probably heavily influenced by extraordinarily high temperatures in July 1982 and 
1983. July temperatures are especially relevant for firn and glacier melt, since July is the month 
with the highest firn and ice melt contribution to discharge after snowmelt contributions have 
peaked in June and snow cover has decreased substantially (Kormann et al., 2016; Weber and 
Prasch, 2016a; Schmieder et al., 2018a; Schmidt et al., 2022b). This shift is reflected in 
discharge, which shows a step-like increase around 1981 at both gauges and continues to be 
elevated after this change point. The analyses of monthly discharge showed that July was the 
only month with a change point around 1981 at both gauges, which again emphasizes the 
dominance of increased firn and ice melt. In contrast, we did not find evidence of a change in 
precipitation sums around 1981, which would indicate that enhanced hillslope erosion on 
snow- or ice-free surfaces played a crucial role in the sSSY increase. With regard to suspended 
sediment dynamics, the increase in ice melt may translate to an increase in sediment-rich glacial 
meltwater (Delaney and Adhikari, 2020) and intensified fluvial erosion of sediment-rich 
proglacial areas.  

These changes in the predictors of our QRF model are also reflected in the mass balance 
time series of the Hintereisferner and Vernagtferner, which were almost exclusively negative 
after 1980, with very negative summer mass balances in 1982 and 1983. Escher-Vetter (2007) 
and Abermann et al. (2009) also showed that mass loss started in 1981 at both glaciers, resulting 
from negative summer balances. With respect to the Vernagtferner, the drastically higher 
ablation area ratio of almost 80 % in 1982 as compared to around 25 % in the preceding years 
(Escher-Vetter and Siebers, 2007) indicates that large areas of the glacier became snow-free in 
1982. This entails crucial changes in albedo and therefore intensified ice melt and thinning of 
firn areas due to rising energy absorption at the glacier surface (Escher-Vetter, 2007; Braun et 
al., 2007). We interpret this as a regime shift as summer mass balances continue to be lower 
than before 1981 although (July) temperatures decrease again, with the exception of 1984, 
which was characterized by a relatively high number of snowfall days during the ablation 
period (Escher-Vetter and Siebers, 2007).  

Similar step-like increases in sediment export have been reported from the upper Rhône 
basin in Switzerland (Costa et al., 2018b) (only slightly later, around 1985, which is likely due 
to lower average temperatures) and for the headwaters of the Yangtze River on the Tibetan 
Plateau (Li et al., 2020; Zhang et al., 2021) and 28 headwater basins in High Mountain Asia (Li 
et al., 2021b). Thus, we deem it unlikely that the change points identified in the present study 
are related, e.g., to a change in measurements, also because they were detected at both gauges 
in the same year and in both (July) temperature and discharge. More generally, substantial 
increases in sediment export in response to climate change have been reported from cold 
environments around the globe (e.g., Bogen, 2008; Koppes et al., 2009; Bendixen et al., 2017b; 
Singh et al., 2020; Vergara et al., 2022) and are in accordance with state-of-the-art conceptual 
models, which expect that phases of glacier retreat (and re-advance) will lead to the highest 



68 

3  |  RECONSTRUCTING THE PAST  

increase in sediment yield across glacial cycles (Antoniazza and Lane, 2021), as has been 
confirmed by several studies (Lane et al., 2017, 2019; Micheletti and Lane, 2016). 

Interestingly, we found opposing trends in the time after 1981, with strongly increasing 
annual sSSY at gauge Vernagt and decreasing sSSY at gauge Vent. To some extent, this is 
reflected in changes in discharge, where we found no significant trend (and Sen’s slope close to 
zero) after 1981 at gauge Vent, but a strong positive trend at gauge Vernagt. Altogether, this could 
indicate different timings of peak sediment (Ballantyne, 2002; Antoniazza and Lane, 2021) and thus a 
stabilization or compensation of the larger Vent catchment as opposed to the nested Vernagt 
catchment. Some independent observations support this notion: for example, the glacier 
tongue of the Hochjochferner (denoted as “HJF” in Figure 3.1), located in the 
southernmost tributary valley to the Rofental, has retreated by about 2 km since the 1970s 
(determined based on historic aerial image collection of the State of Tyrol, Laser- und 
Luftbildatlas Tirol, 2022) and has now retreated behind a rock sill. Additionally, several small 
lakes have formed in its glacier foreland that likely act as sediment sinks. Another two 
smaller glaciers in the northeastern part of the Vent catchment, Mitterkarferner 
and Platteiferner (“MKF” and “PF” in Figure 3.1), have disappeared almost completely 
since the 1970s. Conversely, the Vernagtferner glacier has also experienced 
considerable loss in area and volume but lacks such pronounced qualitative changes thus far. 

3.7 CONCLUSIONS 

In the presented study, we tested a quantile regression forest (QRF) model, which enabled 
the estimation of sediment export of the past five decades for the two gauges Vent 
and Vernagt. This allowed us to analyze annual specific suspended sediment 
yields (sSSYs) for trends and change points. Annual sSSYs show positive trends as well as 
step-like increases after 1981 at both gauges. As this coincides with exceptionally high 
July temperatures in 1982 and 1983, distinct changes in the glacier mass balances of the 
two largest glaciers in the catchment area and a sudden increase in the ablation area of 
one of the glaciers, we conclude that temperature-driven enhanced glacier melt is 
responsible for the step-like increase in sSSYs. This is also mirrored in discharge 
measurements at both gauges, which show change points around 1981 as well. 
Opposing trends after 1981 at the two gauges could indicate different timings of 
peak sediment. These analyses also demonstrated the value of assessing change points in 
addition to trend analyses, in order to detect sudden changes in the analyzed geomorphic 
systems and thus facilitate a better understanding of critical time periods.  

Further, we explored advantages and limitations of the QRF approach. As a major 
limitation, QRF may yield underestimates if predictors exceed the range of values represented 
in the training dataset. To estimate the effect on the model results, we suggest assessing the 
number of such exceedances, which can also be leveraged to evaluate the representativity of 
the training dataset. Further, we found that events with very high SSC and Qsed tend to 
be underestimated. While this is not surprising given the rareness of such events, the 
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effect of such underestimations on the annual yields was small. The assessment of 
the temporal extrapolation ability revealed a satisfactory performance of QRF and 
illustrated again the importance of a sufficiently varied dataset, i.e., including larger events. 
A comparison of QRF to sediment rating curves in a five-fold cross-validation showed that 
QRF was better able to model periods that contain very high SSCs caused by mass 
movements. This points to the favorable ability of QRF to model threshold effects, which 
is a major advantage compared to approaches bound to continuous relationships. The final 
QRF reconstruction models showed good performance at both gauges and outperformed 
SRCs by about 20 percent points of the explained variance. We conclude that the presented 
approach is a helpful tool for estimating past sediment dynamics in catchments where 
long-enough SSC measurement series are lacking. Future studies could help gain more 
knowledge on decadal-scale sediment export from high-alpine areas by applying the presented 
approach to other catchments. In turn, advancing knowledge on past changes will support 
and prepare the development of management and adaptation strategies.  

3.8 CODE AVAILABILITY 

The code of the quantile regression forest model, including the preprocessed data and raw 
model results, is available on B2Share (https://b2share. 
109960a9fb42427b9d0a85b998b9d18c, Schmidt et al., 2022a). 

3.9 DATA AVAILABILITY 

See column ‘data availability’ in Table 3.A1 in Appendix A. 
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3.12 APPENDIX 

Table 3.A1. Characteristics of input data. Q: discharge, T: temperature, P: precipitation, SSC: suspended sediment 
concentration. HD: Hydrographic Service of the State of Tyrol, Austria. BAdW: Bavarian Academy of Sciences and 
Humanities, Munich, Germany. 

Variable Location Coordinates 
(lon, lat; 
WGS84) 

Length Temporal 
resolution 

Source Data 
availability 

Q Vent 10 54 39, 
46 51 25 

01.01.1967 – 
31.12.2017 

Daily means HD eHYD 
(2021) 

01.01.1967 – 
31.12.2020 

15 min mean Can be 
requested via 
wasserwirtsc
haft@tirol.gv
.at 

T, P Vent 10 54 46, 
46 51 26 

01.01.1935 – 
31.12.2011 

Daily mean 
(T) and sum
(P)

Institute of 
Meteorology
and 
Geophysics, 
Innsbruck, 
Austria 

Institute of 
Meteorology 
and 
Geophysics 
(2013) 

01.01.2012 – 
31.12.2016 

Daily mean 
(T) and sum
(P)

Institute of 
Atmospheric
and 
Cryospheric 
Sciences, 
Innsbruck, 
Austria 

Juen and 
Kaser (2017) 

01.01.2017 – 
31.12.2020 

Daily mean 
(T) and sum
(P)

HD Can be 
requested via 
wasserwirtsc
haft@tirol.gv
.at 

SSC 
(turbidity) 

Vent 10 54 39, 
46 51 25 

01.05.2006 – 
31.10.2020 

15 min mean HD Schmidt and 
Hydrographi
c Service of 
Tyrol, 
Austria 
(2021) 

Q, P, T Vernagt 10 49 43, 
46 51 24 

01.05.1974 – 
31.10.2001 

60 min mean BAdW Escher-
Vetter et al. 
(2012) 
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Q Vernagt 01.05.2000 – 
20.10.2001 

10 min mean 

Q, P, T Vernagt 01.05.2002 –  
31.12.2012 

5 min mean Escher-
Vetter et al. 
(2014) 

Q, P, T Vernagt 01.05.2013 – 
15.10.2020 

5 min mean Data will 
successively 
be made 
available on 
PANGEA. SSC 

(turbidity) 
Vernagt 01.05.2000 – 

20.10.2001 
10 min mean 

SSC 
(turbidity) 

Vernagt 30.04.2019 – 
03.11.2020 

5 min mean 

SSC 
samples 

Vernagt 23.05.2019 – 
30.08.2020 

131 samples This study 

P, T Vernagt 
(HD) 

10 49 42, 
46 51 24 

07.10.2010 – 
31.12.2020 

15 min mean 
(T) and sum
(P)

HD Can be 
requested via 
wasserwirtsc
haft@tirol.gv
.at 

 P Martin-
Busch-
Hütte 

10 53 18 
46 48 03 

23.09.2010 – 
31.12.2020 

15 min mean 
(T) and sum
(P)

HD Can be 
requested via 
wasserwirtsc
haft@tirol.gv
.at 

Figure 3.A1. Discharge (Q), temperature (T) and precipitation (P) data at the two gauges after the gap-filling 
procedure. The color indicates the data source (BAdW: Bavarian Academy of Sciences and Humanities, HD: 
Hydrographic Service of Tyrol stations at gauges Vent a  and Vernagt b, MB: Martin-Busch Hütte). 
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Figure 3.A2. Trends and change points in monthly discharge sums at gauge Vent. Dashed red lines indicate change 
points according to Pettitt’s test (significant at α = 0.01), blue lines represent change point probability distributions of 
MCP, and solid black (and grey) lines indicate trends according to Mann−Kendall test significance at α = 0.01 (and 
0.05). 
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Figure 3.A3. Trends and change points in monthly discharge sums at gauge Vernagt. Dashed red lines indicate 
change points according to Pettitt’s test (significant at α = 0.01), blue lines represent change point probability distributions 
of MCP, and solid black lines indicate trends according to Mann−Kendall test significance at α = 0.01. 
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KEY POINTS 

• Applying QRF models developed in chapter 3 to temperature, precipitation and
discharge projections

• Estimating sediment export for three emission scenarios (RCP2.6, RCP4.5 and
RCP8.5) until 2100

• Analysis indicates that uncertainties associated with technical limitation of QRF model
(out-of-observation-range values) are small before 2070

• Results suggest overall decrease in sediment export regardless of emission scenario

• However, high yields are projected in response to heavy summer precipitation

ABSTRACT 

Future changes in suspended sediment export from deglaciating high-alpine catchments 
affect downstream hydropower and reservoirs, flood hazard, ecosystems and water quality. 
Yet so far, quantitative projections of future sediment export have been hindered by the lack 
of physical models that can take into account all relevant processes within the complex systems 
determining sediment dynamics at the catchment scale. As a promising alternative, machine-
learning (ML) approaches have recently been successfully applied to modeling suspended 
sediment yields (SSY).  

This study is the first to our knowledge exploring machine-learning approach to derive 
sediment export projections until the year 2100. We employ Quantile Regression Forest 
(QRF), which proved to be a powerful method to model past SSY in previous studies, at two 
nested high-alpine gauges in the Ötztal, Austria, i.e. gauge Vent (98.1 km² catchment area, 28 
% glacier cover in 2015) and gauge Vernagt (11.4 km² catchment area, 64 % glacier cover). As 
predictors, we use temperature and precipitation projections (EURO-CORDEX) and 
discharge projections (AMUNDSEN physically-based hydroclimatological and snow model) 
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for the two gauges. We address uncertainties associated with a known limitation of QRF, 
i.e., that underestimates can be expected if out-of-observation-range (OOOR) data points 
(i.e., values exceeding the range represented in the training data) occur in the application 
period. For this, we assess the frequency and extent of these exceedances and the 
sensitivity of the resulting mean annual suspended sediment concentration (SSC) estimates. 
We examine the resulting SSY projections for trends, the estimated timing of peak sediment 
and changes in the seasonal distribution.  

