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Abstract 

Debris-flow events are often comprised by a sequence of surges, sometimes termed roll waves.  The reason for this surging behavior 
is still a matter of debate. Explanations include the growth of hydraulic instabilities, periodic sediment deposition and release, or 
grain size sorting. Also, the shape and the velocity of single surges and the implications for hazard mitigation are hard to predict. 
Here we present results of several years of monitoring debris-flow events at the Lattenbach creek (AUT). The monitoring system 
includes radar sensors for measuring flow depth at different locations along the channel, as well as a 2-D rotational laser sensor 
installed over a fixed cross-section that yields a 3-D surface model of the passing debris-flow event. We find that the debris flows 
at Lattenbach creek exhibited surges for each observed event. The celerity of the surges were up to twice as high as the front 
velocity. Often, the first surges had highest flow depth and discharge, and showed an irregular geometry. Video recordings reveal 
that this might be connected to the presence of large boulders and woody debris. On the contrary, the shape of the surges in the 
second half of the flow, which carried smaller grain sizes and less woody debris, were rather regular and showed a striking 
geometric similarity, but still high velocities. We tested a recently derived wave equation based on hydraulic theory and found that 
the shape of these regular roll waves can be reasonably reproduced by that model. The results of our monitoring efforts aim to 
improve our understanding of the surging behavior of debris flows and provide data for model testing for the scientific community. 
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1. Introduction

Debris flows are commonly described as one or more surges of unsorted sediment and water, sometimes having
steep, granular front followed by an more dilute body (e.g. Stiny, 1910; Pierson 1986; Marchi et al., 2002; McArdell 
et al., 2007; McCoy et al., 2013; Okano et al., 2012; Comiti et al., 2014).  A hydraulic approach to explain the 
development of several surges is based on the observation that in steady uniform flows small perturbations can amplify 
without external forcing to create roll waves when a certain flow intensity threshold is exceeded (Dressler, 1949). 
Concepts based on hydraulic theory were applied to Newtonian (Dressler, 1949), non-Newtonian (e.g. Ng and Mei, 
1994; Zanuttigh and Lamberti, 2007; Longo, 2011; Arai et al., 2013), and granular flows (e.g. Forterre and Pouliquen, 
2003; Di Cristo et al., 2009).   

Another explanation for the development of surges in flowing debris is connected to the two-phase nature of debris 
flows. By dynamic grain size segregation (Johnson et al., 2012), patches of coarse sediment might develop. These 
regions of higher flow resistance progressively grow to form wave fronts, which ultimately might de-couple from the 
flow ahead. Iverson et al. (2010) described this mechanism for roll waves developing during large-scale debris-flow 
experiments.   

In natural channels, surge development might also be connected to discrete sediment input from landslides or bank 
failure, and/or channel bed erosion. In a study combining high-resolution hydrologic and geomorphic monitoring data 
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in a recently burned watershed, McGuire et al. (2017) conclude that the mechanism for debris-flow surge initiation is 
likely connected to en-mass failure of sediment stores that were periodically deposited in the channel during a storm 
event (cf. the sediment capacitor model of Kean et al., 2013).   

Independent of the initiation mechanism surges traveling downstream typically show non-equal velocities 
(“celerities”) and are often faster than the mean velocity of the debris flow, which is close to the front velocity. 
Therefore fast surges may cannibalize slow ones and eventually may overtake the front of the flow. This leads to a 
continuous change of the stage hydrograph.  Field data on surge development, surge celerities and shapes are rare (cf. 
review by Zanuttigh and Lamberti, 2007), and there are also only few approaches to model the downstream 
deformation of single waves (Arai et al., 2014). In this contribution we present and analyze monitoring data of observed 
debris flows from 2015 to 2017 at Lattenbach creek, Austria.    

2. Study area

The Lattenbach creek is a tributary to the Sanna river in the western part of Austria (Tyrol province). The Lattenbach 
drains an area of about 5.3 km², flows through the village of Grins and confluences with the Sanna river at the 
community Pians (Fig 1a). The watershed is located at the transition between the so-called crystalline Alps and 
limestone formation of the northern Alpine chain. This tectonically heavily stressed and rugged terrain has deep seated 
landslides, constantly feeding the channel with fresh sediment. This geomorphological activity is expected to be 
connected to the frequent occurrence of debris flows in the watershed. 

Fig. 1. (a) Overview and location of the study site Lattenbach; (b) photo of the monitoring site Grins. 

