
DEBRIS-FLOW HAZARD MITIGATION AT RITIGRABEN, SWITZERLAND: 
TOWARDS A COMPREHENSIVE ROCK GLACIER MONITORING AND EAR-
LY-WARNING SYSTEME12

ABSTRACT
The Ritigraben rock glacier is the origin of regular debris-flow events that have caused severe damage to infrastructure in the past. Large 

multi-surge flows can endanger inhabited areas. The rock glacier has accelerated in the past years, accentuating the risk. As for evacuation 

several hours of notice are required, an early warning service based on expert knowledge and live data was developed. GNSS sensors, 

cameras and weather sensors were installed. An online user interface, hosting measurement data and expert documentation complete the 

setup. Regular danger assessment is performed by consultants and local natural hazard observers from the towns affected. A key factor 

for the success of this operation is the knowledge transfer. Workshops and collaboration between the stakeholders contribute to problem 

understanding and local acceptance of the measures.

INTRODUCTION
Grächen and St. Niklaus are two small towns in the Matterhorn valley, Valais, Switzerland with high-alpine topography. The Ritigraben marks 

the boundary between the two municipalities (Figure 1). Originating from a rock glacier at 2600 masl below the Gabelhorn peak, the Riti-

graben is an active debris-flow channel with a long debris flow history. Amongst others, it has buried the main road in the valley repeatedly. 

An alarm system has been in place for several years, stopping road users with traffic lights upon a debris-flow occurrence. 

Debris flows at Ritigraben are typically triggered by intense rainfalls over several days caused by storm systems passing the Alps from the 

south. Intense thunderstorms are another trigger. The season for debris flow activity, typically in summer months in the past, increased in the 

past decades and because of rising temperatures and precipitation intensity, it will likely be expanding from April into November or even 

longer in the future (Stoffel et al., 2013). Between 2000 and 2020, movement rates of the Ritigraben rock glacier increased by a factor of 10 

(Kenner and Phillips, 2020). As permafrost has been thawing, more debris is exposed and can be mobilized by meltwater and rainfall events 

of increasing intensity (CH2018, 2018). Additionally, rainwater penetrates deeper into the ground, which further accelerates the movement 

of the rock glacier (Eidg. Forschungsanstalt WSL, 2018). A collapse of the rock glacier, exposing up to 120000 m3 of loose debris, was con-

sidered possible (Kenner and Phillips, 2020). 

After a major debris flow event originating from the rock glacier in 2018, the local authorities decided to re-assess the risk. Event analysis 

and scenario-based numerical simulations showed that multi-surge debris-flow events can overtop the channel at 1690 masl and endanger 

the village of Niedergrächen (see Figure 1). Evaluation of structural and organizational mitigation measures started in 2019 with the goal to 

protect people living in the hazard area. While structural measures take several years to realize (permission, funding, etc.), an optimization 

of organizational measures was implemented first. As an important step towards adapted emergency provisions, the involved communities 

decided to setup an extended early warning system delivering live field data. The data allows experts to regularly assess the hazard orig-

inating from the rock glacier and consecutive debris flows in the Ritigraben and take adequate action if required by the hazard level. The 

monitoring system setup and the early warning service are presented in this paper.

Figure 1: Aerial view of Ritigraben area. Grächen village is in the upper right part of the image, Sankt Niklaus village on the bottom left part. The dotted blue line depicts the frontier between 

the two communities and clearly indicates the utility of an intercommunal shared early warning system. Potentially debris-flow endangered zones are colored. Note that this image shows 

an extreme scenario with a yearly probability of occurrence < 1/300.
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METHODS
In a participatory process, involving local decision-makers, local natural hazard experts and consultants, the existing emergency procedure 

was analysed. The existing automated debris-flow detection and alarming system allows closing the road in time, but the reaction time is 

not sufficient to evacuate buildings. Debris flows overtopping the Ritigraben channel may in a worst-case scenario arrive at the first hous-

es roughly 5-10 minutes after detection (depending on individual surge volume and material consistency). Thus, the automated alarming 

system had to be complemented with a comprehensive early warning service, considering that debris-flow events are both dependent on 

long-term to medium-term debris disposition and triggering by individual rainfall events.