Our results show that the uncertainties associated with the OOOR data points are small 
before 2070 (max. 3 % change in estimated mean annual SSC). Results after 2070 have to be 
treated more cautiously, as OOOR data points occur more frequently and as glaciers are 
projected to have (nearly) vanished by then in some projections, which likely substantially alters 
sediment dynamics in the area. The resulting projections suggest decreasing sediment export 
at both gauges in the coming decades, regardless of the emission scenario, which implies that 
peak sediment has already passed or is underway. Nevertheless, high(er) annual yields can 
occur in response to heavy summer precipitation, and both developments would need to be 
considered in managing sediments as well as e.g. flood hazard. While we chose the predictors 
to act as proxies for sediment-relevant processes, future studies are encouraged to try and 
include geomorphological changes more explicitly, e.g. changes in connectivity, landsliding / 
rockfalls, or vegetation colonization, as these could improve the reliability of the projections.  

4.1 INTRODUCTION 

Fluvial suspended sediment export from glacierized, high-alpine areas can be up to a 
magnitude higher (per unit area) than in non-glacierized downstream areas (Hinderer et al., 
2013; Beniston et al., 2018). Thus, sediment dynamics in these high-alpine areas and changes 
therein have important implications for downstream hydropower generation and reservoir 
sedimentation (Schöber and Hofer, 2018; Guillén-Ludeña et al., 2018; Li et al., 2022), water 
quality (as well as nutrient and contaminant transport) (Bilotta and Brazier, 2008), aquatic 
species and riverine ecosystems (Milner et al., 2009, 2017; Gabbud and Lane, 2016; Huss et 
al., 2017), but also flood hazard (Nones, 2019) and carbon cycling (Tan et al., 2017; Syvitski et 
al., 2022). 

High-alpine areas are particularly sensitive to climate change, experience above-average 
warming (Gobiet et al., 2014) and hence crucial cryospheric changes, such as ongoing and 
accelerating deglaciation, permafrost melt and snow cover changes (Huss et al., 2017; Beniston 
et al., 2018; Abermann et al., 2009). These changes go hand in hand with changes in discharge 
volumes, timing and magnitude (Vormoor et al., 2015; Kuhn et al., 2016; van Tiel et al., 2019; 
Rottler et al., 2020; Hanus et al., 2021). This in turn affects sediment export, and past changes 
have been observed frequently, e.g. due to enhanced subglacial sediment evacuation and 
increased sediment accessibility in expanding erodible landscapes (Micheletti and Lane, 2016; 
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Carrivick and Heckmann, 2017; Lane et al., 2017, 2019; Costa et al., 2018a; Delaney and 
Adhikari, 2020; Li et al., 2020; Vergara et al., 2022).  

Nevertheless, future changes in sediment export are understudied (Zhang et al., 2022) and 
questions such as ‘Are sediment yields from deglaciating catchments increasing, decreasing or 
is there no pattern?’ or ‘to what extent is it possible to quantify spatio-temporal patterns of 
future sediment yields?’ (Carrivick and Tweed, 2021) have yet to be answered  – although 
projections of climatological (e.g. Gobiet and Kotlarski, 2020; Gobiet et al., 2014) , 
glaciological (e.g. Stoll et al., 2020; Bolibar et al., 2022; Huss, 2011) and hydrological changes 
(e.g. Madsen et al., 2014; Hanzer et al., 2018; Hanus et al., 2021; Huss and Hock, 2018; 
Tecklenburg et al., 2012; Wijngaard et al., 2016), that could serve as a basis for estimating 
future changes in sediment export, are numerous.   

The main reason why answering such questions is challenging is that modeling sediment 
export at the catchment scale with process-based models remains difficult – if not impossible 
– because it is determined by a complex system of interconnected processes that is not
straightforward to capture. For example, the relationship between suspended sediment
concentrations and discharge is most often nonlinear in time and space, and univariate models
relying solely on discharge are often insufficient (Vercruysse et al., 2017; Zhang et al., 2021).
Hence, in addition to variations in discharge, changes in sediment availability, entrainment,
transport and deposition would have to be considered, there may be threshold effects and
nonlinear responses of geomorphic processes (e.g. triggering of mass movements or debris
flows), correlated influencing factors, hysteresis and seasonality (Huggel et al., 2012; Landers
and Sturm, 2013; Vercruysse et al., 2017; Costa et al., 2018a; Schmidt et al., 2022b; Zhang et
al., 2022).  Additionally, long-term field observations (i.e. several decades and covering a wide
range of conditions) that provide enough training and validation data to develop sediment-
yield models or to analyze trends are very rare (Zhang et al., 2022; Schmidt et al., 2023).

There are conceptual models on (suspended) sediment export from deglaciating areas 
(Antoniazza and Lane, 2021; Carrivick and Tweed, 2021; Zhang et al., 2022), which expect an 
initial increase in sediment export as glaciers begin to retreat, and an eventual decrease – after 
peak sediment –  once the glaciers have disappeared and the landscape stabilizes. The timing of 
peak sediment is presumed to depend i.a. on changes in erosive precipitation, i.e. a negative 
trend in erosive precipitation implies that peak meltwater and peak sediment may co-occur, 
while a positive trend or no change in erosive precipitation result in a lag between peak 
meltwater and peak sediment. However, deducing estimates of future sediment export and 
implications for individual catchments based on these conceptual considerations is not 
straightforward or even possible.  

Common approaches to model sediment yields at the catchment scale, such as SWAT (e.g. 
Vigiak et al., 2017), BQART (Syvitski and Milliman, 2007), WBMsed (Cohen et al., 2013), 
WASA-SED (Mueller et al., 2010) or SAT (Zhang et al., 2021), are mostly empirical or 
conceptual in their sediment modules, do not consider all relevant erosion processes (i.e. 
neglecting glacial, gully erosion and landslides in the case of SWAT) and often concentrate on 
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large spatial scales (i.e. sediment fluxes to the oceans for large basins, entire continents or at 
global scale) and / or large temporal scales (i.e. multiyear averages and long-term fluxes). On 
the other end of the spectrum, models for individual parts or processes within glacierized 
catchments exist, as for example a numerical approach to model subglacial fluvial sediment 
transport (Delaney et al., 2019) that has also been coupled with models for ice dynamics and 
bedrock erosion (Delaney et al., 2021), or e.g. probabilistic or physical models of mass wasting 
processes, such as landslide or debris flows (Iverson and George, 2014; Hirschberg et al., 2021; 
Campforts et al., 2022). However, as of yet, there is no all-in-one physical model (fully-
distributed, incorporating thermal and pluvial drivers of sediment mobilization and transport) 
to simulate sediment export from cryospheric basins (Zhang et al., 2022) at the catchment 
scale.  

Accordingly, studies that have attempted to project future suspended sediment yields (SSY) 
chose rather qualitative approaches, such as comparing sediment yield observations of warmer 
and colder ablation seasons (Stott and Mount, 2007; Bogen, 2008), using responses of SSY to 
past predictor changes and applying this to projected changes in the future (Li et al., 2021b) or 
fitting a multiple regression model to past data (of only one year) and increasing the 
temperature input in the model (Stott and Convey, 2021). However, these approaches may 
preclude modeling decreases or accounting for interactions between variables.  

As a promising alternative, geoscientific machine-learning approaches have emerged, and 
have recently been acknowledged for their potential in applications to Earth System Science 
(Reichstein et al., 2019). Indeed, first studies showed that machine-learning approaches can 
easily outperform well-known existing models for sediment yield (Gupta et al., 2021; Rahman 
et al., 2022; Jimeno-Sáez et al., 2022; Schmidt et al., 2023). In a previous study, we have 
developed and validated a Quantile Regression Forest (QRF) approach to model SSY in two 
nested high-alpine catchments and estimate yields for the past five decades (Schmidt et al., 
2023). This showed that the QRF model outperformed commonly applied sediment rating 
curves by about 20 % of explained variance, and other studies found that regression trees and 
Random Forest models (which QRF is based on) even outperformed other machine-learning 
approaches in modeling sediment dynamics (Talebi et al., 2017; Al-Mukhtar, 2019). 

Thus, the present study is motivated to explore QRF to model future SSY based on 
measurement data, emission scenarios and subsequent hydrological model results. We test the 
approach in two glacierized high-alpine catchments in the Ötztal in Austria, where projections 
of future climatological and glacio-hydrological conditions from the AMUNDSEN model are 
available (Hanzer et al., 2018), and where we have successfully trained and applied QRF models 
to reconstruct past sediment export, using records of discharge, precipitation and air 
temperature (Schmidt et al., 2023).   

The goals of the present study are (i) to derive estimates of future changes in sediment 
export with respect to trends in annual yields, shifts in the seasonal distribution and the timing 
of peak sediment and (ii) to assess uncertainties of the model due to known limitations of the 
QRF method in order to identify the limitations of the approach.  
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4.2 METHODS 

In a previous study, we trained and validated quantile regression forest models to 
retrospectively estimate SSY at two gauges for the past 5 decades, using the available records 
of turbidity-derived suspended sediment concentrations (four and 15 years) and long-term 
records of the predictors, i.e. discharge, precipitation and temperature (Schmidt et al., 2023) 
(Figure 4.2, dashed-line box). In the present study, we use these models and apply them to 
downscaled and bias-corrected EURO-CORDEX temperature and precipitation projections 
that were used as input data for the glacio-hydrological model AMUNDSEN as well as the 
discharge projections of AMUNDSEN (Hanzer et al., 2018)(Figure 4.1). In the following, we 
outline the Quantile Regression Forest approach including its advantages and limitations with 
respect to modeling suspended sediment dynamics and the choice of predictors to model 
sediment dynamics in high-alpine areas. Then, we describe the study area, input data and 
necessary adjustments, as well as how we analyzed the limitations, sensitivities and the resulting 
SSY estimates.  

Figure 4.1. Overview of models and resulting projections used in this study. Bias-corrected EURO-CORDEX 
climate projections and AMUNDSEN model results serve as input data for the QRF models. Q: discharge, P: 
precipitation, T: temperature, SSC: suspended sediment concentrations, SSY: suspended sediment yields. 

Figure 4.2. Temporal extent of input data as well as modeled suspended sediment yields (SSY) in the previous 
study (dashed-line box, topleft), as well as projections (discharge (Q), precipitation (P), temperature (T)) as input data 
and SSY estimates from this study. 2006 – 2020 is the training data period at gauge Vent. At gauge Vernagt, the 
QRF model was trained on the years 2000, 2001, 2019 and 2020, when SSC data were available. Thus, to verify 
model results in the present study, we use the QRF estimated yields at gauge Vernagt of the years overlapping with the 
climate and hydrology projections, i.e. the ‘overlap period’ 2007 – 2020 (section 4.2.4.1).  
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4.2.1 QUANTILE REGRESSION FOREST FOR SUSPENDED

SEDIMENT CONCENTRATION MODELING

Quantile Regression Forest (QRF) (Meinshausen, 2006) is a non-parametric regression 
technique, that is based on Random Forest (RF) and can be classified as a machine-learning 
approach. It learns from the training data by growing ensembles of regression trees on random 
subsets (bootstrap samples) of the training data (Francke et al., 2008a; Schmidt et al., 2023). In 
each regression tree, the data are recursively partitioned based on splitting rules, where both 
RF and QRF randomly select the predictors used for splitting. In contrast to Random Forest, 
QRF keeps all observations within a node (whereas RF only keeps the mean), which allows to 
construct prediction intervals and to assess uncertainty (ibid.). 

The advantages of QRF include that it can handle multiple input variables, makes no 
assumptions on distributions and can deal with interactions, non-linearity and non-additive 
behavior. As limitations, it does not allow for easy interpretation of effects of single predictors 
and model predictions will always be within the range of observations, i.e. if the predictors in 
the period of application exceed the range represented in the training dataset (hereafter called 
‘out-of-observation-range (OOOR) data points’), we can expect over- (or under-) estimations 
(ibid.) of the target variable, if the respective predictor has a continuing monotonic effect in 
this range.  

With respect to modeling suspended sediment concentrations, studies have shown that 
QRF is very well-suited to model sedigraphs and estimate annual SSY (Francke et al., 2008b, 
a; Zimmermann et al., 2012) and that it performs favourably compared to sediment rating 
curves and generalized linear models (Francke et al., 2008a; Schmidt et al., 2023). On a related 
note, RF (which QRF is based on) outperformed support-vector machines and artificial neural 
networks (Al-Mukhtar, 2019) in modeling suspended sediment concentrations. 

In a previous study (Schmidt et al., 2023), we trained QRF models on data of the two 
gauges Vent and Vernagt, using the limited available time series of turbidity (4 and 15 years) 
and long records of the primary predictors, discharge (Q), precipitation (P) and air temperature 
(T) (Figure 4.2). These can be seen as drivers or proxies for processes and catchment
conditions crucial to sediment dynamics in high-alpine areas: e.g. discharge determines
sediment transfer and erosion within the channel, precipitation is key for runoff formation and
hillslope erosion, hillslope-channel coupling and the triggering of mass movement events, and
air temperature controls the activation of sediment sources (e.g. sub- and proglacial sediments
and their transport by glacier meltwaters or hillslope destabilization by permafrost thaw) and
whether precipitation occurs as rain or snow. In addition to these primary predictors, we
derived ancillary predictors to describe antecedent conditions and cumulative effects thereof:
e.g. longer-term discharge behavior may exhaust sediment sources or lead to sediment storage,
long warm periods may deplete snow cover and accelerate glacier melt associated with
increased subglacial sediment transport, and high antecedent moisture conditions may amplify
surface runoff or promote mass movements in response to precipitation events. The final
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models performed well and favorably to sediment rating curves, even with respect to threshold 
effects. For the past 5 decades, OOOR data points (see section 4.2.4.2) were rare, which 
strengthened the notion that the available training data covered the majority of typical 
situations.  

