
INDICATIONS OF MEMORY EFFECTS ON THE OCCURRENCE OF DEBRIS 
FLOW EVENTS IN ALPINE HEADWATER CATCHMENTSD21

ABSTRACT
One of the most important and pervasive problems in the context of studies on debris-flow risk assessment is the investigation of time-

scale properties. An accurate and precise understanding of the correlation structures – governing observational time series – provide useful 

information on the dynamical features of these processes and on the dynamical mechanisms involved. In many cases, inter-event times 

(repose times) of debris-flow events are not explicitly considered, thus entailing the implicit assumption that events occur independently at 

a certain continuous rate. It has been suggested that this assumption might not hold, and conceptual debris flow repose time regimes have 

been proposed based on qualitative considerations. These conceptual repose time regimes have now been recently supported by quanti-

tative findings, imposing possible implications of previous approaches to define frequency-magnitude relationships of torrential hazards as 

a basis for risk calculations.

INTRODUCTION
Debris flows emerge whenever a certain amount of water mobilises a certain amount of sediment. Thus, studies and investigations in alpine 

headwater catchments agree that the occurrence of a debris-flow event depends on catchment morphometry (May and Gresswell, 2004), 

land-cover (Sebald et al. 2019), a climatic threshold (Prenner et al. 2019; Kaitna et al. 2023) and has to be associated with the spatial and 

temporal availability of sediment within the catchment (Marchi et al. 2019). As a result, debris flow events are recurring events from which a 

sequence (the so-called repose time defined as the time between two successive events) can be derived. Knowledge of repose time patterns 

of debris-flow events is vital because the information available on past events is often the most reliable indication to ensure future hazard 

mitigation performance – reducing vulnerabilities and influencing both social and economic welfare. The first classification of debris-flow 

repose times was proposed by Zimmermann et al. (1997) and discussed in Rickenmann (2016). However, the conditions that control the 

frequency and thus repose times of debris-flow events are dynamic. As a consequence of climate change effects, an increase in critical 

precipitation events (e.g., heavy rainfall) is to be expected in many mountain regions and processes directly increasing the availability of 

mobilizable sediments in disposal areas (such as glacier retreat, warming and thawing of permafrost or snowmelt) are increasingly observed. 

Further, global warming inevitably leads to changes in land use activities, which can subsequently also lead to an increase in sediment 

availability in torrential catchments. However, in contrast to global climate mitigation measures, adaptation in terms of land use changes is 

local and thus often decoupled from global effects. 

There is a strong need for changes that require the quantification of repose time patterns of debris flows to i) enhance probabilistic tech-

niques used for quantitative risk assessment and ii) support revealing important links between climate change and thus management strat-

egies that operate on local and regional scales. 

BACKGROUND AND METHODS
The temporal distribution of natural hazard events is often (implicitly) assumed to originate from a homogeneous Poisson point process, 

with events occurring continuously and independently at a constant average rate. Consequently, times between events are assumed to be 

exponentially distributed, since the length of the interval between events in a Poisson process is known to follow an exponential distri-

bution. This also seems to be the most extensively used distribution for natural hazard event occurrence in steep headwater catchments. 

This assumption implies that there is no mutual dependency between the events and when referring to the total observed period repose 

times might be classified as irregular. While homogeneity is a plausible assumption to analyse frequency distributions of natural processes 

where critical precipitation events are the dominant triggering process, repose times of debris flows can also follow other than exponential 

distributions, e.g. Weibull or Log-logistic. Zimmermann et al. (1997) and Rickenmann (2016) described four repose type patterns, based on 

a qualitative investigation of past debris-flow events within 17 Swiss headwater catchments. They suggest that the repose time pattern of 

debris-flow events can be, beside irregular, also regular or clustered, where periods of high activity are followed by longer periods of no or 

little activity – meaning that the time elapsed since the last event carry information on the likelihood of the next event. Under the hypothet-

ical assumption that in some catchments there is a mutual dependency between the occurrence of debris-flow events, while in other catch-

ments there is not, Heiser et al. (2023) analysed the frequency of torrential events from 25 alpine headwater catchments in Austria and well 

documented time series of debris-flow events from 22 headwaters situated in Austria, Switzerland, Italy, the Czech Republic and Kyrgyzstan. 
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The average reporting period for all 25 Austrian torrential catchments is approximately 160 years, during which an average of 20 debris-flow 

events occurred. The length of the compiled time series for the 22 catchments documented in the literature are similar. The average period 

here is also around 160 years, during which an average of 31 debris-flow events have occurred. Heiser et al. (2023) used three distributions 

(Exponential, Weibull and Log-logistic) to model the repose times of the compiled debris-flow events.