Three goals were defined for the observation and early warning system prior to its evaluation and implementation: (1) Knowing in advance 

that the probability of a major debris-flow event is elevated: With evacuation tests in the affected part of the towns, the critical time of 3 

hours required for evacuation could be defined. (2) Increasing the accuracy of debris-flow forecasting: Recognize all potentially dangerous 

situations while at the same time minimize the number unnecessary alerts. (3) Providing local decision makers with state-of-the art modern 

technologies and decision-making tools: In case of an emergency situation and/or a possible future natural hazard accident, decision-makers 

and local authorities will be able to prove that they took all feasible precautionary measures (liability).

RESULTING EARLY WARNING SYSTEM
Two regions were instrumented with different sensors (see Figure 2): Ritigraben Berg at 2600 masl, where the rock glacier is located and 

Ritigraben Mitte at 1690 masl, which is at the critical spot along the channel, where overtopping of a debris flow is most likely. Automatically 

measured and treated data is displayed in an online user interface. This allows the experts to access data anytime from anywhere. 

Instrumentation site Ritigraben Berg

Three sensors using the Global Navigation Satellite System (GNSS) are installed on the rock glacier. Each sensor is drilled into a single rock 

and powered by a solar panel. Communication happens through the cellular network. The GNSS sensors were not installed on the very 

front of the rock glacier as they would be lost quickly. They serve as the key element to see the evolution of rock glacier velocities over 

time. Comparing measurements from different years allows the classification of a movement. Data is smoothed over several days, to even 

out measurement variabilities (Figure 3).

At the side of the rock glacier, where the ground does not move, a monitoring station comprising of two cameras, a rain gauge and a tem-

perature sensor was installed. The main camera takes 42 MPix high resolution HDR images of the front of the rock glacier. Image feature 

tracking algorithms automatically select the best images and calculate the speed for each image pixel, hence give areal information about 

the behavior of the rock glacier (Wahlen et al., 2021). The image analysis gives information of the movement at the front of the rock glacier 

and the extent of the moving area. The second camera aims down the Ritigraben and gives visual information about the accumulation of 

loose debris at the front of the rock glacier and in the upper channel (Figure 4). An infrared spot assures information during nighttime. 

Using the rainfall intensity, hourly, six-hourly, daily, by-weekly, and monthly cumulations of the precipitation are calculated. Communication 

is guaranteed by cellular and LoRaWAN network. Initially powered by a solar panel, the station was connected to the power infrastructure 

of the local ski resort at a later stage.

Instrumentation site Ritigraben Mitte

It is important to local decision-makers to know whether debris flows have been passing the relevant channel section at the Ritigraben Mitte 

site. Debris-flow surges can get stuck in the channel further upstream and substantially change the flow dynamics of following surges. In 

a worst-case scenario, an individual surge stopped at the critical cross section, meaning that a channel overtopping is likely to happen by 

following surges, continuing towards inhabited areas. A camera station takes regular images of the channel at the area that was identified 

in prior studies as critical for debris-flow overtopping in case of large and/or multi-surge events. The camera is also able to capture videos, 

which can be used for post-event analysis of debris flow characteristics. The system is fixed at a tree, solar powered and equipped with an 

infrared spot for night vision.

Existing detection

The existing debris flow detection, automatically closing the road from Zermatt to Visp, remains active. The signals were integrated into the 

new decision-making routines. The infrared spot for night vision at the station Ritigraben Mitte is triggered by an automated SMS sent from 

the detection system.
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Figure 2: a) Multi-sensor station at Ritigraben Berg, incorporating a 42 MPix HDR camera, rain gage, temperature sensor and a 4 MPix camera looking downslope. b) one out of three GNSS 

sensors on the rock glacier. c) camera station at the critical section of the Ritigraben channel, on 1690 masl.

Figure 3: Smoothed GNSS data from the three stations mounted on the rock glacier at Ritigraben Berg depicting lowest speeds at the end of spring and highest speeds at the end of fall. 

GPS 3 is closest to the rock glacier front.
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Figure 4: Top: A rain-on-snow precipitation event caused minor parts of the rock glacier front to collapse between August 28, 2023 and August 30, 2023, as visible by the 4 MPix camera 

at Ritigraben Berg station. During cold spells, it is not uncommon for the zero-degree-isotherm to oscillate around the rock glacier altitude even in summer, causing alternations of snow 

cover and rain on snow. In this specific case, a triggering of a debris flow that reached the intermediary cone did not happen and materials mainly accumulated in the upper part of the gully. 