4.2.2 STUDY AREA 

The two studied gauges Vent Rofenache (hereafter ‘Vent’, operated by the Hydrographic 
Service of Tyrol) and Vernagt (operated by the Bavarian Academy of Sciences and Humanities) 
are located in the Rofental in the Ötztal Alps, Austria (Figure 4.3). The two corresponding 
nested catchments of 98.1 km² and 11.4 km² span elevations ranging from 1891 m a.s.l. at 
gauge Vent and 2635 m a.s.l. at gauge Vernagt to 3772 m a.s.l. The area is characterized by a 
relatively warm and dry climate (for this alpine setting), with average annual precipitation as 
low as 660 mm at gauge Vent but a strong precipitation gradient with elevation (Schmidt et 
al., 2023). Both catchments are heavily glacierized (28 % and 64 % glacier cover in 2015; Buckel 
and Otto, 2018), but accelerating glacier retreat has been observed since the beginning of the 
1980s (Escher-Vetter and Siebers, 2007; Braun et al., 2007; Abermann et al., 2009). Apart from 
the glaciers, land cover at high elevations is dominated by bare rock or sparsely vegetated 
terrain, whereas mountain pastures and coniferous forests occupy lower elevations. Geology 
is dominated by biotite-plagioclase, biotite and muscovite gneisses, variable mica schists and 
gneissic schists (Strasser et al., 2018). 

Figure 4.3. Map of the catchment area above gauge Vent , with nested catchment above gauge Vernagt and major 
glaciers Vernagtferner (VF) and Hintereisferner (HEF). Meteo stations recording precipitation and temperature are 
located close to the gauges. (Map based on 10 m DEM of Tirol (Land Tirol, 2016), glacier inventory of 2015 (Buckel 
and Otto, 2018) and river network from tiris open government data (Land Tirol, 2021).)  
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The river Rofenache is a tributary stream of the Ötztaler Ache, one of the largest tributaries 
to the river Inn. The glacial to nival hydrological regime shows a pronounced seasonality, with 
almost 90 % of discharge occurring during snow and glacier melt from April to September 
(Schmidt et al., 2022b). Mean annual suspended sediment concentrations at gauge Vent were 
the highest in an Austria-wide comparison (Lalk et al., 2014). Annual suspended sediment 
yields in Vent averaged 1500 t km-2 a-1 with an even more pronounced seasonality compared 
to discharge (99 % of the annual SSY transported from April to September) (Schmidt et al., 
2022b).   

4.2.3 INPUT DATA 

4.2.3.1 CLIMATE PROJECTIONS 

We used projections of air temperature and precipitation of the European part of the 
COordinated Regional Downscaling Experiment (EURO-CORDEX) (Jacob et al., 2014), that 
have been downscaled and bias-corrected for use in their hydrological model by Hanzer et al., 
2018. The EURO-CORDEX initiative provides regional climate model results to enable 
exploring impacts of future climate change at comparatively high horizontal resolution. This 
is beneficial for modeling future sediment export, for examples since regional climate model 
simulations provide higher precipitation intensities, which are entirely missing in the global 
climate model simulations (Jacob et al., 2014), and are thus more likely to capture erosion-
relevant changes in precipitation. The data used in this study and by Hanzer et al., 2018, were 
the result of six different regional climate models (RCMs) driven by five different global 
climate models (GCMs), resulting in a total of 14 different GCM-RCM modeling chains (Table 
4.1). These are forced by three different emission scenarios expressed as representative 
concentration pathways (RCP), which correspond to an added radiative forcing of 2.6, 4.5 and 
8.5 W/m² at the end of the 21st century relative to pre-industrial conditions, i.e. RCP2.6 
(intervention scenario assuming peak CO2 concentrations in the middle of the century, 
followed by slow decline and negative emissions), RCP4.5 (intermediate scenario with peak 
emissions mid-century followed by strong decline) and RCP8.5 (assuming no implementation 
of climate mitigation policies, considerably and steadily increasing emissions and greenhouse 
gas concentrations over time) (Jacob et al., 2014; Hanzer et al., 2018). This results in a total of 
31 RCP-GCM-RCM combinations. The horizontal resolution of the original EURO-
CORDEX projections is 0.11° (≈ 12.5 km).  

Hanzer et al. used statistical downscaling to represent the local scale, i.e. quantile mapping, 
to match the distributions of the climate model simulations of the current climate to the 
distributions of observations from stations. This is necessary, especially in Alpine regions, 
because the 12.5 km spatial resolution of RCMs (despite being comparatively high) can not 
sufficiently resolve topographical and climatological heterogeneities (Hirschberg et al., 2021). 
Hanzer et al. interpolated the meteorology to a 100 m grid and we used the projections for the 
two grid cells that are located closest to the gauges Vent and Vernagt. EURO-CORDEX 
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simulations are provided at daily resolution, and Hanzer et al., have disaggregated them to 3 h 
resolution to capture diurnal variability in the energy fluxes. We re-aggregated these data to 
daily resolution to match the temporal resolution of our QRF models (see section 4.2.3.3). 

Table 4.1. Overview of EURO-CORDEX scenario simulations used in this study (unaltered from Hanzer et al. 
(2018), distributed under CC BY 3.0 https://creativecommons.org/licenses/by/3.0/). 

ID RCM GCM RCPs 
1 CCLM4-8-17 CNRM-CM5 4.5, 8.5 
2 CCLM4-8-17 EC-EARTH 4.5, 8.5 
3 CCLM4-8-17 HadGEM2-ES 4.5, 8.5 
4 CCLM4-8-17 MPI-ESM-LR 4.5, 8.5 
5 HIRHAM5 EC-EARTH 2.6, 4.5, 8.5 
6 RACMO22E EC-EARTH 4.5, 8.5 
7 RACMO22E HadGEM2-ES 4.5, 8.5 
8 RCA4 CNRM-CM5 4.5, 8.5 
9 RCA4 EC-EARTH 2.6, 4.5, 8.5 
10 RCA4 CM5A-MR 4.5, 8.5 
11 RCA4 HadGEM2-ES 4.5, 8.5 
12 RCA4 MPI-ESM-LR 4.5, 8.5 
13 REMO2009 MPI-ESM-LR 2.6, 4.5, 8.5 
14 WRF331F CM5A-MR 4.5, 8.5 

4.2.3.2 HYDROLOGICAL PROJECTIONS 

We used discharge projections of the physically-based hydroclimatological and snow model 
AMUNDSEN (Hanzer et al., 2018), which is a fully distributed energy and mass balance model 
including glacier evolution (∆h method) and particularly adapted to high mountain catchments 
of small to regional scale. It comprises a glacier retreat module and has been extensively 
validated for historic conditions, especially with respect to snow distribution (Hanzer et al., 
2016). This is especially beneficial for modeling sediment dynamics, since AMUNDSEN can 
model processes such as changes in glacier melt that govern discharge dynamics and are crucial 
to sediment fluxes in these high-alpine areas. AMUNDSEN was forced by the downscaled, 
bias-corrected and temporally disaggregated EURO-CORDEX simulations of precipitation 
and air temperature described above (as well as relative humidity, global radiation and wind 
speed), and modeled snow, glaciers and hydrology in the Ötztal Alps until 2100 (ibid.). Hanzer 
et al. have bias-corrected all RCM outputs using at least 20 years of observations in the period 
1971 to 2005, and concluded that the corrected RCM outputs adequately represent the mean 
and variability of the observed climate. The AMUNDSEN model was calibrated and 
extensively validated for the period 1997 − 2013, using water-balance-derived mean areal 
precipitation, snow depth recordings, Landsat and MODIS-derived snow extent maps, glacier 
mass balances and runoff recordings (Hanzer et al., 2016). 

The temporal extent of both the meteorological and the hydrological projections is 2006 
to 2100, but since data are not available for the entire year of 2006, we use the period of 2007 
to 2100. Additionally, three HadGEM-driven models ended in November 2099. The years 
2007 to 2020 overlap with observation data at gauge Vent and results of the previous study at 
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gauge Vernagt (Figure 4.2), which we utilize to verify our model results (see sections 4.2.4.1 
and 4.3.2).  

4.2.3.3 ADJUSTMENT OF INPUT DATA FOR THE QRF MODEL 

As the QRF models were trained at daily resolution, we aggregated the Q and T projections 
from 3 h resolution to daily means and P projections to daily sums. However, comparing the 
AMUNDSEN Q projections to observations in the overlap period (2007 – 2020; see Figure 
4.2), showed that underestimation of Q during the glacier melt period at gauge Vernagt and 
substantial overestimation of Q during the snowmelt period at gauge Vent. Hanzer et al. (2018) 
have acknowledged that, but have left the overestimations (percent bias (PBIAS) of up to 23 
%) unaltered, since ‘mainly changes than absolute values are analyzed; these partial biases likely 
do not affect the main conclusions’. However, in our case, it is necessary to correct the 
discharge data, since SSY are sensitive to discharge amounts and additionally, unrealistic 
discharge amounts exceeding the maximum discharge value in the training data represent a 
challenge (see section 4.2.4.2). Also, it is necessary to represent discharge seasonality, and thus 
discharge origins, as accurately as possible, as usually more sediment is exported during glacier 
melt than at similar discharge levels during snowmelt (Schmidt et al., 2022b). 

For consistency, we applied the same bias-correction as Hanzer et al., i.e. quantile mapping, 
using the methodology by (Gudmundsson et al., 2012) as implemented in the R package qmap 
(Gudmundsson, 2016). Due to strong season-dependent biases, Hanzer et al. have performed 
quantile mapping for each season individually. We followed this approach, yet in order to best 
represent discharge seasonality, we shifted the limits of the seasons by one month (NDJ, FMA, 
MJJ, ASO instead of DJF, MAM, JJA, SON), as this corresponded better to seasons with 
similar characteristics of over- or underestimation.  

4.2.4 ANALYSES OF MODEL LIMITATIONS AND 

UNCERTAINTIES

To analyze model performance and identify the limits of the applicability of the presented 
QRF modeling approach, we verified the modeled SSY against measurement data in the 
overlap period (2007 – 2020) (section 4.2.4.1), assessed the frequency of OOOR data points 
as well as by how much the observation range of the predictors is exceeded in the projections 
and analyzed whether the modeled SSY are sensitive to changes in these predictors (section 
4.2.4.2).  
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4.2.4.1  VERIFICATION OF MODEL RESULTS BASED ON 

OBSERVED DATA 

To determine how well the SSY projections of our QRF models correspond to SSY derived 
from turbidity measurements, we compared model results in the overlap period (2007 to 2020) 
to measurements at gauge Vent. Lacking continuous direct measurements at gauge Vernagt, 
we used estimated SSY for the years 2007 - 2020 from the QRF model trained on 
measurements for the years 2000, 2001, 2019 and 2020 (Schmidt et al., 2023) for the 
comparison (see also Figure 4.2). To simplify the descriptions in the results, we hereafter refer 
to these estimates as ‘observations’ as well. As the hydroclimatic projections (and, thus, the 
SSY projections resulting from thereof) do not mimic the characteristics of single years (let 
alone month or days), but merely reproduce their distribution, we compared the distributions 
of observed and simulated annual SSY. To test for significant differences between these 
distributions, we used the two-sample Kolmogorov-Smirnov test, which is able to handle the 
non-normal distribution of some groups, as implemented in the R package stats version 3.5.1 
(R Core Team, 2018). Additionally, we assessed whether the seasonality of sediment export is 
accurately represented in the model results, by comparing mean monthly SSY.  

4.2.4.2  ASSESSMENT OF LIMITS OF APPLICABILITY 

As mentioned in section 4.2.1, a known limitation of QRF is that model bias can potentially 
result if the predictors in the application period exceed the range of observed values used as 
training data. This limitation is a direct consequence of the numerical characteristics of RF and 
QRF, which are incapable of extrapolation. In order to assess, how often and to what extent 
the model results are affected, we performed a series of analyses (overview in Figure 4.4), 
described in the following.  