3. Methods

A meteorological station is located around 300 m west of the Lattenbach catchment at an altitude of 1820 m a.s.l.
The measured parameters at site Dawinalpe include temperature, humidity, radiation, snow height, and rainfall. 
Rainfall data was recorded at an interval of 10 min. A channel monitoring system was installed at two locations at the 
lower reach of the channel. Over the years several modifications were made to improve the system. Here we describe 
the most recent configuration. Site Grins (Fig 1b) is located about 1.3 km upstream of the confluence with the Sanna 
river at the end of a reach of check dams and consists of two radar distance sensors (S1 and S2) for measuring flow 
height (type Vegapuls WL 61, accuracy +/- 2 mm), a rotational laser scanner (type Sick LMS511-20190, accuracy +/- 
3 %), and a digital video camera (type Mobotix M16). The measurement frequency of the radar sensors is 2 Hz and 
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that of the rotational laser scanner 36 kHz, with a rotation rate of 25 per second. The laser scanner data was binned at 
0.25° intervals and averaged over five consecutive rotations, yielding five data points per bin per second. After 
transformation into Cartesian coordinates, mean values over one second were computed for better visualization. The 
distance between S1 and S2 is 47 m. Since all sensors are located at the overflow section of a check-dam, channel 
erosion is limited to the height of temporary minor deposits from fluvial bedload transport. The laser sensor is installed 
at the same location as the upstream sensor S1. At the channel banks additionally seismic sensors (types Sercel SG-5, 
Lennartz electronics LE-IDV; sampling rate 100 Hz) were installed. 

To record the wave deformation over an extended distance, site Pians was installed 1.14 km downstream of station 
Grins, at a location 0.15 km upstream of the confluence with the Sanna river. Only one flow depth sensor S3 (type 
Sommer UPM-10, accuracy +/- 10 mm) with a measurement frequency of 2 Hz and a digital video camera (type 
Mobotix M16) was installed.  The monitoring system is triggered when one of three conditions are met: a voltage 
signal from a ripcord upstream of the station Grins, a seismic threshold at Grins, or a flow depth threshold 0.5 m at 
S1. The front velocity and the celerity of single surges was estimated by manually determining the travel time of the 
front and the peaks of the surges between sensors S1 and S2. Additionally, surface velocity was measured with a high-
frequency Doppler radar system (HF radar, IBTP Koschuch), which was tested and described in Huebl et al. (2018). 
Based on the fixed cross-section shape, measured hydrograph and estimated front and surge velocities, the discharge 
and the total volume have been estimated.  

4. Results

4.1. Debris flows 2015-2017 

Between 2015 and 2017 six debris-flow events were registered, with two events occurring on the same day (August 
9th, 2015). All of the events were triggered by convective rainfall events, with (measured) precipitation durations at 
site Dawinalpe between 30 and 120 minutes and precipitation sums between 4 and 24 mm (Fig 2). All of the events 
displayed several surges, with a maximum of more than 50 surges for the event on September 10th, 2016. For three out 
of six events the maximum peak discharge was associated with the first surge and were estimated with 47, 60, and 65 
m³/s. The maximum observed peak discharge was registered for the event in 2016, with 143 m³/s, exceeding the 
engineering design discharge of the 150 year flood event (~30 m³/s) more than four times. We do not find a correlation 
between rainfall volume and total event volume.  

4.2. Debris-flow event on September 10th, 2016 

For the debris-flow event in 2016 we counted more than 50 surges. The combined information of cross-sectional 
flow depth variations (3-D hydrograph, Fig 3) and surface velocity with time shows that a sequence of very irregular 
surges with a wide variety of surface velocities (t ~ 3250 – 3900 sec) is followed by a period of relative regular surges 
with velocities around 8 m/s and inter-surge velocities < 1 m/s (t ~ 3900 – 4330). The time refers to the start of data 
recording at around 6:00 pm. The debris-flow event lasted another 30 minutes with some minor surges and generally 
a more uniform flow depth and surface velocity as shown in Fig 3. 



Johannes Huebl / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig. 2. Overview of debris-flow stage hydrographs, recorded rainfall sums and calculated cumulative debris-flow volumes at the Lattenbach creek 
for the period 2015-2017. The value of HQ150 = 30 m³/s is based on an engineering hydrological assessment by public authorities.   