Bottom: DEFOX image analysis in early June 2023 (left) and August 2023 (right). Red and pink areas indicate high velocities whereas yellow and green depict lower velocities. Note that the 

image analysis loses coherence and thus will not show any result when parts of the rock glacier front slide down, as it was the case in the week prior to June 3 (image on the left). Image 

analyses show the spatial distribution of rock glacier displacement rates and demonstrates that the activity at the front is higher in spring, which meets the expectations.

RESULTING EARLY WARNING SERVICE
During the 2022 and 2023 debris flow seasons, responsibilities were divided as follows: local natural hazard observers closely followed 

weather forecasts to identify potential debris-flow triggering precipitation. These people are employed on a communal base as part of the 

Swiss natural hazard observer system. In addition, contracted natural hazard experts followed the rock glacier development and communi-

cated its activity level on a weekly basis. This collaboration allows monitoring of debris availability (rock glacier movement), debris depo-

sition in the channels (Ritigraben Berg and Mitte) as well as triggering events (rainfall/water availability).

The rock glacier activity is defined in five levels, ranging from low to very high. Based on the activity, the monitoring operation is adapted. 

Rock glacier monitoring is organized in three levels: normal state, preparedness, and alert – each involving different schedules and proce-

dures for instrument data checks, documentation, and communication.

The digital platform on which measurement data is displayed further serves as an online journal and evaluation tool accessible to deci-

sion-makers. User-specific configured journaling and documentation functionalities help to document and share available information, 

thoughts about it, and decisions taken (Demmel et al., 2023). 

DISCUSSION AND CONCLUSIONS
After two seasons of the early warning service, the concept has proofed to work well. Up to date, no major debris flow occurred since sys-

tem installation, consequently, the initial goal of having at least 3 hours to warn and evacuate people could not be proofed. However, the 

understanding of the short-time behavior of the rock glacier has increased since. This is well demonstrated in Figure 4 where the effect of 

a rainfall event and the seasonal difference in rock glacier activity are well visible.

Until today, unnecessary evacuations could be prevented, what can be considered to contribute to the second goal, increasing forecast 

reliability. More seasons must pass to conclude about the success of the two primary goals. Experiences with early warning services in 

Brienz/Brinzauls, Sisikon or Kandersteg (all in Switzerland) demonstrate that the combination of different monitoring technologies allows 

the assessment complex natural hazards in different locations. As each technology has advantages and disadvantages regarding data quality, 
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information content and availability, it also allowed for a step-by-step adaptation, respectively extension, of the system. The GNSS devices 

were prematurely installed in late autumn 2021 and thus already started collecting data at three specific locations. Camera systems were 

installed in early summer 2022 after snowmelt and have been providing surface information since. In Fall 2022 the multi-sensor station then 

was connected to the power grid to assure reliable power supply all year around, hence increasing system availability. Installations in the 

mountains are always subject to rough local conditions. Hence, improvisation may be required. This changes over time demonstrate that 

monitoring systems are a dynamic infrastructure, allowing to change, add and remove sensors quickly to measure the data most important 

for a specific site. 

The third goal, having state-of-the-art tools of the local decision-makers to support their actions, was reached. The knowledge transfer result-

ing through the collaboration between the communal natural hazard observers with a profound understanding of the natural environment 

around their homes, and the consulting experts being at the edge of the latest technology and approaches for these dangers, is a key factor 

for the success of the project. The online user interface, combining all data and documentation, allows people involved in the early warning 

service to read and understand their colleagues’ thoughts, assuring them in their actions or bringing up fruitful discussions. Acceptance of 

habitants to measures dealing with natural hazards is higher when local people are part of the natural hazard assessment and management 

as many things come down to communication. 

As climate change and thawing permafrost will accentuate dangers from rock glaciers and instable slopes in general in high alpine regions, 

the innovative Ritigraben early warning operation can serve as an example to deal with such dangers in an economic and sustainable way, 

sensitizing and including the local community. To the knowledge of the authors, it is a unique setup of real-time rock glacier monitoring.
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