ANALYSIS OF OUT-OF-OBSERVATION-RANGE DAYS 

First, we quantified how often OOOR days occurred for each projection proj and predictor 
p (i.e. Q, P or T), as the mean annual number of OOOR days per year: 

𝑎𝑎𝑝𝑝,𝑝𝑝𝑦𝑦𝑜𝑜𝑝𝑝��������� = 1
𝑎𝑎𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦𝑠𝑠 

∙ ∑ 𝑎𝑎𝑝𝑝,𝑝𝑝𝑦𝑦𝑜𝑜𝑝𝑝,𝑑𝑑
𝑎𝑎𝑦𝑦𝑠𝑠𝑦𝑦𝑦𝑦𝑠𝑠
𝑑𝑑=1  ,  (1) 

where nyears is the number of years, and np,proj,i is the number of OOOR days in a given 
predictor and projection in a given year i. Additionally, we determined the exceedance extent 
(in % of the maximum value in the training data max(xp,train)), i.e. by how much the maxima in 
the observations (i.e. the training period) max(xp,train) were exceeded on the OOOR days j (i.e. 
in the projection period),  
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𝑄𝑄𝑝𝑝,𝑝𝑝 =  𝑥𝑥𝑝𝑝,𝑗𝑗− max (𝑥𝑥𝑝𝑝,𝑡𝑡𝑦𝑦𝑦𝑦𝑖𝑖𝑛𝑛)
max (𝑥𝑥𝑝𝑝,𝑡𝑡𝑦𝑦𝑦𝑦𝑖𝑖𝑛𝑛)

∙ 100  ⩝   𝑥𝑥𝑝𝑝,𝑝𝑝 >  max (𝑥𝑥𝑝𝑝,𝑡𝑡𝑦𝑦𝑦𝑦𝑑𝑑𝑎𝑎), (2) 

where 𝑥𝑥𝑝𝑝,𝑝𝑝 is the value of the predictor p on OOOR day j. 

Although the same limitations of QRF theoretically also apply to predictors falling below 
the training minima, we did not consider them, since Q and P already contained very low or 
zero values and cannot fall below zero. Likewise, for T, minimum temperatures are already 
well below zero and further decrease (if it occurs) is not further physically relevant to sediment 
transport. Similarly, we only considered summer precipitation at both gauges (i.e. May – 
September), to exclude snowfall events that are not directly relevant to sediment dynamics. 

Figure 4.4. Overview of analyses performed with respect to OOOR days. Max(xp,train) denotes the maximum 
value in the training data, n refers to the number of OOOR days and e to the exceedance extent. Subscripts: p for predictor, 
rcp for emission scenario, ts for time slice. The analysis of OOOR precipitation days (3.) is described in section 4.2.5. 

SENSITIVITY ANALYSIS 

Second, we performed sensitivity analyses for the three primary predictors Q, P, and T 
(Figure 4.4), to assess the effects of the abovementioned exceedances on the model results. 
For this, we determined the 90th percentiles of the number of exceedances 𝑎𝑎𝑝𝑝,𝑝𝑝𝑦𝑦𝑜𝑜𝑝𝑝���������, and the 
exceedance extents 𝑄𝑄𝑝𝑝,𝑝𝑝 of all projections, i.e. np,90  (in d a-1) and ep,90 (in % of max(xp,train)), for 
each predictor p. These values were considered to represent a severe case for possible model 
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deficits due to lacking extrapolation capability. We created a respective test datasets for the 
sensitivity analysis from the 14-year overlap period (2007 – 2020): We selected the 
corresponding number of days nov with the highest values of the respective predictor in the, 
as 

𝑎𝑎𝑜𝑜𝑜𝑜 =   𝑎𝑎𝑝𝑝,90������  ∙ 14 𝑎𝑎  (rounded to whole days),  (3) 

and altered them by adding or subtracting the respective ep,90 . For example, np,90 of Q in 
Vent is 0.55 d a-1, therefore we changed nov = 0.55 ∙ 14 ≈ 8 days by the ep,90 of 9.6 m³ s-1 
(Table 4.2). 

We used the resulting altered time series of the primary predictors to compute the 
corresponding ancillary predictors (that describe antecedent conditions, see section 4.2.1), ran 
the QRF model with them and compared mean annual SSC after the alterations to the original 
dataset. Thus, we performed six individual runs for the sensitivity assessment at each gauge, 
two (one where the predictor was increased and one where it was reduced) for each of the 
three primary predictors Q, P and T. We chose to compare mean annual SSC instead of annual 
SSY, as discharge is needed to compute SSY so that the alterations in Q would have affected 
the estimated SSY twice. 

Table 4.2. Amount of reduction/increase in in the sensitivity models  (average exceedance extent 𝑄𝑄𝑝𝑝��� in units of the 
corresponding predictor) and number of days with reduction/increase on average per year (𝑎𝑎𝑝𝑝���) and in total in the 14-year 
period (𝑎𝑎𝑜𝑜𝑜𝑜).  

Q P (summer) T 
eQ,90 
[m³ s-1] 

nQ,90 
[d a-1] 

nov 

[d] 
eP,90 
[mm] 

nP,90  
[d a-1] 

nov 

[d] 
eT,90 
[°C] 

nT,90 
[d a-1] 

nov 

[d] 
Vernagt 1.5 0.32 4 28.86 0.45 6  3.3 2.75 38 
Vent 9.6 0.55 8 25.95 0.54 8 2.02 0.22 3 

CLASSIFICATION 

Third, we assessed whether the sensitivity analysis was informative for the different RCPs, 
time slices and predictors, i.e. if the sensitivity analyses contained sufficiently extreme 
conditions to represent the projections. For this, we determined the mean exceedance extent 
per predictor p, emission scenario rcp and time slice ts ep,rcp,ts��������� and the mean number of 
OOOR days per year np,rcp,ts���������� . We compared these to the ep,90 and np,90, and marked the 
respective predictor-time slice-RCP combination yellow, if ≥ 1/3 of projections had 
np,rcp,ts���������� > np,90 or ep,rcp,ts��������� > ep,90, and red if this applied to ≥ 2/3 of the projections (see 
Figure 4.5 and Table 4.5).  
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Figure 4.5. Example of the classification based on the OOOR analysis. The boxplots show the distribution of 
exceedance extents ep,rcp,j per RCP and predictor on all days j within the respective time slice ts. Grey numbers denote the 
average  𝑎𝑎𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠���������� of all projections within the respective RCP, time slice and predictor. Colored numbers indicate the 
number of projections with mean exceedance extent 𝑄𝑄𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠��������� > 𝑄𝑄𝑝𝑝,90, i.e. projection more extreme than the sensitivity 
analysis. Black numbers indicate the number or projections with the mean number of OOOR days per year 𝑎𝑎𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠���������� >
𝑎𝑎𝑝𝑝,90, , i.e. projection more extreme than the sensitivity analysis. 

4.2.5 ANALYSIS OF MODEL RESULTS

We analyzed the model results, i.e. estimated annual yields in the application period for 
trends as well as shifts in seasonality. To assess trends, we used two methods implemented in 
the R package FUME (Santander Meteorology Group, 2012): the Mann-Kendall test, which is 
a non-parametric tool to detect linear trends (specifically, we used a version that was modified 
to detect trends in serially correlated time series; Madsen et al., 2014; Yue et al., 2012) and 
Sen’s slope estimator (Sen, 1968) to assess trend magnitude. Further, we compared the 
estimated yields in three time slices (near future: 2011 – 2040, intermediate future: 2041 – 2070, 
and far future: 2071 – 2100; see also Figure 4.2), comparable e.g. to Jacob et al. (2014) and 
Hanzer et al. (2018). To assess changes or shifts in the seasonality of sediment export, we 
compared the mean monthly yields of the observations and the projections.  

To assess whether the detected trends are sensitive to the potential underestimation of 
yields on OOOR precipitation days, we multiplied the daily yields estimated by our QRF 
model on these days by a factor of 5, i.e., assuming a very severe underestimation in the 
original estimates (Figure 4.4). We chose this factor, as it is close to the most severe 
exceedance extents in precipitation at both gauges, which are 456 % at gauge Vernagt and 
442 % at gauge Vent (see also section 4.3.3). We then compared the trends in annual SSY of 
the altered time series to the trends in the original QRF estimates. All analyses were 
conducted with the statistical software R (R Core Team, 2018). 
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4.3 RESULTS 

4.3.1 VERIFICATION OF BIAS-CORRECTED DISCHARGE

FOR THE PRESENT CLIMATE (2007 – 2020) 

The bias-corrected discharge data yield more adequate representations of measured 
monthly discharge amounts and their seasonal distribution (Figure 4.6), as well as mean annual 
discharge volumes (Table 4.3). At gauge Vernagt for example, maximum mean monthly Q in 
the observations and the bias-corrected data is in August, whereas the original AMUNDSEN 
simulations suggested a maximum in July. Nevertheless, some underestimation of August 
discharge remains at gaute Vernagt. At gauge Vent, the original AMUNDSEN simulations 
substantially overestimated discharge amounts in April to July, i.e. the snowmelt period, which 
was successfully corrected by the bias-correction.   

Figure 4.6. Comparison of mean monthly discharge [mm] at gauge Vernagt (left) and Vent (right) derived from 
measurements, unaltered multi-model means of the original AMUNDSEN output and multi-model means of the bias-
corrected AMUNDSEN output in the overlap period (2007-2020). 

Table 4.3. Comparison of mean annual discharge volumes based on the original AMUNDSEN output, observations 
and bias-corrected AMUNDSEN estimates in the overlap period (2007 - 2020). 

Mean annual Q (2007 – 2020) [mm] Vernagt Vent 
AMUNDSEN (orig.) 2530 1990 
Observations 2310 1537 
AMUNDSEN (corr.) 2400 1555 
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4.3.2 VERIFICATION OF MODELED SSY FOR THE

PRESENT CLIMATE (2007 – 2020) 

We find good agreement between observed and modeled annual SSY at both gauges 
(Figure 4.7), and the Kolmogorov-Smirnov test does not yield significant differences between 
the observations and model results in mean annual sediment yields. Nevertheless, years with 
extremer annual yields (both lower and higher) occur in the model results, especially under 
RCP4.5 and RCP8.5 (e.g. for Vent, max. 3250 t a-1 in RCP4.5 vs. 2120 t a-1 in the observations), 
likely due to the higher sample size in the projections (42 or 196 years in the projections 
compared to 14 years in the observations, see also description of Figure 4.7). 

Figure 4.7. Comparison of annual specific SSY in the overlap period (2007 – 2020) derived from measurements 
(‘obs’, n = 14 years) and QRF modeling results per RCP (n = 42 for RCP2.6 and n = 196 for RCP4.5 and RCP8.5, 
resp.) at gauges Vernagt (left) and Vent (right). 

Figure 4.8. Comparison of observations (see also Figure 4.2) to QRF model forced by climate projections (multi-
model means per emission scenario) during the overlap period (2007-2020). 
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Similarly, the seasonality of sediment export is well represented in overlap period of the 
projections (Figure 4.8), and the Kolmogorov-Smirnov test does not yield significant 
differences to the seasonal distribution of the measurements. Monthly SSY tend to be slightly 
lower in the projections in August at gauge Vernagt and in July and August at gauge Vent. 
Similar patterns had already become apparent in the comparison of mean monthly discharges 
at gauge Vernagt (Figure 4.6).  

4.3.3 ASSESSMENT OF LIMITS OF APPLICABILITY

OUT-OF-OBSERVATION-RANGE DAYS 

Generally, we find more frequent OOOR days and higher exceedance extents in later time 
slices and in the higher emission scenarios (Figure 4.A1). At both gauges, OOOR days in Q 
are relatively rare, but in the higher emission scenarios and later time slices, OOOR days 
become more frequent and individual exceedance extents of more than 100 % occur (Figure 
4.A1 and Table 4.4). Exceedances in temperature are more frequent at gauge Vernagt,
especially under RCP8.5 and after 2040. At gauge Vent, there are only few OOOR days in T,
except under RCP8.5 after 2070.

Table 4.4. Mean and maximum exceedance extents ep of the three primary predictors discharge (Q), precipitation (P) 
and air temperature (T) across all emission scenarios and time slices, in percent of the maximum during the training period 
max(xp,train) and original units.

𝒆𝒆𝒑𝒑 Q [%] Q [m³ s-1] P [%] P [mm] T [%] T [°C] 

Vernagt Mean 10.1 0.7 29.3 12.8 10 1.4 
Max 105 6.9 456 199.8 54.4 7.9 

Vent Mean 11.8 4.4 24.8 13.1 4.2 0.9 
Max 123 45.4 442 233 16.3 3.6 

OOOR data points in summer precipitation are rather rare at both gauges. However, 
precipitation shows very high exceedances extents of up to ca. 450 % (RCP4.5 after 2070 and 
RCP8.5 before 2040 at gauge Vent; RCP4.5 after 2070 at gauge Vernagt, Figure 4.A1 and Table 
4.4). This corresponds to daily precipitation sums of approx. 280 and 240 mm/day at gauge 
Vent and Vernagt, respectively, and is equivalent to over a third of the current mean annual 
precipitation at gauge Vent (687 mm; Hydrographic yearbook of Austria, 2016). Yet even 
without the most extreme cases, exceedance extents in precipitation can be quite severe, which 
corresponds to very heavy precipitation events.  

SENSITIVITY ANALYSIS 

Given the alterations corresponding to the respective np,90  and ep,90, the most sensitive 
predictor is P at gauge Vernagt and Q at gauge Vent (Figure 4.9). Yet although the reductions 
on the days with the highest P in the overlap period were quite substantial (Table 4.2), the 
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maximum effect on the mean annual SSC is ≤ 3% at both gauges. Temperature is the second 
most sensitive parameter at gauge Vernagt, while the alterations at gauge Vent had little effect 
on mean annual SSC. At gauge Vent, P is the second most sensitive parameter, but with a 
maximum effect of < 2% on mean annual SSC. 