RESULTS AND DISCUSSION
The results of Heiser et al. (2023) confirmed the conceptual repose time patterns of debris flows as proposed by Zimmermann et al. (1997) 

and showed three potential repose types in torrential headwater catchments (Figure 1).

Figure 1: Left: Schematic hazard functions to model distributions of repose times. Note that with exponentially distributed repose times, the occurrence of an event is independent of the 

time elapsed since the last event, whereas with the Weibull and Log-logistic distributions the hazard depends on the time since the last event. Right: Threshold concept related to the 

likelihood concept of debris-flow occurrence. The black arrows at the time axes indicate debris-flow events.

For catchments for which the repose time of debris-flow events can be estimated with the help of an exponential distribution (Figure 1a), 

a constant triggering probability can be assumed, which results in an irregular occurrence of debris-flows events (Figure 1a’). Thus, the 

conditional probability that an event will occur in the future is constant. This means that there is no mutual dependency between the events 

and when referring to the total observed period, there is no “overdue” event.  

Catchments with repose times best fitted by a distribution that does not imply an underlying homogeneous Poisson process can be differ-

entiated into two response types. The supply-limited type refers to an increasing conditional probability (Figure 1b) which implies that the 

necessary disposition to trigger an event is reached only after a certain time since the last event. This leads to a regular occurrence of debris 

flow events (Figure 1b’). Defined by a decreasing conditional probability (Figure 1c), catchments characterised by this type of response seem 

to cluster torrential events (Figure 1c’) for a certain period before its probability of occurrence level out to a base rate.

More than half (51%) of the analysed catchments showed a constant probability of a debris flow event occurrence. The triggering of events 

within such catchments seems strongly dependent on critical precipitation events and can therefore be characterised as supply unlimited. In 

31 % of the catchments, a decreasing probability of debris flow occurrence after an event was observed, indicating that in such catchments, 
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although basically sediment-limited, sufficient mobilised sediment is available for a certain time after an event to trigger a new debris flow. 

Such catchments suggest a clustered occurrence of debris-flow events. For 19 % of all analysed catchments a regular occurrence of de-

bris-flow events has been proven, which suggests that in such catchments the critical sediment quantity is only reached over a certain period.

Thus, for almost half of the investigated catchments, the supply or refilling of sediment is an important factor in the occurrence of debris 

flow events. While climate change might be directly linked to sediment channel refilling rates (e.g. frost weathering), sediment availability 

can also be affected by landcover changes which in the European Alps is mainly referred to as forest cover. Sebald et al. (2019), for example, 

showed that a 25% increase in forest cover reduces the occurrence of torrential events, including debris flows, by up to 8%. Here, natural 

disturbances like windthrow, bark beetle or forest fire can have a significant influence on future sediment availability in the considered 

catchment and thus on the occurrence of debris-flow events. Further, post-event logging as a reaction to avoid the recruitment of large 

woody debris by subsequent events can be seen as another example how land use change might influence sediment availability directly. 

This is because of higher erosion rates due to destabilisation of riparian areas near the channel by losing root reinforcement effects. 

CONCLUSIONS
It has long been recognised that torrents exhibit different behaviour in terms of their event frequency due to different basic and variable 

dispositions in the catchment area. To this end, this knowledge is based on observations and has so far only been discussed in conceptual 

terms. Based on longer time series of well-documented events, the recent study by Heiser et al. (2023) quantitatively supported the concept 

of different return periods of debris flows and showed that for some catchments the trigger criteria could not be considered independently 

of each other. However, their analyses do not provide any insights into the causes, which, in addition to climatic factors, are clearly also 

attributable to the environmental conditions of the respective catchment area. Ongoing research must therefore initially focus on identifying 

geomorphological features in order to establish criteria for evaluating potential repose time patterns in the considered catchment. Particular-

ly in catchments for which the identified criteria do not imply homogeneous repose times, previous approaches to assessing event frequency 

need to be reconsidered.
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