Fig. 3. 3-D hydrograph and surface velocity of surges of the debris-flow event at Lattenbach on September 10th, 2016.  
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In Fig 4 we compare the hydrographs measured at site Grins (S1) with the hydrograph measured at site Pians (S3), 
which is 1.14 km downstream of Grins. The mean travel time of the front was about 4 min and 16 sec, yielding a mean 
front velocity of 4.5 m/s. The manually derived celerity of the surges at site Grins varied between 4 and 12 m/s (Fig 
4a). It is interesting to see that the fast moving surges eventually merged with preceding slower ones, leading to one 
big first surge that seemed to be slightly detached from the rest of the flow (Fig 4a-b). The tail of the flow again 
displays rather regular surges, but with a reduced number. The generally high flow height at site Pians can be explained 
by the bedrock reach at Pians, which is much more narrow compared to the cross section at site Grins. To test the self-
similarity of the shapes of surges we overlaid the regular, non-coalescing surges in the back of the flows at both sites. 
We find that surges after a longer travel distance are more similar than the ones at the upper station (Fig4 c-d). We 
speculate that this might be connected to internal flow dynamics of the very fine grained flows rather than external 
forcing, e.g. from lateral or basal sediment input.  

Fig. 4. Stage hydrographs of the debris-flow event at Lattenbach on September 10th, 2016, at the site Grins (a) and the site Pians (b); blue boxes 
mark the surges used to calculate average normalized surges at site Grins (c) and site Pians (d).  

5. Discussion

We tested whether the shape of the visually undisturbed (non-coalescing) surges in the back of the flow can be
modelled by hydraulic theory. For this, we compared the non-dimensional shape of the surges with a recently 
developed wave equation for roll wave deformation. The derivation of the equation goes beyond this contribution. A 
summary of the model can be found in Arai et al. (2014) as well as in the proceeding of this conference. For the 
simplified case of a linear velocity profile the wave equation reads 

𝜕𝜕𝜕𝜕′
𝜕𝜕𝜕𝜕′

+ 3
2
𝜂𝜂′ 𝜕𝜕𝜕𝜕′

𝜕𝜕𝜕𝜕′
= 𝜇𝜇 𝜕𝜕2𝜕𝜕′

𝜕𝜕𝜕𝜕′2
 (1) 

where η′ is the dimensionless variance of the mean flow height (i.e. η′ = 0 equals mean flow height), ξ′ is a 
dimensionless coordinate traveling with the mean wave celerity (i.e. ξ′ = 0 is the center of the surge, ξ′ > 0 is towards 
the front, and ξ′ < 0 is towards the tail), τ′ is the dimensionless time, and µ is a measure for the mean flow velocity. 
In this equation, all information on flow resistance in packed into the information of mean flow height and mean flow 
velocity, and therefore does not require a pre-defined rheologic flow model. Fig 5 shows a comparison of the model 
predictions with the observed surges displayed in Fig 4c. We see a reasonable agreement the between the model and 
the observation; however, we must note that the variations of the observed surges at Grins are high compared to a later 
state of the event as observed at site Pians (data from site Pians could not be used for comparison with the model, 
because the no velocity measurements are available).  
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Fig. 5. Comparison of the normalized waves recorded at Lattenbach on September 10th, 2016, at the site Grins with model predictions using 
Equation 1.  Parameters 𝜂𝜂′ and 𝜉𝜉′ are as explained in the text; the flow is from left to right.  

6. Conclusions

In this contribution we presented monitoring data of debris flows occurring from 2015 to 2017 at the Lattenbach
creek, AUT. In total six events were recorded with event volume of ~ 45,000 m². Though there was a significant 
variation of event volumes, velocities, and water content (visually assessed from videos), the events showed some 
common features. All events were triggered by short, intensive rainfalls, all events occurred as a sequence of several 
surges, and 5 out of 6 events exceeded the engineering design water discharge with a return period of 150 years. A 
rotational laser scanner together with a high-frequency Doppler radar were successfully tested and the data will be 
further analyzed. The events with a large event volume showed irregular surges at the front of the flow, which were 
associated with large boulders and woody debris. At a later stage the surges appeared more regular and were used for 
comparison with predictions from a new wave equation from hydraulic theory. All surges had higher velocities 
(celerities) than the front. For the largest event (2016) we observed a significant transformation of the hydrograph 
over a distance of more than 1 km resulting in a very large frontal surge and a reduced number of smaller surges.  
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