The results of the sensitivity analysis also give indication of the behavior of the QRF model 
in response to OOOR data points: as expected, we generally observe a decrease in mean annual 
SSC if we decrease the predictors (Q, P and T), and vice versa. However, for most predictors, 
the decrease is more pronounced than the increase (although the same days were altered by 
the same extent). We presume that this is due to the described incapability of QRF to 
extrapolate. Thus, we can expect to underestimate the additional effect, e.g. of precipitation 
exceeding max(Ptrain).  

Figure 4.9. Results of the sensitivity analysis for gauges Vernagt (left) and Vent (right) with respect to mean annual 
SSC of the years with altered days. Subscripts signify increase (inc) and decrease (dec) in the predictors by the respective 
average exceedance extent ep,90 and frequency np,90 as identified based on the exceedance analysis. Grey numbers represent 
the number of altered days. 

CLASSIFICATION 

Table 4.5 shows, that until 2070, all predictors and RCPs fall within the conditions covered 
by the sensitivity analysis (with the exception of Q after 2040 at gauge Vent under RCP8.5). 
This implies that the results of the sensitivity analysis are informative in these cases, and that 
we expect similar or smaller effects of OOOR days on mean annual SSC or SSY in the 
application period. After 2070, exceptions occur at both gauges in two out of three RCPs and 
several predictors, which implies that the uncertainty is higher than in the results of the 
sensitivity analysis.  

The OOOR analysis showed that very high exceedance extents occur in precipitation and 
that precipitation is a sensitive parameter at both gauges (although the effect on mean annual 
SSC was small). Additionally, we find that heavy summer precipitation becomes more intense 
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(and only slightly more frequent) (Figure 4.A2 in appendix): the 99.95th percentile of the 
summer precipitation projections increases over time, which suggests that precipitation events 
become more intense. At the same time, the number of precipitation events that exceed the 
99.95th percentile determined from the precipitation observations in the overlap period (2007 
– 2020) hardly increases on average, which suggest that precipitation events of a certain
strength do not become (much) more frequent. We also find an increase in daily SSY associated 
with heavy precipitation events (Figure 4.A2 in appendix).

Thus, we additionally assessed whether the trends in annual yields were sensitive to 
changes in yields on days with OOOR precipitation (sections 4.2.5 and 4.3.4.1), as extreme 
precipitation can be very important for sediment dynamics (e.g. by triggering mass 
movements). 

Table 4.5. Results of the classification per emission scenario, predictor and time slice.  The color of the field denotes more 
than 1/3 (yellow) and 2/3 (red, does not occur) of the projections with 𝑄𝑄𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠��������� > 𝑄𝑄𝑝𝑝,90 (assumed in sensitivity); N 
denotes more than 1/3 (yellow) and 2/3 (red, does not occur) of the projections with 𝑎𝑎𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠���������� > 𝑎𝑎𝑝𝑝,90. 

Vernagt Vent 
2011 – 
2040 

2041 – 
2070 

2071 – 
2100 

2011 – 
2040 

2041 – 
2070 

2071 – 
2100 

RCP2.6 

Q N 
P N 
T 

RCP4.5 

Q 
P 
T 

RCP8.5 

Q N N N 
P N 
T N N 

4.3.4 PROJECTIONS OF FUTURE SEDIMENT EXPORT:
CHANGES IN ANNUAL YIELDS, TIMING OF PEAK

SEDIMENT AND CHANGES IN SEASONALITY

4.3.4.1  CHANGES IN ANNUAL YIELDS AND TIMING OF PEAK 

SEDIMENT 

The resulting projections suggests an overall decrease in mean annual SSY for both gauges 
and each of the three emission scenarios, which is more pronounced at gauge Vernagt (Figure 
4.10 and Table 4.6). Accordingly, we consistently find significant negative trends in the 
projections (2007 – 2100) in mean annual SSY (Table 4.6). The differences between the RCPs 
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are small, and smaller than the spread within individual RCPs (Figure 4.10). Accordingly, 
trends of mean annual SSY are only slightly more negative in the high-emission scenarios. With 
respect to the 99th percentile of annual SSY estimates, trends are less strong than for mean 
SSY estimates at gauge Vent, while at gauge Vernagt, the trends in the 99th percentile are even 
stronger than for mean annual SSY estimates.  

Negative trends were detected for all individual projections as well: at gauge Vent, 26 (out 
of 31) are significant (α = 0.05, Sen’s slope ranging from -10.8 to -3.8 t km-2 a-2), and at gauge 
Vernagt, 30 of 31 are significant a (α = 0.05, Sen’s slope ranging from -15.2 to -6.1 t km-2 a-2). 

Figure 4.10. Mean annual suspended sediment yields per RCP (left) with minima and maxima of the individual 
projections indicated by the colored envelopes. Right: Annual SSY of all respective years and projections within the three 
time slices. 

The trend in the altered time series (with 5-fold increased daily yields on days with OOOR 
precipitation; see section 4.2.5) hardly differs from the trend in the original time series (Table 
4.6). Specifically, at gauge Vernagt, trend characteristics are basically unchanged. The only 
trend reversal occurs in the 99th percentile at gauge Vent under RCP8.5, where the trend is 
slightly positive (and significant) instead of negative. We conclude that the overall trend 
characteristics remain very robust, even if we assume as severe underestimation of the model 
on days with OOOR values in the predictors. Thus, the overall future sediment budget seems 
to be governed by their mean behavior rather than solitary extreme events. 

The synopsis with estimates of annual SSY for the past decades shows that we find 
increases in annual yields at both gauges up until sometime between 2000 and 2020, and 



4.3   |   RESULTS 

95 

decreases afterwards, which is much more distinct at gauge Vernagt (Figure 4.10). This 
suggests, that peak sediment has already been reached or is underway at both gauges and 
occurs simultaneously with peak water. 

Table 4.6. Trends in mean and 99th percentile of annual specific SSY projections (2007 – 2100) given as Sen’s 
Slope [t km-2 a-2] for the original estimates and the altered estimates (5-fold increased SSY on days with OOOR 
precipitation). Significance levels: * = 0.05, ** = 0.01, *** = 0.001. 

Sen’s Slope of mean 
annual SSY [t km-2 a-2] 

RCP2.6 RCP4.5 RCP8.5 
Original Altered Original Altered Original Altered 

Vernagt Mean -10.6*** -10.7*** -11.6*** -11.5*** -12.4*** -12.1***
99 percentile -12.3*** -12.3*** -22.6*** -22.3*** -22.3*** -21.3***

Vent Mean -4.85 ** -4.97** -5.0*** -4.67*** -6.41*** -5.6***
99 percentile -4.5** -5.1*** 0.5 2.3 -3.1* 0.1** 

4.3.4.2 CHANGES IN SEASONALITY 

Mean monthly SSY is projected to decrease substantially during the glacier melt period in 
August in all RCPs and at both gauges (Figure 4.11). This decrease amounts to approx. ⅟3 to 
½ at gauge Vernagt and approx. ⅟3 at gauge Vent. As a result, the highest mean monthly SSY 
shifts from August to July, or even to June under RCP8.5 after 2070 at both gauges. 
Additionally, the spring onset of sediment export is projected to occur earlier in the year in the 
high emission scenarios. This represents a decrease in importance of glacier melt for sediment 
export. After 2070, only relatively minor further changes are projected under RCP2.6 and 
RCP4.5, whereas RCP8.5 experiences further decreases in mean monthly SSY throughout the 
year.  

At gauge Vent, a slight increase in mean July SSY is projected after 2070 under RCP2.6. 
This is likely related to an increase in discharge, since this increase is not visible in mean 
monthly concentrations (not shown). It also has to be considered that only three projections 
are averaged for RCP2.6 (as compared to 14 in the other RCPs), which makes it less robust 
with respect to outliers.  

A comparison to the seasonal distributions determined from the altered time series (5-fold 
increased SSY on days with OOOR precipitation), showed only very slight differences, which 
indicates that the seasonal distribution is also insensitive to underestimations of SSY on days 
with heavy precipitation. 
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Figure 4.11. Seasonality of mean monthly SSY in three time slices and emission scenarios. 

4.4 DISCUSSION 

Testing new methods to estimate future suspended sediment export from glacierized high-
alpine areas can provide important information, e.g. to flood hazard, sediment or water quality 
management, since estimating such changes had so far been limited to relatively rough 
approximations. This study represents the first attempt to our knowledge to derive SSY 
projections using a machine-learning approach and investigate them in synopsis with 
reconstructed past SSY.  

PROJECTED CHANGES IN SEDIMENT EXPORT AND LOCATION 

OF PEAK SEDIMENT 

The presented SSY projections in the Ötzal, Austria, suggest an overall decrease in annual 
SSY. This is consistent across emission scenarios as well as all individual projections (i.e. based 
on the 31 different RCP-GCM-RCM-chains). The decrease is much more distinct at gauge 
Vernagt, where a trend analysis in the previous study (Schmidt et al., 2023) showed significant 
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positive trends in the period until 2020. At gauge Vent, significant positive trends were 
detected if all data points since the 1970s are considered (ibid.). However, if only the years 
after the distinct increase around 1980 were considered, the trend was slightly negative (ibid.). 
This suggests that peak sediment has already been reached or is underway at both gauges and 
occurs simultaneously with peak water. 

These findings match expectations of conceptual models, that sediment yield from 
deglaciating basins will initially increase (due to increases in glacial erosion, sediment supply 
accessibility, transport capacity and occurrences of extreme floods) and subsequently decrease, 
as glacier masses decline, meltwater volumes and freeze-thaw weathering  decrease, and 
vegetation colonizes (Antoniazza and Lane, 2021; Zhang et al., 2022). It is expected that peak 
sediment may lag behind peak meltwater, with a lag that can be up to decades or centuries 
(Delaney and Adhikari, 2020). This lag is hypothesized to be scale-dependent, i.e. will be 
shorter for areas closer to the glacierized regions, and to depend on the changes in erosive 
precipitation: if erosive precipitation decreases, peak sediment occurs simultaneously with peak 
water, while increasing or stable erosive rainfall scenarios are associated with a lag (Zhang et 
al., 2022). Indeed, for the study area of this study, a decrease in summer precipitation sums 
(i.e. June to August, which is the time of minimum snow-cover and thus maximum erodibility) 
is projected (Hanzer et al., 2018), and our estimates suggest that peak sediment coincides with 
‘peak meltwater’.  

Sediment export projections differed only slightly (if at all) between emission scenarios, i.e. 
the spread between projections within one emission scenario is much larger than differences 
between ensemble means of the three RCPs. It should be noted, that comparisons to RCP2.6 
need to be treated with care, as it comprises less GCM-RCM combinations (only 3 as 
compared to 14 in the higher emission RCPs). Nevertheless, the absence of major differences 
between RCPs is in accordance with findings by Gobiet & Kotlarski (2020), that ‘until the 
middle of the 21st century [...] it is projected that climate change in the Alpine area will only 
slightly depend on the specific emission scenario.’ Accordantly, Hanzer et al. (2018) projected 
glacier volumes to decline by 60-65 % until 2050 ‘largely independent of the emission scenario’. 

CHANGES IN SEASONALITY AND RESPONSE TO HEAVY 

PRECIPITATION EVENTS 

Despite the overall decrease in SSY, our results suggest that high annual SSY are possible, 
especially at gauge Vent and towards the end of the century, and that yields on days with heavy 
precipitation may increase at both gauges – in absolute terms and in relation to the annual 
export. This is reasonable, given that increases in heavy precipitation intensity and/or 
frequency in the European Alps have been detected in measurement data from the past (e.g. 
Hiebl and Frei, 2018; Scherrer et al., 2016; Gobiet and Kotlarski, 2020), as well as future 
projections (Gobiet and Kotlarski, 2020; Jacob et al., 2014; Kotlarski et al., 2023) – despite the 
overall decrease in summer precipitation mentioned above. As a result, we can expect an 
increase in sediment-related harmful events triggered by heavy precipitation, such as flash 
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floods and gravitational mass movements (i.e. debris flows, landslides) (Huggel et al., 2012; 
Savi et al., 2020; Gobiet and Kotlarski, 2020). Similar expectations, i.e. increasing high-
magnitude transport events in the context of an overall decrease, have e.g. been expressed with 
respect to bedload in South Tyrol (Coviello et al., 2022). Such a development would have 
important implications e.g. for flood hazard management, as the flood risk can increase if 
cross-sections are reduced after sedimentation and potential backwater effects need to be 
considered (Nones, 2019), and where much of the damage is associated with transported solids 
rather than the water itself (Badoux et al., 2014).  

Our findings suggest a shift in sediment export seasonality, since the highest mean monthly 
SSY shifts from August to July (or even June), due to substantial reductions in sediment export 
in July, August and September at both gauges. This is linked to the projected distinct 
reductions in glacier melt (Hanzer et al., 2018) and appears reasonable given that glacier melt 
has so far been the dominant transport medium of suspended sediments at these gauges 
(Schmidt et al., 2022b). These results are not sensitive to potential underestimations of SSY 
on days with very heavy precipitation. Such shifts in seasonality and the concomitant overall 
reduction in fluvial sediment transport will likely have severe effects on biodiversity, i.e. flora 
and fauna of glacier-fed streams (Milner et al., 2009, 2017; Gabbud and Lane, 2016; Huss et 
al., 2017). 

LIMITATIONS 

As a potential limitation to the presented Quantile Regression Forest approach, out-of-
observation-range data points in the predictors can lead to underestimates in SSY on the 
affected days. Yet, the analysis of such incidents in synopsis with the results of the sensitivity 
analysis showed that before 2070, the effect on annual yield estimates is ≤ 3%. This is very 
small given the overall high variability in SSC (Vercruysse et al., 2017; Delaney et al., 2018b; 
Schmidt et al., 2022b). On a similar note, even assuming rather generous increases of yields on 
days with OOOR precipitation altered the trends only marginally, which shows that 
underestimations on individual days with OOOR precipitation has little effect on long-term 
annual averages. However, we have less confidence in the model results after 2070 for two 
reasons. First, more frequent and severe OOOR incidents occur during this time, especially in 
the high-emission scenarios, and fewer projections are covered by the assumptions of the 
sensitivity analysis. We can therefore expect a higher uncertainty in the model results. 
Specifically, the effect of underestimation for single large events will aggravate. Second, more 
than a few glacier simulations suggest that glaciers could have disappeared almost entirely by 
2070 (Hanzer et al., 2018), which implies a major shift in the hydro-sedimentological 
functioning of these catchments. While our QRF models were able to model threshold effects 
better than sediment rating curves (Schmidt et al., 2023) (likely because they are not bound to 
linear or monotonous relationships), this is only true for effects that are represented in the 
training data. Thus, the results for the period after 2070 need to be treated with caution. We 
have indicated this in the presentation of our results by using transparency or dashed instead 
of solid lines. 
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As a more general limitation, there are several other factors with the potential to 
substantially alter and influence sediment dynamics in the study area, which we cannot consider 
in our models. This concerns geomorphological changes, such as increased paraglacial erosion: 
debuttressed slopes may trigger landslides and rockfalls, and indeed, increased debris flow and 
rockfall activity have been shown in response to warming in other areas, likely associated with 
intensified alpine permafrost thaw (Savi et al., 2020; Hartmeyer et al., 2020; Huggel et al., 2012). 
Additionally, sediment availability and accessibility increase as erodible landscapes expand (Li 
et al., 2021a), and subglacial sediment availability might also increase (more subglacial sediment 
can be accessed by meltwaters as the equilibrium line altitude retreats upslope) until the glacier 
size becomes smaller than a critical size (Delaney and Adhikari, 2020; Zhang et al., 2022). 
Although these processes are likely already partially reflected in the observations used for the 
model training, their intensity may still be too low to be sufficiently learned by the model. 
Thus, future intensification of these processes could lead to higher sediment export rates than 
our estimates suggest, and might thereby affect the estimated location of peak sediment. 
Notwithstanding, there are also several factors that could lead to decreases in sediment export, 
such as decreases in connectivity (such as the formation of supra-, sub- or proglacial lakes or 
outwash fans which act as sediment traps) or decreasing glacial erosion as glaciers recede 
(Zhang et al., 2022). Additionally, freeze-thaw weathering may decrease (Hirschberg et al., 
2021) and it is not clear how quickly the deglaciating landscapes will stabilize, e.g. through 
eluviation of fine materials and fluvial sorting of sediment, which progressively increases the 
resistance to entrainment and transport (Ballantyne, 2002; Lane et al., 2017), or vegetation 
colonization (Haselberger et al., 2021; Altmann et al., 2023; Musso et al., 2020; Eichel et al., 
2018). Many of these processes are ultimately governed by temperature and/or precipitation, 
and we have chosen the predictors to act as proxies (e.g. antecedent moisture and temperature 
conditions could be crucial for mass movements). While this is out of scope of the presented 
study, we encourage future studies to work towards including more advanced proxies for 
geomorphological changes. 

UNCERTAINTIES 

The presented results are associated with uncertainties, which are a combination of 
uncertainties inherited from the underlying climatological and hydrological projections and 
uncertainties inherent in the QRF approach. Climate model uncertainty represents a 
combination of uncertainties in assumptions of future anthropogenic greenhouse gas 
emission, GCM uncertainty (different GCMs produce different responses to the same radiative 
forcing) and RCM uncertainty (different RCMs forced by same GCM produce different 
regional responses) (Evin et al., 2021; Gobiet et al., 2014). It has been found that EURO-
CORDEX simulations may be biased towards ‘too cold, too wet, too windy’, but that these 
uncertainties are mostly within the observational uncertainties, and that simulations ‘reproduce 
fairly well the recent past climate despite some biases’ (Vautard et al., 2021). To address this, 
it was recommended to carry out bias-correction, which has been performed by means of 
quantile mapping for the precipitation and temperature projections (Hanzer et al., 2018). The 
hydrological model results are also associated with uncertainties, such as the tendency to 
overestimate spring runoff, winter snow accumulation and glacier mass balances. We have 
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addressed this through bias-correcting the discharge projections, which resulted in a more 
adequate representation of discharge seasonality and volumes. Certainly, bias-correction 
methods such as quantile mapping in turn introduce uncertainties, e.g. by assuming that the 
biases are stationary, i.e. do not change over time (Gudmundsson et al., 2012). Hydrological 
simulations that do not show the necessity for this correction could eliminate this issue. 
Uncertainties in the QRF approach have been addressed in a previous study, and include the 
tendency to underestimate rare, high-magnitude daily SSY (albeit with small effects on the 
respective annual yields), the underestimates on days with OOOR values (which had small 
effects until 2070, as discussed in detail above) and the choice of temporal resolution (i.e. daily 
compared to hourly resolution involves some loss of information, e.g. on precipitation 
intensities, but the effect was also found to be small) (Schmidt et al., 2023). Since QRF is a 
data-driven approach, the quality of the estimates hinges on the underlying training data set as 
well as the choice of predictors, i.e. a large and varied enough dataset in combination with 
predictors that meaningfully represent the most important processes improve the quality of 
the estimates (ibid.). Thus, future studies are recommended to explicitly sample extreme 
events, and/or verify the representativity of the training dataset. 

4.5 CONCLUSION 

We found decreasing trends in annual SSY at both gauges regardless of the emission 
scenario, which suggests that peak sediment was already reached between 2000 and 2020. 
These findings persist even if yields on days with projected heavy precipitation are inflated by 
a factor of five. Despite the projected overall decrease, high(er) annual yields are possible, likely 
in response to heavy summer precipitation. This discrepancy has important implications for 
sediment management, but also e.g. of flood management.  

To our knowledge, this study represents the first attempt to combine machine learning for 
suspended sediment modeling with climate and hydrological projections, in order to derive 
projections of sediment export in high-alpine areas. It demonstrated that Quantile Regression 
Forest can be a valuable tool for this application. We addressed known issues of QRF, i.e. 
underestimations on days where predictors in the application period exceed the range 
represented in the training data. The influence on the results showed to be negligible until 
2070. We conclude that the presented results are much more uncertain after 2070, partly 
because of more frequent and severe out-of-observation-range data points, but mainly since a 
major shift in the functioning of the hydro-sedimentological system can be expected as 
deglaciation is quasi completed. 

However, while the chosen predictors represent proxies for crucial processes controlling 
sediment transport in these high-alpine environments, several potentially crucial 
geomorphological factors, that could increase or decrease sediment export (and thereby 
change the projected trends and location of peak sediment) could not be taken into account. 
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These include increases in rockfalls and landsliding, changes in connectivity or vegetation 
colonization. Future studies are encouraged include these factors more explicitly.  

4.6 CODE AND DATA AVAILABILITY 

The model code, input data and results are published under DOI 
10.23728/b2share.5f706863fc5041c49cb8d1a8cd55f613. 
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4.8 APPENDIX 

Figure 4.A1. Results of the classification, based on the sensitivity and OOOR analyses. The boxplots show the 
distribution of exceedance extents for each RCP and predictor on all days j within the respective time slice ts. Grey numbers 
denote the average  𝑎𝑎𝑝𝑝,𝑦𝑦𝑟𝑟𝑝𝑝,𝑡𝑡𝑠𝑠���������� of all projections within the respective RCP, time slice and predictor. Colored numbers 
indicate the number of projections with mean exceedance extent 𝑄𝑄𝑝𝑝,𝑡𝑡𝑠𝑠����� > 𝑄𝑄𝑝𝑝,90 (as used for the sensitivity analysis). Black 
numbers indicate the number or projections with the mean number of OOOR days per year 𝑎𝑎𝑝𝑝,𝑡𝑡𝑠𝑠������ > 𝑎𝑎𝑝𝑝,90 (as used for 
the sensitivity analysis). 

Figure 4.A2. Analysis of summer precipitation projections (top) and SSY projections (bottom) at gauges Vernagt 
and Vent.  Top left of each panel: frequency of days with heavy summer precipitation (> 99.5 percentile of the training 
data, i.e. and 33.7 mm/d (Vernagt) and 28.88 mm/d (Vent)). Top right: intensity of heavy summer precipitation events 
over time, expressed as the 99.5 percentile. Bottom left: Sediment export on days with precipitation > 99.5 percentile of 
the training data. Bottom right: Sediment export on days with precipitation > 99.5 percentile of the training data relative 
to the respective annual yields 
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5 OVERARCHING DISCUSSION

The main purpose of this thesis was to estimate past and future sediment export from a 
high-alpine area, and investigate whether quantile regression forest can be a suitable approach 
for this purpose. In the following, I will proceed with an integrated discussion of how the 
results of the three manuscripts included in this thesis contribute to answering the research 
questions, and link the individual chapters to the overall aim. Finally, I will deduce future 
research directions in the outlook section and summarize what we have learned in the 
conclusion.  

5.1 RQ 1: LEARNING FROM OBSERVATIONS OF 

PRESENT DYNAMICS 

The first research question aimed to identify the predictors, areas within the catchments 
and time periods that are most important for sediment export in the study area, based on the 
years with available measurements (i.e. ‘the present’), in order to be able to prioritize and 
inform the model setup for chapters 3 and 4. In the following, I will describe the findings and 
the decisions made in the model setup of chapters 3 and 4.  

5.1.1 PREDICTORS 

Chapter 2 showed that discharge alone was insufficient to explain sediment export in the 
study area. This became apparent through the virtually non-existent relationship between 
annual discharge and annual SSY at all three investigated gauges (Figure 2.5) and the lag 
between the spring increase in discharge and the spring onset of sediment transport (Figure 
2.7 and Figure 2.8.). It is also reflected in the low performance of univariate sediment rating 
curves in chapter 3 (Figure 3.5). This illustrates that multivariate approaches are preferable. 

Chapter 2 also concluded that in ‘the present’, sediment dynamics were dominated by melt-
driven processes, i.e. that precipitation events played a subordinate role compared to thermally 
induced sediment transport. This was supported by the notion that annual glacier ablation of 
the two largest glaciers in the Vent catchment explained annual SSY much better than annual 
discharge yield (Figure 2.5 and Figure 2.6), that mean annual SSY increased with increasing 
glacier cover (Figure 2.4) and that differences between mean annual sQ and sSSY of the three 
sub-catchments were mainly due to differences during the glacier melt period (Figure 2.3.). 
While this might appear trivial, it constitutes an important difference to the non-cryospheric 
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environments that QRF models had been applied to in the past (Spain and Panama), and 
illustrates that it is crucial to include temperature as a predictor.  

5.1.2 AREAS AND ALTITUDES 

Chapter 2 showed that areas above 2500 m a.s.l. are crucial for sediment dynamics in the 
Ötztal, as the onset of sediment transport in spring, which lagged behind the spring increase 
in discharge, coincided with snow cover reductions above 2500 m (Figure 2.8). Thus, although 
discharge is available as a transport medium earlier in the year (Figure 2.7), sediment export 
only starts once the areas characterized by glacier tongues, the most recently deglaciated 
proglacial areas, a high permafrost probability, a low vegetation cover and bare rock surfaces 
(Figure 2.9) become snow-free. Assuming that the reduction of snow cover is a proxy for 
whether or not an area is frozen and thus active in terms of sediment dynamics, this can be 
interpreted as the susceptibility of unfrozen and not glacier-covered, loose material to 
detachment, by means of fluvial transport as well as pluvial erosion. Additionally, once the 
snow covering the glaciers starts to melt (which may not be visible in the MODIS data), this 
likely initiates the onset of glacier melt and thus also subglacial sediment transport. While the 
MODIS-derived snow cover data were only available for the years 2002 to 2018 and thus could 
not be considered as a predictor directly, these findings informed the decision about which 
sub-catchments the modeling should focus on. 

5.1.3 TIME PERIODS 

Chapter 2 showed that precipitation events – so far – played a subordinate role as compared 
to thermally induced sediment transport, but still constituted around ¼ of the annual export 
in the Vent and Tumpen catchments. This was surprising, given that experts familiar with the 
catchments and sediment dynamics in the area had expected that individual high-magnitude 
events might contribute a higher share (around 50 %) of the annual yield (pers. comm. with 
Dr. Johannes Schöber). Additionally, this represents an important difference to non-glaciated, 
lower-lying areas, where the majority (up to 90 %) of the annual sediment yield can be exported 
during short, high-discharge events (Delaney et al., 2018b).  

This implies that sediment availability and/or mobilization is higher than in other fluvial 
systems, i.e. that in the study area, sediment export is more continuous because the 
transporting agents (i.e. discharge) have more continuous access to sediment supplies in the 
catchment. For one, these supplies can be constituted of formerly subglacial sediment stores 
that are exposed as glaciers retreat, and provide large amounts of unconsolidated sediments 
for fluvial transport from the proglacial area. Additionally, chapter 2 showed that individual 
precipitation events that had triggered mass movements were associated with up to 26 % of 
the respective annual sediment yield within just over 24 h (section 2.4.5). Such short events 
(see also section 2.3.6), mobilize and expose large amounts of sediments – leading to high 
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sediment yields during the event, but also facilitating transport from the deposits in the longer 
term. This also illustrates the importance of including antecedent precipitation as a predictor, 
as heavy precipitation events may lead to pulse-like sediment export in the short-term, as well 
as elevated sediment export levels in the days and weeks (maybe even months or years) 
following the event.  

5.1.4 RESULTING DECISIONS IN THE MODEL SETUP

Based on these findings of chapter 2, we firstly focused attention on the Vent catchment 
and its sub-catchment above gauge Vernagt (Figure 3.1), as larger fractions of these catchments 
are located above 2500 m a.s.l., compared to the catchments above gauges Sölden or Tumpen 
(Figure 2.1). Secondly, we considered the changing roles of glacier melt and precipitation in 
Chapters 3 and 4. 

Third, we chose the set of predictors for chapters 3 and 4, as outlined in Table 5.1. As 
Figure 1.1 illustrates, precipitation and temperature are the meteorological drivers that are 
changing due to climate change, and discharge represents an integrated catchment response to 
said changes as well as a proxy for transport capacity. We additionally computed ancillary 
predictors describing the antecedent conditions in non-overlapping time windows (e.g., 24 h, 
24–72 h, 72 h to 7 d and 7 to 20 d ahead of each time step; see section 3.3.2 and Zimmermann 
et al., 2012). This was to capture hysteresis effects, such as increased glacier melt after 
prolonged warm periods due to widespread removal of the snow covering the glaciers, or 
potential increases in hillslope instability due to high antecedent moisture conditions. 
However, since the length of these time windows was optimized in the model training process 
(section 3.3.2), the considered time periods differed between the gauges. Thus, for simplicity, 
these predictors are summarized as ‘antecedent’ conditions in Table 5.1. 

Table 5.1. Overview of the predictors selected for the QRF models and presumably approximated processes. Precipitation, 
temperature and discharge for every time step are in the resolution of the model (i.e. daily or hourly), while antecedent 
conditions are calculated for days – weeks ahead of each time step (see also section 3.3.2). 

Predictor Approximated processes 
Precipitation Hillslope erosion, coupling of hillslopes to channel, overland flow, mass 

movements, sediment mobilization in river bed, dilution 
Antecedent 
precipitation 

Hillslope (in)stability, Hillslope erosion, Mass movements, permafrost 
thaw 

Temperature Activation of sediment sources, erosive effect of precipitation (rain or 
snow?), snow and glacier melt 

Antecedent 
temperature 

Hillslope (in)stability: permafrost thaw, frost cracking, mass movements, 
remaining snow cover  

Discharge Glacier melt, snow melt, areal precipitation, sediment transport capacity, 
sediment mobilization in river bed 

Antecedent 
discharge 

Exhaustion of sediment sources (?), antecedent snow and glacier melt 

Day of year Seasonality 
Rate of change in 
discharge 

Sediment mobilization in river bed, distinction between glacier melt and 
snow melt 
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5.2 RQ 2: QRF TO ESTIMATE SEDIMENT EXPORT 

FROM HIGH-ALPINE AREAS 

The second research question aimed to assess whether quantile regression forest is a 
suitable approach to estimate past and future sediment export in the study area. In the 
following, I will detail the identified advantages and limitations of the approach. 

5.2.1 ADVANTAGES 

Chapter 3 demonstrated that the QRF model was able to meaningfully estimate daily (and 
hourly) SSC and Qsed, as well as annual yields (Figure 3.3 - Figure 3.5). This was demonstrated 
in the validation, for which we leveraged the data availability at gauge Vernagt: Here, two 2-
year datasets of SSC exist at an interval of almost 20 years, so that we trained separate QRF 
models on each of the 2-year datasets and compared the resulting estimates against 
measurements of the remaining two years (Figure 3.4). This showed overall good performance 
of the models and therefore good ability of temporal extrapolation (sections 3.4.2 and 3.6.1), 
but also showed that – naturally – the model performance depends on the training data set. 
For example, the model trained on the years 2019 and 2020 performed better than the model 
trained on the years 2000 and 2001 (Figure 3.4), which is likely due to a more varied dataset in 
the later two years (i.e. higher discharge and temperature values, for example). This points at 
the importance of assessing the representativity of the training data, e.g. through the number 
and magnitude of out-of-observation-range data points, as suggested in chapter 3.  

The final models performed well or very well, as demonstrated by the comparison of out-
of-bag estimates (section 1.6.1) to measurements (NSE of 0.6 and 0.82 for daily SSC, at gauge 
Vent and Vernagt, respectively; section 3.4.4). Days with exceptionally high SSY and Qsed 
tended to be underestimated, but the underestimation of rare events at daily scale had limited 
effect on annual estimates. 

Chapter 3 also showed that QRF outperformed univariate sediment rating curves by about 
20 percentage points of explained variance when considering mean daily SSCs and Qsed, and 
the difference was even larger for the derived annual SSY (section 3.4.4). This is reasonable 
against the background of findings from chapter 2, i.e. the importance of temperature and 
precipitation in addition to discharge. This indicates that discharge-related variables (e.g. 
transport capacity) alone are not sufficient and that variations in sediment supply need to be 
approximated as well.  

At gauge Vent, we compared SRCs and QRF performances in five-fold cross-validations, 
which showed that QRF performed much better – especially in the periods that contained the 
highest sediment export events, induced by heavy precipitation events (Table 3.1 and section 
3.4.2). This illustrates that QRF can deal better with threshold effects than SRCs, since it is 
not bound to linear or monotonous relationships. This constitutes an important advantage 
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over SRCs, and likely also other linear approaches such as generalized linear models (section 
1.4), and implies that – although we face technical limitations in the case of out-of-observation-
range data points – QRF appears to perform better with respect to heavy precipitation events. 

Advantages compared to other modeling approaches can only be derived to a minor 
degree from the present work. A key advantage compared to conceptual models is the 
possibility to derive concrete timings, changes in seasonality and magnitude of sediment yields 
for individual catchments – given the availability of the required data. This is accompanied by 
the inherent ability of QRF to assess uncertainty, which was also assessed in chapter 3. While 
it is out of scope of this thesis, a direct comparison to other machine-learning approaches 
would be interesting for future studies. For example, it is not straightforward to theoretically 
infer whether other machine-learning approaches (such as support vector machines or artificial 
neural networks) would perform better at extrapolating beyond the range of values represented 
in the training data (see below). However, there is some indication that artificial neural 
networks do not necessarily perform well in that case (Courtois et al., 2023; Hasson et al., 
2019). Such comparative studies are facilitated by the present work, as the necessary data have 
been gathered and prepared for modeling and are openly available.   

5.2.2 LIMITATIONS 

A technical limitation of QRF, it that is not possible to extrapolate beyond the range of 
values represented within the training data set, leading to potential underestimation on days 
with out-of-observation-range (OOOR) data points. In chapter 3, OOOR days were very few 
and we concluded that the number or OOOR data points can be leveraged to assess whether 
the training dataset is sufficiently representative to extrapolate in time. In chapter 4, we used 
the number of OOOR days and the severity of the respective exceedances to inform a 
sensitivity analysis (section 4.2.4.2) and estimated the effect of this technical limitation on the 
annual yield and trend estimates (section 4.3.4.1). This showed that the effect on the annual 
yield estimates was small (≤ 3%) before 2070 and that the estimated trends were insensitive to 
a 5-fold inflation of yields on days with OOOR precipitation. We concluded that the estimates 
after 2070 need to be treated with caution, as the near-completion of deglaciation in more than 
a few projections (Hanzer et al., 2018) will lead to a major shift in the geomorphological 
functioning of the catchments, as the direct influence of glaciers, e.g. through subglacial fluvial 
transport of sediments, diminishes or ceases, while hillslope instability (or, more generally, 
paraglacial erosion) increases, e.g. due to debuttressing, oversteepened moraines, and/or 
permafrost melt (see section 1.1).  Since this is distinctly different from the conditions the 
model was trained on, reliability of the model results decreases.  

Another characteristic of QRF, which can be seen as both a limitation and an advantage, is 
its black-box nature. While this approach is well-suited to problems where the input and output 
data are well-understood, but the processes relating the two are very complex, as in high-alpine 
sediment dynamics (see section 1.4), it also limits our understanding of what the model has 
learned. One rather simple way to peek into the black box is to assess feature importance, i.e. 
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the loss of model performance (or increase in the model’s prediction error) if values of a 
variable are randomly permuted (Boehmke and Greenwell, 2019). This is implemented in 
QRF, but the interpretation is complicated if variables are (highly) correlated, i.e. if information 
in one variable is shared by another. For example, we can assume that temperature and 
discharge share information to some extent, as a large part of discharge originates from snow 
and glacier melt (Kormann et al. (2016), Schmieder et al. (2018b), Figure 2.6). Thus, even if 
temperature is permuted, the information is still present to some extent in discharge and thus 
the loss in model skill is not as pronounced or meaningful as if the two variables were not 
correlated. As another complication, we can expect that variable importance might change 
over time: e.g. precipitation might only be very important for sediment export during high-
intensity summer rainstorms, but rather unimportant for the rest of the time. Therefore, we 
abstained from interpreting variable importance.  

As another limitation related to the black-box nature of QRF is that it is not possible to 
comprehend how much of the geomorphological functioning of the catchment has been 
understood by the model, since no projections or continuous data of geomorphological 
conditions are available to my knowledge (see also section 5.3.5). As I will point out in the 
outlook section, future studies could try and include geomorphological changes (e.g. in 
connectivity, hillslope stability, hillslope-channel coupling or vegetation cover) more explicitly 
– if such geomorphological projections are feasible and available.

Concluding, the second research question of the present thesis can be answered with ‘yes’: 
QRF is a suitable approach with many advantages. It enables meaningfully modeling sediment 
export from high-alpine areas at the catchment scale in the first place (as compared to process-
based models), and in a concrete way for individual catchments (as compared to the 
generalized predictions of conceptual models). The technical limitations have been clearly 
illuminated by the present thesis and can sometimes even be taken advantage of. Some 
inspiration for future studies is provided in the outlook section.  

5.3 RQ 3: CHANGES IN PAST AND FUTURE 

SEDIMENT EXPORT AT DECADAL SCALES  

The third research question aimed to assess changes in sediment export in the study area 
in the past and future, as well as potential reasons for these changes. This was done by 
analysing the modelled yields for step-like changes, trends and the consequential timing of 
peak sediment, as well as shifts in the temporal distribution, i.e. with respect to seasonality and 
the importance of events. I will summarize and discuss the findings in the following.  



5.3   |   RQ 3:  CHANGES I N PAST AND FUTURE SEDIMENT EXPORT AT DECADAL
SCALES 

109 

5.3.1 STEP-LIKE CHANGES 

The findings of chapter 3 showed step-like increases in estimated SSY at both gauges at 
the beginning of the 1980s (Figure 3.6). We concluded that this was attributable to enhanced 
glacier melt, because high July temperatures in 1982 and 1983 (Figure 3.7) had distinctly altered 
the accumulation area ratio of the Vernagtferner (which describes how much of the glacier 
area is melting and how much is covered by snow). This indicates that the firn layer was 
removed on large parts of the glacier, which affected the albedo of the glacier surface and 
glacier melt in a lasting way, and – as a consequence – also lead to an increase in sediment-rich 
glacier meltwater (i.e. accessing sediment supplies from underneath or within the glacier) as 
well as intensified fluvial erosion (below the glacier or in the glacier forefield) (see also section 
3.6.2).   

The estimated elevated SSY after 1980 are in accordance with conceptual models, expecting 
an increase in SSY in response to accelerating glacier retreat (e.g., Antoniazza and Lane, 2021). 
They also match the findings of chapter 2, that annual glacier mass balance changes correlated 
with SSY (more so than discharge), which emphasizes the important role of glaciers for 
sediment dynamics in the study area (Figure 2.5 and Figure 2.6). Adding to this, previous 
studies analysing decades-long measurements of SSC also reported step-like increases for the 
upper Rhône basin in Switzerland (Costa et al., 2018), the headwaters of the Yangtze River on 
the Tibetan Plateau (Li et al., 2020; Zhang et al., 2021), and 28 headwater basins in High 
Mountain Asia (Li et al., 2021).  

5.3.2 TRENDS AND CONSEQUENTIAL TIMING OF PEAK

SEDIMENT 

To facilitate a clearer overarching analysis with respect to peak sediment (and peak water) 
in the study area, Figure 5. synthesizes the past and future estimates of chapters 3 and 4, which 
have been smoothed using a 15-year moving average to gain a clearer picture in the face of 
high interannual variability. 

With respect to the entire estimated time series, i.e. from the 1960s or 1970s to 2100, we 
detected overall positive trends in the past (chapter 3), i.e. up until 2020, and negative trends 
in the future, regardless of the emission scenario (chapter 4). This implies that peak sediment 
is underway or has already passed at both gauges. However, a closer look at Figure 5. and 
Figure 3.6 reveals that the sub-catchments respond in different ways. Estimated SSY show 
much more pronounced changes over time at gauge Vernagt (note the different scalings on 
the y-axis of Figure 5.). This was indicated in the trend analysis of yields after the step-like 
increases in 1981: at gauge Vent, the trend in mean annual sSSY was (slightly) negative between 
1981 and 2020 (Sen’s slope of −7.6 t km−2 a−1), while the trend at gauge Vernagt was positive 
(Sen’s slope of 23.5 t km−2 a−1) (section 3.5.1). Similarly, the decreasing trends in the 
projections were much stronger at gauge Vernagt (more than -10 t km-2 a-2 compared to ca. -
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5 t km-2 a-2 at gauge Vent) (Table 4.6).  As a result, peak sediment appears to occur earlier at 
gauge Vent, i.e. between 2000 and 2020, than at gauge Vernagt, where peak sediment appears 
to occur shortly after 2020. However, this analysis is complicated by the disagreement of past 
and future estimates in the overlapping years at gauge Vernagt. Firstly, this disagreement is 
likely due to the nature of the climate and hydrological projections, which cannot reproduce 
(or forecast) individual days or years, but only the distribution. Secondly, the moving average 
cannot take into account many years at the beginning of the time series, which leads to the less 
smooth appearance.  

Figure 5.1. Timings of peak water and peak sediment at gauges Vernagt and Vent. Black lines indicate past mean 
annual discharge from measurements and mean annual SSY estimates of QRF model; colored lines correspond to different 
RCPs (compare to Figure 4.10). The annual estimates have been smoothed using a 15-year moving average. Note the 
different scaling on the y-axes. 

Conceptual models expect that the timing of peak sediment will be ‘jointly regulated by 
changes in meltwater runoff, erosive rainfall and landscape erodibility’ and that the location of 
peak sediment relative to peak water depends on changes in erosive precipitation (Zhang et 
al., 2022). Thus in the following, I will explore changes in discharge and precipitation over 
time for the two gauges and discuss their relation to changes in sediment export.  
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5.3.3 CHANGES IN DISCHARGE AND PEAK WATER

‘Peak (melt-)water’ describes the turning point between increasing discharge volumes due 
to increased glacier melt and decreasing discharge volumes once the respective glaciers shrink 
below a critical size (Zhang et al., 2022). Figure 5. shows that the timing of ‘peak meltwater’, 
appears to be different at the two gauges: At gauge Vent, it has likely already passed and 
occurred between 2000 and 2020, while at gauge Vernagt, it appears to occur shortly after 2020 
(although the analysis is difficult due to the disagreement between measurement and 
projections in the overlap period, as discussed above). This also becomes apparent in the 
strong positive trends in discharge at gauge Vernagt after 1981 (17.2 mm a-1) compare to no 
significant trends in discharge at gauge Vent for the same time (see Figure 3.7a) and b) and 
section 3.5.2).  

The different responses in both sediment export and discharge are likely linked to different 
glacier covers and timings of deglaciation in the subcatchments. As described in section 3.6.2, 
numerous smaller glaciers in the Vent catchment have practically disappeared, retreated behind 
rock sills and some developed small proglacial lakes. Such pronounced changes affect both 
discharge and sediment export, and the Vernagtferner glacier upstream gauge Vernagt, has not 
changed in such a pronounced way yet.  

Interestingly, our results do not indicate a lag between peak meltwater and peak sediment 
at the two gauges. According to Zhang et al. (2022) this may provide some indication of the 
role of (erosive) precipitation: peak sediment is thought to occur simultaneously with peak 
water if erosive precipitation decreases of may lag after peak water if erosive rainfall increases 
or does not change (see also section 4.1). Thus in the following, I will summarize the findings 
with respect to changes in precipitation. 

5.3.4 CHANGES IN PRECIPITATION

Summer precipitation sums showed an increasing trend at gauge Vernagt in the past, and 
no significant trend at gauge Vent (Figure 3.7). For future decades, an overall decrease of 
summer precipitation sums is projected, due to a precipitation shift from summer to winter 
(Hanzer et al., 2018). However, heavy summer precipitation is projected to become more 
intense (the 99.5th percentile increases, Figure 4.A2), although the number of heavy 
precipitation events does not seem to increase to the same extent (section 4.4). Accordingly, 
sediment export on days with heavy precipitation increases at both gauges (both in absolute 
terms and relative to respective annual output), indicating that precipitation events do become 
more important for sediment export in the future. 

Nevertheless, the estimated future trends in sediment export are negative, even if yields on 
days with OOOR precipitation are inflated by a factor of five to account for potential 
underestimates (section 4.3.4.1). This indicates that the trends in discharge, representing 
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changes in sediment-rich glacier meltwaters and transport capacity for sediment from the 
catchment, outweigh changes in precipitation. This appears reasonable, given the substantial 
reductions of sediment export in the glacier melt period (Figure 4.11). Changes in precipitation 
might be less important due to the relatively dry climate in the catchment area, owing to its 
shielded, inner-Alpine location (as described e.g. in section 2.2.1). Additionally, section 2.3.6 
showed that precipitation events played a minor role and it was concluded that melt-driven 
sediment transport was dominant in the present climate (section 2.5). Given these findings, 
the predominance of changes in discharge over changes in precipitation plausible – assuming 
the catchment response to precipitation does not change, as I will discuss in the next section.  

However, with respect to the trends in precipitation, it has to be kept in mind that the 
QRF models were trained and applied at daily resolution, which was predetermined by the 
temporal resolution of the past predictor records as well as the climate projections. This could 
lead to underestimations in the changes in erosion-relevant precipitation events, that are short 
in duration and high in intensity, as it is expected that such sub-daily (especially hourly and 
sub-hourly) convective precipitation events increase faster with increasing temperature than 
daily-scale precipitation (Westra et al., 2014; Bürger et al., 2019; Fowler et al., 2021).  

5.3.5 CHANGES IN ERODIBILITY 

Due to the black box nature of the QRF approach, we cannot assess whether (future) 
changes in erodibility of the catchment area are captured. We attempted to approximate the 
relevant processes e.g. through antecedent precipitation and temperature conditions, which 
affect hillslope stability. Additionally, the presence of at least one major mass movement event 
in 2020 (and probably another one in 2014, section 2.3.6) within the training data provides 
some opportunity for the model to learn the catchment response under present conditions. 
However, if the catchment properties in the future should change in such a way that a different 
response is provoked irrespective of precipitation changes – i.e. through substantial changes 
in hillslope stability, due to melting permafrost or debuttressed slopes, effectively lowering the 
threshold triggering mass movements (Huggel et al., 2010, 2012; Savi et al., 2020)– this could 
change the estimated trends and consequentially also the timing of peak sediment. In contrast, 
potential negative feedbacks with respect to connectivity would consolidate the negative 
trends. On a similar note, it is not possible to assess whether changes in transport efficiency 
are captured, which could occur assuming a transient increase in sediment supply as glaciers 
vanish. Thus, it is recommended for future studies to attempt to include geomorphological 
changes more explicitly – if adequate data or modeling results are available at all and at the 
relevant timescales (section 6.1).  

Circling back to the overarching aim of this thesis, which was to estimate sediment export 
on decadal scales in order to work towards informing e.g. downstream flood hazard 
management, can the ‘all-clear’ be given provided the overall negative trends in sediment 
export? 



5.3   |   RQ 3:  CHANGES I N PAST AND FUTURE SEDIMENT EXPORT AT DECADAL
SCALES 

113 

5.3.6 CHANGES IN TEMPORAL DISTRIBUTION

In chapter 2, we hypothesized that the sediment export season might be extended in the 
future, due to prolongued snow-free periods. However, Figure 4.11 suggests that this might 
not be the case. Indeed, the spring increase in sediment export appears to occur slightly earlier 
in the year towards the end of the century, especially under RCP8.5. However, this is 
accompanied by earlier and distinct reductions during the glacier melt phase in late summer, 
resulting in the overall decreasing annual SSYs as described above. Such changes in the 
temporal distribution of sediment transport can have severe ecological consequences, e.g. on 
spawning grounds of fish populations such as the brown trout, that depend on a certain 
sediment supply at a certain time of the year (Junker et al., 2015).  

At the same time, Figure 4.A2 shows that very high sediment export in response to heavy 
precipitation events is possible in the future (which is likely even underestimated due to days 
with OOOR precipitation, and as increasing trends in heavy precipitation are likely partially 
masked by the daily resolution of out models, as discussed above). As a result, the fraction of 
the annual export that is associated with such events increases, which fits with the expectation 
that sediment transport regimes will eventually shift towards a precipitation-controlled regime 
in response to a warming climate (Zhang et al., 2022). 

Altogether, this implies a two-fold change, i.e. the possibility of very high sediment export 
during events, despite the overall decrease in annual yields. This has important implications 
for sediment management, as potentially ecologically challenging reductions of sediment 
transport need to be considered, while at the same time, events could still transport large 
amounts of sediment that may increase the damage potential of floods and change river cross-
sections in lower reaches.  
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6 OUTLOOK AND CONCLUSIONS

6.1 OUTLOOK 

This thesis has presented past and future estimates of sediment export by exploring quantile 
regression forest as a modeling tool. Some progress has been made, that future investigations 
can build upon.  

On the one hand, the publicly available pre-processed data facilitate the intercomparison 
of different (machine-learning) approaches. Alongside the comparison of methodological 
aspects (such as the ability of different approaches to deal with OOOR values), this could also 
help to reduce uncertainties and consolidate the projections. On the other hand, the publicly 
available code facilitates the application of the presented QRF approach to other catchments. 
Especially, the application to gauges with long SSC measurement time series would be 
interesting, to explore how well the model estimates perform compared to past measurements. 
(However, as pointed out in the introduction, there are very few of such long time series, and 
these are associated with new challenges, such as a very large catchment area and only two 
measurements per week in the case of the upper Rhône basin (Costa et al., 2018b).) 
Additionally, the application to a large number of catchments would facilitate comparing 
sediment export (projections) in space, as well as testing the applicability of the approach for 
larger catchment areas.  

Another methodological aspect would to explore whether the usage of gridded 
precipitation (and temperature) data instead of the point measurements used in this thesis can 
improve the results and the process understanding – or if uncertainties within these products 
prevail. For example, areal precipitation or maximum precipitation intensity could be derived, 
or precipitation, temperature or snow cover in the areas above 2500 m a.s.l. could be explicitly 
considered (and separately from the remaining catchment areas). On a similar note, it might 
be worthwhile to explore additional predictors (if the data allow for it), such as the maximum 
discharge or precipitation intensity for a given day.  

Additionally, as previously indicated, future studies could try to include geomorphologic 
processes related to changes in erodibility more explicitly, such as changes in connectivity, 
vegetation cover or hillslope stability. However, one must consider that predictors which 
increase (or decrease) continuously due to ongoing climate change, such as continuously 
decreaseing glacier area, will represent a technical problem for QRF, due to the inability to 
extrapolate.  
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Beyond that, future works could expand the analyses to beadload, which is even more 
impactful, e.g. with respect to flood damage costs, but has been very challenging to predict 
with physically based approaches (Badoux et al., 2014; Ancey, 2020a, b). 

With respect to implications for flood hazard, sediment management or riverine ecology, 
this thesis showed that the presented QRF approach can help to provide more than rough 
approximations or assumptions derived from conceptual models. Despite remaining 
uncertainties, delineated tendencies such as the two-fold changes (high-magnitude events 
despite overall decrease) can provide important information for these fields. 

6.1.1 OVERALL CONCLUSIONS 

Sediment export from the investigated catchments in the Upper Ötztal in Tyrol, 
Austria, will likely decrease in the future – unless major changes in erodibility (i.e. hillslope 
stability due to permafrost thaw etc.) prevail and override the estimated trends.  

Consequentially, peak sediment has likely already passed or is underway and occurred 
more or less simultaneously with peak water at both investigated gauges – unless 
precipitation changes unfold differently than represented in the projections, or erodibility 
changes prevail (see above).  

Sediment export in the investigated catchments has so far been dominated by 
thermally induced glacier (and snow) melt. In the future, (precipitation) events will gain in 
importance in absolute and relative terms (i.e. percent of annual export), yet the trends in 
discharge, representing changes in sediment-rich glacier meltwaters, appear to outweigh 
changes in precipitation. 

As a consequence, a two-fold development becomes apparent, i.e. very high sediment 
export rates during events despite the overall negative trend. Along with the projected 
shifts in seasonal distributions which lead to substantial reductions in sediment transport in 
late summer, this should be considered in managing sediment, riverine ecology and flood 
hazard. 

Quantile regression forest can be a very useful tool to model sediment export in high-
alpine areas and yields reasonable results. Technical limitations and their effects on the 
resulting estimates (e.g. with respect to out-of-observation-range values) have been illuminated 
in this thesis. Future studies could e.g. attempt to include geomorphological changes explicitly. 

This thesis paves the way for future studies, as the pre-processed data and the model 
code are publically available. This facilitates testing other (machine-learning) approaches 
and using our models as a benchmark, or applying the presented approach to different 
catchments.  
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